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The organizers and all AGS members were saddened to learn of the sudden passing of our President, Dr. Anne Marie Ryan, 
on January 20th, 2022. She will be greatly missed as a vital member of the society for 40 years, especially her dedication and 
leadership in geoscience education. Hence, this year’s Colloquium is dedicated to her memory.

Once again, due to the continued Pandemic circumstances, the 2022 Colloquium & Annual General Meeting was held using 
the virtual venue Zoom on February 11th and 12th. On behalf of the society, we thank Colloquium organizers David Lentz, Jim 
Walker, Rob Raeside, Deanne van Rooyen, Alan Cardenas, and Mike Parkhill, as well the numerous session chairs and judges, 
for facilitating an excellent meeting with about 185 registrants. AGS acknowledges support from the corporate sponsors and 
partners for the meeting: Nova Scotia Department of Natural Resources and Renewables (Geoscience and Mines Branch), 
New Brunswick Department Natural Resources and Energy Development (Geological Surveys Branch), Engineers and 
Geoscientists of New Brunswick, Galway Metals, and Terrane Geoscience Inc.

In the following pages, we are pleased to publish the abstracts of oral and poster presentations from the meeting on a variety 
of topics. Best undergraduate and graduate student presentations are recognized and indicated by an asterisk in the title. The 
meeting included five special sessions: (1) Regional geology in the northern Appalachians or development of the northern 
Appalachians: new data and new thoughts; (2) Current research in Carboniferous geology of the Maritimes; (3) Mineral 
resources and metallogeny of the northern Appalachians; (4) Trace elements in crystalline rocks: abundances, variation, and 
geochemical interpretation; (5) Advances in paleontology; (6) Resources, remediation, and environmental protection: surficial 
geochemistry and geology studies; (7) The 8Gs: a new paradigm in our geologic heritage; (8) Modern surface processes and 
sedimentary record: linking geomorphic processes through time and a general session on geoscience research developments.

The traditional Saturday evening banquet and social were replaced by a virtual Awards Banquet at which society awards were 
announced, as well as student prizes for best poster and oral presentation. The student award winners are noted at the end of 
the appropriate abstract.

Although the abstracts have been edited as necessary for clarity and to conform to Atlantic Geoscience format and standards, 
the journal editors do not take responsibility for their content or quality.

THE EDITORS

Atlantic Geoscience Society
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Uraninite (UO2) is the main ore of uranium and, like 
all minerals, pure UO2 rarely occurs in nature. Other 
elements (“impurities”) in major to trace abundances can 
substitute for U4+ and O2- in uraninite); the charge and ionic 
radius of the impure elements control whether they can be 
incorporated in the structure of a mineral. For uraninite, 
these impurities are commonly Th4+, Y3+, REE3+, Ca2+, 
and Fe2+. The abundances of these impurities in uraninite 
reflect the origin and environment of uraninite formation. 
However, the production of Pb4+, a strong oxidizer, from 
the decay of U4+ complicates elemental substitution in 
uraninite. Tetravalent Pb oxidizes U4+, producing Pb2+ and 
U6+, when accumulated over time leads to the destabilization 
of the uraninite structure and alteration during later 
thermotectonic events and hydrothermal activity.

This presentation examines the impurities in different 
styles of U mineralization of the Paleoproterozoic Nonacho 
Basin of the Rae Craton, a lithotectonic segment of the 
Canadian Shield that hosts abundant and prolific uranium 
deposits (e.g., unconformity-type uranium, albitite-
hosted uranium). Coupled with U–Pb geochronology, 
these data are used to comment on the cycling of uranium 
during the early assembly of Laurentia and processes 
responsible for its enrichment in the Rae Craton.

impurities in uraninite: examples of crustal 
uranium cycling in the nonacho Basin,  

northwest territories, canada

Erin Adlakha and Kerstin Landry

Department of Geology, Saint Mary’s University, Halifax, 
Nova Scotia B3H 3C3, Canada <erin.adlakha@smu.ca>

The Maritimes Basin of Atlantic Canada is well known for 
its rich ichnological resources that span the Mississippian 
through earliest Permian periods. Upper Pennsylvanian 
strata along the Northumberland Strait of Nova Scotia 
have yielded large Arthropleura tracks at Cape John and 
Pugwash, as well as the first in-situ walchian conifer forest 
associated with a diverse tetrapod ichnofauna assemblage 
at Brule. Smith Point has previously yielded an articulated 
tetrapod skeleton (nicknamed “superstar”) that is part of a 
concurrent project by another research group. Arthropleura 
tracks were first documented at Smith Point in the 1980s. 
They are the first occurrence of tetrapod tracks from that 
locality, associated with arthropod trackways, rare vertebrate 
remains, infaunal burrows, and macrofloral elements.

Exposed on the wave-cut platform, two primary sandstone 
horizons, interpreted as the tops of prograding channel 
bars, each preserve circa 25 and 40 individual Arthropluera 
trackways (Diplichnites). Although Arthropleura trackway-
bearing strata are well known in Atlantic Canada, this 
outcrop is perhaps one of the most extensive exposures 
of Arthropleura derived Diplichnites tracks in the fossil 
record, based on trackway length and extent of the trackway 
surface. The adjacent cliff section exposes abundant 
fine-grained sandstone and mudstone interpreted as 
floodplain deposits. These strata commonly preserve small 
Diplichnites, infaunal meniscate backfilled burrows assigned 
to Taenidium and rare examples of Kouphichnium. Tetrapod 
tracks derive from red, flat-bedded sandstones in convex 
hyporelief, and convex epirelief impressions imprinted into 
the underlying red mudstone. The high-diversity tetrapod 
ichnoassemblage includes trackways that are interpreted 
to have been produced by pelycosaur-grade synapsids 
(Dimetropus), captorhinids (Varanopus), seymouriamorphs 
(Amphisauropus), temnospondyl amphibians (Limnopus, 
Batrachichnus), and parareptiles (Dromopus). Isolated 
bone fragments of unidentified tetrapods and xenacanthid 
shark teeth have also been recovered from intraformational 
mud chip conglomerate. This vertebrate and invertebrate 
ichnofaunal assemblage is inferred to have been preserved 
within an upland river system. Semi-articulated paleofloral 
elements include cordaitaleans, pecopterid tree ferns and 
walchian conifers which all point to a climate shift favouring 
drought-tolerant vegetation, consistent with the collapse of 
coal-forming peatland ecosystems late in the Carboniferous. 
Geological mapping has assigned strata at Smith Point to 
the Malagash Formation of the upper Cumberland Group 
(late Moscovian stage). However, the lithology, ichnofauna, 
and paleoflora all bear striking resemblance to the Brule 
fossil site as well as early Permian Euramerican localities, 
suggesting that the Smith Point strata be reassigned to the 
Pictou Group (late Gzhelian or younger).

A diverse late carboniferous vertebrate and invertebrate 
ichnofaunal assemblage from Smith Point, nova Scotia, 

canada: implications for local stratigraphic mapping

Luke F. Allen1, Matthew R. Stimson2,3, John H. 
Calder3,4, Tim J. Fedak5, and Rowan E. Norrad1

1. Citadel High School, Halifax, Nova Scotia
B3H 0A4, Canada <alf351678@gnspes.ca>;

2. Natural History Department, New Brunswick
Museum, Saint John, New Brunswick E2K 1E5, Canada; 

3. Department of Geology, Saint Mary’s University,
Halifax Nova Scotia B3H 3C3, Canada; 

4. John Calder Earthworks, Halifax Central,
Halifax, Nova Scotia B3J 2L4, Canada;

5. Nova Scotia Museum, Halifax, Nova Scotia B3H 3A6, Canada
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Geophysical and geomorphological monitoring 
of coastal erosion of Bread and cheese site,  

Bay Bulls town, newfoundland, canada

Marzieh Arshian and Alison Leitch

Department of Earth Sciences, Memorial University, 
St. John’s, Newfoundland and Labrador A1B 3X5,  

Canada <marshian@mun.ca>

Coastal erosion can be a serious issue requiring accurate 
observation to evaluate vulnerable areas and determine the 
subsequent actions to address this problem. The Town of 
Bay Bulls, about 29 km south of St. John’s, Newfoundland 
and Labrador, has coastal areas prone to erosion, and an 
important aim for the Town municipality is to reinforce 
these areas to avoid future road collapse. An inspection 
to describe an areas’ geomorphological characteristics 
and a ground-penetrating radar (GPR) investigation were 
carried out along the Bay Bulls northern shoreline at the 
‘Bread and ‘Cheese’ site. To thoroughly assess an area’s 
erosion potential, it is essential to evaluate the coastal 
geomorphology. Information about the geomorphological 
variations like wave characteristics, wind direction, fracture 
plane strike, slope, and beach elevation were acquired. 
Identifying if the beach is a steep reflective beach or flat 
dissipative one. can facilitate assessing the areas prone 
to erosion in shorelines. The shoreline at the Bread and 
Cheese site has steep cliffs subject to erosion by terrestrial 
and marine processes. The tilted bedrock is mainly light-
grey sandstone, locally thinly bedded, greenish-grey to red 
sandstone, and siltstone. Regarding the cliff face and toe 
erosion, a noticeable downward dip is apparent in the cliff 
face due to soil creep or the slumping of the Quaternary 
cover including glacial diamicton. This occurrence would 
probably be considered a rotational slump, a common 
slumping type. The GPR survey was conducted along the 
road on a clifftop using 250 antennae, providing useful 
information about the underground structure. The GPR 
result at the Bread and Cheese area depicts the subsurface 
culverts, bedrock location, and highly fractured regions 
corresponding with the geomorphology observations.

A review of recent research relating to the Grande Anse 
Formation, cumberland Basin, eastern canada

Fadel Bahr and Dave Keighley 

Department of Earth Sciences, University of New Brunswick, 
Fredericton, New Brunswick E3B 5A3, Canada <keig@unb.ca>

The Grande Anse Formation crops out in the Cumberland 
Basin north of the Minudie Anticline on the Maringouin 
Peninsula of southeastern New Brunswick, and in 
northernmost Nova Scotia. Previous biostratigraphic work 
indicated a temporal equivalence to some part of the Lower 
Pennsylvanian succession south of the Minudie Anticline in 
the Athol Syncline and exposed along Joggins Fossil Cliffs. 
Other work identified the Minudie Anticline to be a salt 
wall, the formation of which had a major influence on Lower 
Pennsylvanian sedimentation in the basin. Sedimentological 
studies identify similarities between facies of the Grande 
Anse and Ragged Reef formations south of Joggins. Both 
contain an abundance of red mudstone, of (semi-) humid 
climate, well-drained floodplain origin, interbedded with 
red and grey sandstone of braided, east flowing, fluvial 
origin. Geochemical investigation of coarse clastic deposits 
in the two units indicates no statistical difference in their 
elemental compositions. In contrast, underlying units 
along the Joggins coast (Little River, Joggins, and Springhill 
Mines formations) have visibly different facies, and many 
statistically significant differences in composition. The 
resulting working hypothesis is that salt tectonics produced 
oblique-to-the-north evacuation of Windsor Group 
(Mississippian) evaporites. This created the space that 
accommodated the thick succession of strata (Little River, 
Joggins, and Springhill Mines formations) in the developing 
Athol Syncline. Contemporaneously, to the north of the salt 
wall there was no net deposition, but uplift and folding of 
post-Windsor Group strata. As salt tectonism waned, any 
extrusive salt was then buried under strata of the Grande 
Anse and Ragged Reef formations. It remains unclear 
whether these latter two units formed contemporaneously 
and in disconformity to angular unconformity on older 
units (in which case the Ragged Reef Formation could 
be considered the junior synonym of the Grande Anse 
Formation), or whether deposition of the Ragged Reef 
Formation gradually onlapped both the salt wall and the 
folded strata further north. In the latter case, only the 
Spicers Cove Member of the Ragged Reef Formation might 
be directly equivalent, and reassignable, to the Grande 
Anse Formation. Petrographic studies of the Grande Anse 
Formation indicate that lithification was dominated by 
eodiagenetic processes. Several mineral phases are typical 
of shallow subsurface changes that would be expected in the 
(semi-) humid environment indicated by the sedimentology 
and geochemistry. However, other very distinct phases 
might be considered indicative of arid, evaporitic conditions; 
but for our understanding of the recently buried salt-wall 
that was likely influencing shallow groundwater chemistry.

   3
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The variable nature and thickness of glacial sediments 
affect the characteristics of mineralized dispersal trains 
in the Brazil Lake Li-Cs-Ta- (LCT) pegmatite district of 
southwestern Nova Scotia, an area currently being explored 
for its critical and rare-metal potential. The areal extent of 
the pegmatites at Brazil Lake are not well known because of 
their small size (less than 20 m wide), and extensive till cover 
that limits outcrop exposure. In southwestern Nova Scotia, 
glacial sediments blanket the region deposited over multiple 
glaciations throughout the Pleistocene. Thick sequences 
of glacial sediments coupled with multiple glacial flow 
trajectories have made bedrock mapping and exploration 
for buried mineralization in the region challenging.

A multi-year surficial mapping and till-sampling program 
was initiated by the Nova Scotia Geological Survey in 2019 
employing till geochemistry and indicator minerals, aided 
by recently released LiDAR (Laser imaging, Detection, and 
Ranging) elevation data, and sediment thickness modelling. 
The goals of these activities are to: (1) better understand 
the effects of multiple glaciations on till provenance, 
depositional history, and net glacial dispersal in the region; 
(2) to assess the potential for additional rare- and base-metal 
mineralization; and (3) to document the geometry of glacial
dispersion trains using till geochemistry and indicator
minerals. The ultimate objective is to increase exploration
success by providing advanced exploration models that can
be applied to not only the Brazil Lake study area, but other
regions of the province draped by thick Quaternary cover.
This presentation will include an overview of these methods
applied to surficial geological research in southwestern
Nova Scotia, as well as preliminary results to date.

Potential for post-glacial submarine landslides 
on orphan Spur, offshore northeastern  

newfoundland, canada

Laura Broom, Vladimir Kostylev, Alexandre 
Normandeau, and Gordon Cameron

Geological Survey of Canada, Dartmouth, Nova Scotia B2Y 4A2, 
Canada <laura.broom@NRCan-RNCan.gc.ca>

Orphan Spur is a large sediment drift deposit located 
offshore northeastern Newfoundland. It is part of the 
Northeast Newfoundland Slope Closure which is closed to 
ground fishing to protect cold-water corals and sponges; 
however, it is also a region of potential hydrocarbon 
exploration. With competing interests involving the seabed, 
it is critical to assess the potential geohazards of this region. 
Previous studies based on limited hydroacoustic data 
have suggested that there are few post-glacial landslides 
in the area. Newly acquired hydroacoustic data including 
multibeam bathymetry and 3.5 kHz sub-bottom profiles 
reveal previously unidentified submarine landslides in 
the region. Some of the submarine landslides closer to the 
continental shelf appear relatively “fresh” in multibeam 
bathymetric data and the escarpments surrounding the 
failures appear sharp. No younger sediment cover has 
been resolved overlying these failures by the acoustic data. 
Piston and box cores were collected on the submarine 
landslide deposits in an attempt to constrain their timing. 
Preliminary results from radiocarbon dates suggest that 
some of the shallow submarine landslides were triggered 
during the Holocene. In addition, the headscarps of some of 
the largest failures appear to have been reactivated, probably 
locally, during post-glacial times. The submarine landslide 
hazard for Orphan Spur could therefore be underestimated 
and further examination into the timing of these deposits is 
underway.

Detection of buried rare metal mineralization in a 
glaciated landscape at Brazil lake, southwestern nova 

Scotia, canada

Denise M. Brushett1, M. Beth McClenaghan2, and 
Roger C. Paulen2

1. Nova Scotia Geological Survey, Nova Scotia Department
of Natural Resources and Renewables, Halifax, Nova Scotia

B3J 2T9, Canada <denise.brushett@novascotia.ca>; 
2. Geological Survey of Canada, Natural Resources Canada,

Ottawa, Ontario K1A 0E8, Canada

Multiple pyrite generations in mineralization 
of the elmtree Gold Deposit, northeastern  

new Brunswick, canada

Aaron L. Bustard1,2, David R. Lentz2, 
and James A. Walker1

1. Geological Surveys Branch, New Brunswick Department of
Natural Resources and Energy Development, South Tetagouche,
New Brunswick E2A 7B8, Canada <aaron.bustard@gnb.ca>;

2. Department of Earth Sciences, University of New Brunswick,
Fredericton, New Brunswick E3B 5A3, Canada

Northern New Brunswick hosts several shear zone-hosted 
gold occurrences associated with regional-scale faults 
and tectonism during the Salinic and Acadian orogens. 
Of these, the Elmtree deposit is the largest with a current 
resource estimate of 300 000 ounces of gold and subordinate 
polymetallic (Ag, Zn, Pb, and Sb) sulfide mineralization. The 
deposit straddles a locally sheared angular unconformity 
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1. Saint Mary’s University Halifax, Nova Scotia B3H 3C3,
Canada <aidan.buyers97@gmail.com>; 

2. Spark Minerals Inc., Chester, Nova Scotia B0J 1J0, Canada;
3. Independent Consultant, Halifax, Nova Scotia, Canada

The Cobequid Highlands have a long and productive 
history as a region with a great endowment of mineral 
deposits hosting many commodities (e.g., Fe, Ba, Cu, 
Co, Ni, and Au). In the past 15 years, there has been a 
concerted effort to investigate Nova Scotia’s IOCG (iron 
oxide copper gold) prospects along the Minas Fault Zone 
(MFZ), more recently focusing on critical metals like Co. 
The focus of this study is to use detailed petrography, micro-
X-ray fluorescence (XRF) mapping, and scanning electron
microscope (SEM) techniques on mineralized drill-core of
the Bass River IOCG Prospect to determine the host rock,
mineralogy, paragenesis, and mineralogical controls of
critical metals.

Previous work done on the Bass River magnetite prospect 
include a regional gravity survey, a versatile time domain 
electromagnetic (VTEM) survey, an induced polarization 
(IP) survey, soil, till, and stream sediment sampling, 
prospecting, and mapping as well as several diamond drill 
programs. Most recent drilling by Spark Minerals in 2021 
shows that the Bass River prospect is a magnetite breccia 
with clasts of feldspar-phyric to aphanitic mafic and felsic 
volcanic rocks, and massive to laminated, fine-grained, dark 
grey-black sedimentary rocks. The clasts in places show 
replacement by magnetite. The matrix is dominantly massive 
magnetite with fine- to coarse-grained, blebby to euhedral 
pyrite. The degree and coarseness of pyrite mineralization 
increases downhole. The matrix and clasts are crosscut by 
late carbonate veins, which are often vuggy close to the top 
of hole. Chalcopyrite stringers were also observed associated 
with vuggy carbonate. Representative mineralized samples 
are currently being analyzed using micro-XRF to map 
elemental distribution, including critical metals. Targeted 
samples will then be analyzed using classical petrographic 
techniques and SEM.

The acceptance and growth of the concept of geoheritage 
in Atlantic canada and beyond

John Calder1, Rob Fensome2, Jason Loxton3, 
Jeff Poole4, and Matthew Stimson5

1. John Calder Earthworks, P.O. Box 43, Halifax Central, Halifax,
Nova Scotia B3J 2L4, Canada <johncalder99@gmail.com>;

2. Geological Survey of Canada (Atlantic), Dartmouth,
Nova Scotia B2Y 4A2, Canada; 

3. Cape Breton University, Sydney, Nova Scotia B1P 6L2, Canada;
4. Nova Scotia Department of Natural Resources and Renewables,

separating an accretionary wedge complex (Elmtree Inlier) 
from unconformably overlying syn-orogenic sedimentary 
clastic and subordinate carbonate rocks of the Quinn Point 
Group.

Gold is hosted in three zones: the West Gabbro, South Gold, 
and Discovery zones. The West Gabbro Zone is the largest 
with mineralization occurring in a gabbro to anorthosite 
dyke/sill hosted by argillite of the Elmtree Formation, 
within the Belledune River Mélange. Mineralization at the 
South Gold Zone occurs within unconformably overlying 
Silurian conglomerate, calcareous siltstone/sandstone, and 
minor volcaniclastic rocks within approximately 40 m of 
the unconformity. The Discovery Zone is situated along the 
sheared unconformity and is host to both gold and the bulk 
of the later, cross-cutting, polymetallic mineralization.

Gold is primarily refractory in arsenopyrite precipitated 
during the sulfidation of iron-bearing phases including 
ilmenite, titanomagnetite, and Fe-silicates. Prismatic 
to acicular arsenopyrite occurs as the earliest ore phase 
sulfide and is later coeval with pyrrhotite in gabbro 
hosted mineralization (West Gabbro Zone) and pyrite in 
anorthositic gabbro, mafic dyke, and sedimentary rock 
hosted mineralization (West Gabbro, South Gold, and 
Discovery zones). Pyrite can be divided into at least four 
phases based on morphology: (1) a pre-ore phase; (2) early, 
spongy, euhedral cores that locally overgrow pre-ore pyrite; 
(3) inclusion-free overgrowths of earlier phases; and (4)
inclusion-rich overgrowths or individual anhedral grains.
Compositional variation occurs in pyrite precipitated over
multiple stages in both backscatter electron imaging and
micro-XRF compositional maps, where pyrite is enriched
in arsenic relative to other phases. Pyrite is locally partially
to completely desulfidized to pyrrhotite in portions of the
deposit, and this desulfidation is sometimes associated
with decorations of Ni-Sb alloys, gersdorffite, ullmannite,
cobaltite, galena, chalcopyrite, and rare electrum. Electrum
occurs as free grains; inclusions in arsenopyrite, pyrrhotite,
and pyrite; and along grain boundaries.

Trace element mapping of pyrite using laser ablation 
inductively coupled plasma-mass spectrometry is ongoing 
to further characterize sulfide generations, and results will 
be integrated with geochronological and isotopic analyses to 
refine the petrogenesis of the Elmtree deposit and identify 
potential sources of mineralization.

critical metals in the cobequid Highlands,  
nova Scotia, canada: resolving the host rock,  

mineralogy, paragenesis, and controls of cobalt 
mineralization of the Bass River magnetite prospect

Aidan Buyers1, Erin Adlakha1, John Shurko2, 
and Mark Graves3
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Using fluoride analysis in till to assist in identifying 
the bedrock potential for critical minerals in central 

newfoundland, canada

Heather Campbell1, Steve Amor2, Zsuzsanna 
Magyarosi1, Chris Finch1, and Rosauro Roldan1

Fluoride analysis has successfully located previously 
unrecognized mineralization associated with Li-Cs-Ta 
(LCT) pegmatites in sandy, bouldery, variably eroded, and 
dispersed till overlying granites and metasedimentary rocks 
in the Snowshoe Pond region of the Meelpaeg Subzone in 
central Newfoundland. Fluoride, measured by Ion Selective 
Electrode (ISE), is a component of the analytical suite for 
till-geochemical samples in the province of Newfoundland 
and Labrador. In central Newfoundland, fluoride in till is 
thought to be derived from apatite that typically occurs 
in LCT pegmatites (up to 5%). Fluoride anomalies in till 
samples are more effective in defining the extent and locale 
of the underlying pegmatites than other geochemical 
indicators associated with mineralization (e.g., Cs, Li, Nb), 
as the fluorine-bearing apatites are; (1) relatively abundant 
in the source rocks, and (2) sufficiently resistant to reside in 
dispersed and eroded tills. Based on this study, the use of 
fluoride analysis in till is highly recommended in other areas 
with potential for rare element mineralization. More studies 
are being conducted to assess the potential of fluoride in till 
in exploring for other types of deposits, such as rare earth 
elements (REE) that are also typically associated with F-rich 
rocks.

The concept of geoheritage, born at the 1991 meeting 
of ProGeo in Digne, France, was captured eloquently in 
the Declaration of the Rights of the Memory of the Earth. 
Geoheritage has grown in the past decade from a concept 
whose worth was questioned and even derided by some 
established geoscientists to one fully embraced at the highest 
levels of the geoscientific community, including at the 
Geological Society, GSA, USGS, IUGS, IGCP, and even the 
IUCN, which is traditionally biologically and ecologically 
focused. The idea of geoheritage is very much rooted in 
inviting the public to consider the incredible story of our 
planet as recorded in the geologic record: in other words, 
to build an appreciation for geology and Earth history. It is 
public facing, and at its core is bringing to public attention, 
sites (geosites, geoheritage sites) where the Earth’s history 
is well told. The construction of Geoheritage site lists will 
always be a source of contention but is fundamental to 
pointing the public (as well as geologists) to places where 
they can learn or simply marvel at the Earth’s remarkable 
processes and history. Although perhaps unintentional, the 
list of sites featured on the Nova Scotia Geological Highway 
Map provided a starting point for Nova Scotia’s Geoheritage 
Sites List, the first such list in Canada. Currently, 
international standards for recognition of global geosites are 
being developed under IGCP Project 731 and select geosites 
in Atlantic Canada will be considered as examples. Geosites 
are key to defining Global Geoparks, a growing designation 
now recognized at 169 regions in 45 countries, and a leading 
factor in geotourism.

In parallel to the concept of geoheritage is the concept of 
geodiversity, a concept and term consciously positioned to 
challenge non-geologists to consider how geology underpins 
Earth systems and gives rise to biodiversity. This year will see 
recognition of the first International Day of Geodiversity, 
endorsed by the United Nations. The first International Day 
for Geodiversity in October presents an opportunity for the 
Atlantic Geoscience Society to shine a spotlight on the rich 
geoheritage of Atlantic Canada and the concentration here 
of UNESCO World Heritage Sites and Global Geoparks, a 
legacy of our plate tectonic history and exceptional coastal 
exposures.

Halifax, Nova Scotia B3J 2T9, Canada; 
5. Natural History Department, New Brunswick Museum,

Saint John New Brunswick E2K 1E5, Canada

1. Geological Survey of Newfoundland and Labrador,
St. John’s, Newfoundland and Labrador A1B 4J6,

Canada <heathercampbell@gov.nl.ca>; 
2. Geological Consultant, St. John’s, Newfoundland

and Labrador A1A 3C5, Canada 

Petrology, geochemistry, and geochronology 
of aplite dykes in the cape Spencer area,  

southern new Brunswick, canada

Alan Cardenas1, David R. Lentz1, Chris R.M. 
McFarlane1, and Kathleen G. Thorne2

1. Department of Earth Sciences, University of New Brunswick,
Fredericton, New Brunswick E3B 5A3, Canada 

<alan.cardenas@unb.ca>;  
2. Geological Surveys Branch, New Brunswick Department
of Natural Resources and Energy Development, Fredericton,

New Brunswick E3B 5H1, Canada

The Cape Spencer area is located 15 km southeast of 
Saint John, New Brunswick. Gold mineralization has been 
identified mainly in illitized (illite-carbonate ± quartz ± 
pyrite ± chlorite ± specularite), pyrite-rich rocks of the 
Millican Lake Granite and the Cape Spencer Formation, 
along thrust faults and folds, and in quartz ± carbonate 
veins with sulphides (pyrite ± chalcopyrite ± galena ± 
arsenopyrite). Other units of Carboniferous age present in 
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lithogeochemical and petrological constraints  
on the environment of deposition of the nicola 

Group volcano-sedimentary rocks about the  
copper Mountain alkalic cu-Au porphyry  

deposit, Princeton, British columbia, canada

Nathan Carter1, Cliff Stanley1, and Peter Holbek2

1. Department of Earth and Environmental Science,
Acadia University, Wolfville, Nova Scotia B4P 2R6,

Canada <14282c@acadiau.ca>; 

The upper Triassic Nicola Group is an economically 
important succession of volcano-sedimentary rocks that 
host the Copper Mountain alkalic Cu-Au porphyry deposit. 
All known mineralization at Copper Mountain appears to 
be associated with Lost Horse intrusive dykes and stocks 
of diorite to monzonite composition, and these intruded 
rocks of the Wolf Creek Formation within a 1000 by 4300 m 
NE-SW trending belt bounded on the south by the Copper 
Mountain Stock and on the north by the Smelter Lake and 
Voigt stocks. Discovery of additional copper resources 
in the camp will likely rely on a better understanding of 
the stratigraphy of the Wolf Creek Formation, and the 
environment it was deposited in. Consequently, mapping of 
Nicola Group rocks south and east of the Copper Mountain 
Stock and west of the Smelter Lake stock was undertaken, 
revealing the presence of flows, breccias, volcaniclastic 
sedimentary rocks, and dykes. One hundred and thirteen 
flow and volcaniclastic sedimentary rock samples were 
analyzed lithogeochemically and evaluated using molar 
element ratio analysis. Fifty-four of these samples were cut 
into thin sections for petrographic examination.

Wolf Creek Formation rocks from west of the Smelter 
Lake Stock appear to be less green and less altered than those 
elsewhere in the camp, containing measurably less chlorite 
and epidote, more calcite (in amygdales), and hosting exotic 
clasts of limestone. This suggests that these rocks were 
deposited in a subaerial environment. In contrast, Wolf 
Creek Formation rocks from south and east of the Copper 
Mountain Stock are demonstrably greener, more altered to 
chlorite and epidote, and interbedded with volcaniclastic 
siltstones and sandstones. They were likely deposited sub-
aqueously.

Molar element ratio analysis indicates that Wolf Creek 
Formation rocks have a primary composition consistent 
with the presence of plagioclase, clinopyroxene, and biotite, 
a conclusion consistent with petrographic observations. 
In contrast, compositional variability was controlled only 
by plagioclase and clinopyroxene sorting. These rocks 
have also been variably altered to a likely low temperature 
assemblage of chlorite, epidote, albite, and calcite, and 
molar element ratio constraints suggest that this alteration 
was largely isochemical, with the exception of water and 
CO2. Consequently, mapped rocks were likely subjected 
to only seafloor alteration, as they do not exhibit evidence 
of higher temperature potassic and albitic alteration and 
metasomatism associated with Cu mineralization elsewhere 
in the camp.

the area are the Balls Lake and the Lancaster formations. A 
penetrative S1 cleavage is seen in all the lithologies, and a 
second, spaced crenulation cleavage can be observed in the 
finest sedimentary units. Previous 40Ar/39Ar geochronology 
(276.6 ± 0.9 and 283.7 ± 0.8 Ma) on illites defining these 
fabrics and related to the alteration event linked to gold 
deposition were considered “cooling ages” and constrained 
the timing of gold mineralization between those ages and 
the age of the youngest rocks affected by the illitic alteration 
(Lancaster Formation - Bashkirian).

Leucocratic non-foliated aplitic dykes are comprised of 
quartz, orthoclase, and plagioclase (An10-20), and minor 
secondary epidote, specularite, and pyrite, intrude both the 
Millican Lake Granite and the Cape Spencer Formation. 
These bodies, varying mainly from 10–50 cm to several 
metres thick, occur both parallel and crosscutting the 
foliation in the host rocks, and exhibit a secondary earthy 
hematization that results in a pink colouration. Whole rock 
major- and trace-element lithogeochemistry together with 
U–Pb geochronology (zircon) were employed to evaluate 
the petrogenesis of these aplitic bodies to build on the 
understanding of the mineralizing system and the geological 
evolution of the region. 

The aplitic dykes are metaluminous (A/CNK = 0.74–
0.92) with SiO2 content varying between 58.9 and 79.2 
wt% and can be subdivided according to their Nb/Ta and 
Zr/Hf ratios into two groups. The first group has higher 
Nb/Ta (10.87–11.47) and Zr/Hf (43.8–44.6) ratios than 
the second group (Nb/Ta = 1.77–10, Zr/Hf = 22.1–30). 
Low Nb, Ta, Y, Yb, and Rb indicate an I-type affinity. The 
presence of microfracturing and textural setting (i.e., zircon 
sitting along grain boundaries vs. included in phenocryst 
phases), in addition to critical radiation damage threshold 
in zircon makes geochronological analysis complicated. 
Preliminary U–Pb zircon ages define two clusters around 
275 and 350 Ma. The 350 Ma cluster is considered to be the 
crystallization age, whereas the 275 Ma cluster is related to 
hydrothermal alteration and complete resetting of the most 
heavily radiation-damaged grains.

2. Copper Mountain Mining Corporation, Vancouver,
British Columbia V6C 1G8, Canada
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The South Mountain Batholith (SMB) is a 7300 km2, 
peraluminous, felsic intrusion that occurs in southwestern 
Nova Scotia and consists of 13 plutons that were emplaced in 
two different phases between ~385 and ~368 Ma. Previous 
research revealed that samples from phase 2 plutons show 
significant trace element variability in biotite compared 
to phase 1 plutons. Since phase 2 plutons tend to be more 
geochemically evolved, it is not clear if this difference arises 
due to sampling bias or is an intrinsic property of the second 
stage of batholith emplacement. Therefore, the goal of this 
work is to better characterize biotite compositions across 
a broad compositional range of representative phase 1 and 
phase 2 plutons. This work focuses on samples from the 
phase 1 Scrag Lake pluton (SGP) and the phase 2 New Ross 
pluton (NRP). An electron microprobe and laser ablation 
ICP-MS have been used to collect major and trace element 
data on biotite from a suite of 5 samples from each pluton 
covering a compositional range of ~68 to ~75 wt% SiO2. In 
addition to spot analyses, major and trace element maps 
have been obtained from select biotite crystals to assess 
internal zonation. Although data for 34 trace elements were 
obtained, the current focus is on the critical metals Nb, Ta, 
Sn, and W. Preliminary results show continuous zoning in 
trace elements from core to rim in biotite grains in both 
pluton phases. The concentrations of Nb, Ta, Sn, and W all 
increase from core to rim, while the Nb/Ta ratio decreases 
from core to rim, which is expected with the crystallization 
of the assemblage biotite-quartz-plagioclase-k-feldspar. For 
similarly-sized grains and similar whole-rock wt% SiO2, 
phase 1 samples show within grain variation from 10–100s 
mg/g, while variation within phase 2 biotites is 10–1000s 
mg/g. This indicates that the more extreme extent of trace 
element variation is an intrinsic property of stage 2 plutons. 
As both phase 1 and phase 2 samples show similar trace 
element concentrations in the cores of the biotite grains, 
the difference in variability is due to more extreme extents 
of crystallization, and not due to differences in starting 
compositions. This extreme crystallization could be due 
to the addition of a flux that lowers the solidus (B, Li). The 
data shows that Li concentrations are higher in phase 2 
biotites, and B will be measured to investigate this potential 
explanation further.

The first description of vertebrate and invertebrate 
ichnofossils in the Stellarton Basin (Westphalian c), 

nova Scotia, canada*

Logan M. Cormier1, Matthew R. Stimson1,2,  
Olivia A. King1,2, John H. Calder1, Janey MacLean3, 

Lorenzo Marchetti4, Spencer G. Lucas5,  
and R. Andrew McRae1

1. Department of Geology, Saint Mary’s University, Halifax,
Nova Scotia B3H 3C3, Canada <logan.cormier@smu.ca>;

2. Steinhammer Paleontological Laboratories, Geology/
Paleontology section, Natural History Department, New

Brunswick Museum, Saint John New Brunswick E2K 1E5, Canada;  
3. 4621 Trafalgar Road, Hopewell, Nova Scotia B0K 1C0, Canada;

4. Museum für Naturkunde Berlin, Leibniz-Institut für
Evolutions- und Biodiversitätsforschung, Berlin, Germany;
5. New Mexico Museum of Natural History, Albuquerque,

New Mexico 87104, USA

Newly discovered tetrapod and invertebrate ichnofossils 
from the Pennsylvanian (Westphalian C) Stellarton 
Formation represent the first ichnofossil assemblage to 
be described in the Stellarton Basin of Nova Scotia. The 
Stellarton Basin is well known for its economic deposits 
of coal, yet apart from paleobotanical records and the 
exceptional discovery by Sir William Dawson of the tetrapod 
Baphetes, little paleontological work has been formally 
documented in the literature prior to this study. This is 
the first discovery of tetrapod traces from the Stellarton 
Formation. The tetrapod trackway-bearing Plymouth 
Member is exposed in an aggregate quarry near the town 
of Stellarton. The Plymouth Member is composed of fluvial 
sandstones and is interpreted to conformably overlie the 
lacustrine deposits of the Westville Member that crop out just 
east of the quarry along the East River of Pictou. The well-
preserved, plantigrade tetrapod tracks within the Plymouth 
Member are identified as Batrachichnus salamandroides 
and Matthewichnus cf. M. velox, ichnotaxa that are often 
attributed to temnospondyl or microsaurian trackmakers. 
Of greater abundance and diversity is the invertebrate 
trace fossil assemblage of the Westville Member, which 
consists of Cruziana isp., Monomorphichnus isp., Lockeia 
isp. and various morphologies of Rusophycus tentatively 
assigned to various ichnospecies. They have been attributed 
to freshwater crustacean and molluscan tracemakers. In 
addition, a previously undescribed cubichnia morphotype 
shows morphologic features that may justify the erection of 
a possible new ichnogenus and is interpreted to have been 
produced by an isopod-like invertebrate. The marginal 
lacustrine depositional setting at this site encompasses a 
diverse invertebrate ichnoassemblage within the Mermia 

trace element geochemistry of biotite from the 
Scrag lake and new Ross plutons of the South  

Mountain Batholith, nova Scotia, canada:  
implications for magma differentiation

Kathleen Clark and James Brenan

Department of Earth and Environmental Science,  
Dalhousie University, Halifax, Nova Scotia B3H 4R2, 

Canada <kt747032@dal.ca>
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Geothermal potential of new Brunswick, canada: 
“Salt chimneys”

Joseph de Luca and Dave Keighley

Department of Earth Sciences, University of New Brunswick, 
Fredericton, New Brunswick E3B 5A3, Canada <pdeluca@unb.ca>

Geothermal energy provides a clean source of reliable 
electricity that may help provide energy security and reduce 
CO2 emissions. The economical application of geothermal 
electricity requires sufficiently elevated subsurface thermal 
gradients to minimize costs associated with industrial 
development and production. Consequently, global focus 
for geothermal energy has traditionally been on areas 
with active tectonism and volcanism, where geothermal 
gradients easily meet conditions for cost-effective power 
stations. More recently, attention has been given to 
evaluating the potential for sedimentary basin geothermal 
production in strategic areas. While New Brunswick has 
not historically been such an area for inquiry, subsurface 
thermal-gradient contour maps have recently been 
updated for the southeastern half of the province. Updated 
maps show that New Brunswick has mostly low-potential 
geothermal gradients of around 20°C/km, but revealed areas 
of anomalously high gradients, relative to the provincial 
background, primarily associated with known subsurface 
Mississippian (Carboniferous) evaporites of the Gautreau 
Formation and the Windsor Group. Where geothermal 
gradients appear more prospective, exceeding 30°C/km, 
their values are being further assessed for their validity. 
The stratigraphy of 12 boreholes were divided into sections 
based on the dominant lithologies of lithostratigraphic 
units. Among the 12 boreholes, four terminate in the 
Windsor Group, one terminates below the Windsor Group, 
one cuts through a section of the Gautreau Formation but 
does not encounter the Windsor Group, and the remaining 
six have no direct contact with evaporitic bodies in the 
subsurface. Heat flow (q) was calculated using the equation 

q =                                 

where ∆T = temperature difference between the top and 
bottom of a stratigraphic column or unit, A = cross-sectional 
area of a unit, and L = unit thickness. Thermal conductivity 
(k) of the units was experimentally determined in earlier

integrative geophysical analysis and characterization 
of prospective hydrocarbon seepage sites on the 
southwestern to central Scotian Slope, canada

John Dooma1, Natasha Morrison2,  
Adam Macdonald2, and G. T. Ventura1 

1. Department of Geology, Saint Mary’s University, Halifax, Nova
Scotia B3H 3C3, Canada <John.Mishael.Dooma@smu.ca>;

2. Nova Scotia Department of Natural Resources and Renewables,
Halifax, Nova Scotia B3J 3P7, Canada

Nova Scotia has potential for undiscovered hydrocarbon 
reservoirs in the deep-water portion of the Scotian Margin. 
However, exploration in these environments involves 
major challenges and geological risks. As the presence, 
quality, size, and distribution of source and reservoir rocks 
are relatively still unknown, the cost of exploration and 
the risk multiplies. Therefore, new data are needed to de-
risk offshore exploration to achieve the next generation of 
discoveries. This research project investigates the shallow 
depth (0 to 3000 m) of BP’s 3-D Tangier seismic survey to 
better constrain the subsurface geology in regions where 
prospective hydrocarbon seep sites have been found. The 3-D 
Tangier seismic survey marks one of the most geologically 
complex regions of the slope and its shallow stratigraphy 
has not yet been fully understood. Seven key seismic 
horizons were interpreted and subsequent seismic attribute 
analysis using root-mean square (RMS) and coherence 
was completed, resulting in several depth structure and 
geophysical maps. Initial interpretation of these results 
indicates the region hosts a complex subsurface geology 
comprised of well-stratified sediments from draping and 
hemipelagic deposition incised by paleo-channels and mass 
transport complexes that are associated with localized slope 
failure. In some parts of the survey, these subsurface features 
are incised by deep submarine canyons. Direct hydrocarbon 
indicators (DHIs), which are anomalous amplitudes 
that mark potential sites of hydrocarbon migration and 
accumulation are identified in the seismic interpretation 
and further resolved with the RMS attribute extraction. 
Thus far, most identified DHIs lie within a shallow band 

work from rock samples of different lithologies, which had 
been taken from drill cores around the region. Preliminary 
calculations suggest that, in most cases where the Windsor 
Group is present, temperatures at the top of Windsor Group 
halite show the greatest positive separation from expected 
temperatures versus other contact points in the column. 
Elsewhere, this has been termed the “salt chimney effect” 
because of the inherently high thermal conductivity of 
halite, which when present in the subsurface brings higher 
temperatures closer to the surface.

Ichnofacies and a low diversity tetrapod ichnoassemblage of 
the Batrachichnus Ichnofacies.

*Winner: AGS Rupert MacNeill Award for best undergraduate
student oral presentation

∆T  x  k  x  A
            L
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An experimental study of the effect of pressure on the 
formation of chromite deposits

Natashia Drage and James Brenan

Department of Earth and Environmental Sciences,  
Dalhousie University, Halifax, Nova Scotia B3H 4R2, 

Canada <Natashia.drage@dal.ca>

Despite extensive research on the Bushveld Complex 
chromitites, the mechanism(s) that form such anomalous 
chromite segregations remains uncertain. Recent work 
applying the MELTS thermodynamic model proposed 
that reduction of pressure upon magma ascent shifts the 
silicate-in temperature to lower values, with the chromite-in 
temperature remaining unchanged, resulting in chromite-
alone crystallization and formation of massive chromitites. 
Evaluation of this hypothesis is by laboratory phase 
equilibrium experiments conducted at 0.1 MPa, 0.5 GPa, 
and 1 GPa, employing two bulk compositions. Composition 
1 (C1) corresponds to a widely accepted parental magma of 
Bushveld chromitites, termed B1. Composition 2 (C2) is the 
same used in the MELTS modelling study, which contrasts 
with C1 most significantly in Al2O3 (17.4 wt% vs 11.8 wt% 
in C1), MgO (6.7 wt% vs 11.9 wt% in C1), and Cr (680 µg/g 
vs 970 µg/g in C1) contents. Experiments were conducted 
at 0.1 MPa by equilibrating synthetic starting materials 
on Fe-Ir alloy wire loops over the temperature interval of 
1170–1300°C in a vertical-tube, gas-mixing furnace for 
12–48 hours, at FMQ and FMQ-0.4. Experiments at 0.5 
GPa and 1 GPa were conducted with a piston-cylinder 
apparatus using Fe-Ir alloy capsules to buffer fO2 at FMQ-
0.4 at 1230°C and 1280°C for 4–12 hours. Results indicate 
that there is no significant change in Cr content of the melt 
at chromite saturation with pressure. For C1, the average 
Cr content of the melt over the pressure interval studied is 
439 ± 22 µg/g at 1230°C and 799 ± 100 µg/g at 1280°C. The 

of ~2300 to ~2500 m below sea level. These DHIs are 
commonly located in sediments above salt diapir structures. 
The presence of shallow DHIs in the survey, combined with 
geochemical data from coring of potential seeps, suggests 
they are formed from migrating deeper fluids from either a 
reservoir or directly from a source interval. For future work, 
this project will investigate the deeper lithostratigraphic 
intervals below selected DHIs to locate a potential source 
and migration pathways of contributing fluids. The results 
of this study will then be further compared to the Play 
Fairway Analysis, high-resolution multi-beam bathymetric 
maps of prospective seeps within the seismic data block, as 
well as core geochemistry and genomic data to confirm and 
produce robust interpretation and results.

average Cr content for C2 is 417 ± 17 µg/g at 1230°C and 
704 ± 48 µg/g at 1280°C. Results from C1, where pyroxene 
crystallizes at all pressures, show modal abundance and Cr 
content of pyroxene increasing with rising pressure. Using 
pressure and temperature trends for Cr content at chromite 
saturation and DCr(px/liq) from experiments, chromite-in 
temperatures were modelled for different total Cr contents 
in the melt. Chromite-alone crystallization between 0.1–0.3 
GPa occurs in C1 only for above average total Cr levels 
for this composition (>1100 µg/g). In C2, results predict 
a higher chromite-in temperature and therefore, larger 
interval of chromite-alone crystallization at low pressure 
compared to MELTS. For the same total Cr content as 
the initial MELTS model, the results show that chromite 
is dropped from the C2 assemblage above 0.5 GPa due to 
appearance of pyroxene, which differs from MELTS as Cr is 
not included in their pyroxene model.

Age, zircon chemistry, and petrogenesis of voluminous 
extension-related late ediacaran silicic magmatism in the 

coldbrook Group, southern new Brunswick, canada

Alicia P. Escribano1, Sandra M. Barr2, 
and James L. Crowley3

1. Department of Earth Sciences, Memorial University,
St. John’s, Newfoundland and Labrador A1B 3X5,

 Canada <adpescribano@mun.ca?; 
2. Department of Earth and Environmental Science, Acadia

University, Wolfville, Nova Scotia B4P 2R6, Canada;
3. Boise State University, Boise, Idaho 83725-1535, USA

The Coldbrook Group is a unique suite of Late Ediacaran 
volcanic and epiclastic rocks that together with related 
plutons was emplaced in the Avalonian Caledonia terrane of 
southern New Brunswick. The suite is topped by the mainly 
rhyolitic Silver Hill Formation that has been recognized in 
five different areas of the Caledonia Highlands, each with 
distinct petrographic textures: Silver Hill, Coastal Fundy 
Park, Fundy Park, Vernon Mountain, and Blackall Lake. 
The coeval felsic Bonnell Brook pluton is represented by 
a medium- to coarse-grained granite and a fine-grained 
granitic dome. Whole-rock chemistry, zircon chemistry 
(LA-ICP-MS), and U–Pb dating (LA-ICP-MS and CA-
TIMS) were used to study the relationship between the felsic 
volcanic and plutonic rocks and to constrain their age and 
tectonic setting. Transitional felsic I- to A-type chemical 
signatures in both volcanic and plutonic rocks suggest that 
magmatism occurred in an extensional within-plate setting, 
consistent with the tectonic regime at that time throughout 
Avalonia. Whole-rock chemistry shows that, although 
coeval, the medium- to coarse-grained granite was emplaced 
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ice dynamics and deglacial history of the northeast 
newfoundland ice Sheet

Sef C. Everest, John C. Gosse, Sophie L. Norris, and 
Arthur S. Dyke

Department of Earth and Environmental Sciences,  
Dalhousie University, Halifax, Nova Scotia B3H 4R2, 

Canada <everest@dal.ca>

The timing and dynamics of deglaciation of the 
Newfoundland Ice Sheet (NIS) represents a complex and 
poorly resolved portion of the North American Ice Sheet 
Complex. Establishing the flow dynamics of the NIS 
precisely is useful to minimize risk for mineral exploration 
through drift prospecting on the island, and is important to 
paleoclimatic, paleoceanographic, and glaciologic research 
owing to its proximity to the shelf-edge limit of the LIS 
and the interpreted occurrence of numerous ice streams 
juxtaposed with cold basal thermal regimes. High-quality 
surface exposure ages representing onshore ice margin 
retreat in Newfoundland are also needed for ongoing studies 
of subglacial erosion rates beneath warm-based and cold-
based ice. Existing deglacial chronologies in northeastern 
Newfoundland are lacking input from onshore dates, and 
surface exposure dating methods are underutilized across 
the NIS. As a result, ice extent during the last glacial 
maximum is poorly constrained in Newfoundland and is 
the subject of ongoing debate. Marine evidence shows ice 
extending almost to the continental shelf-edge at the Last 
Glacial Maximum (LGM) but opposing models have argued 

at a deeper level and is not cogenetic with the fine-grained 
granite and rhyolite of the Silver Hill Formation. Rhyolite in 
the Silver Hill area yielded a weighted mean 206Pb/238U age of 
551.65 ± 0.15 Ma, similar within error to the age of 551.71 
± 0.15 Ma for the fine-grained granite. Furthermore, zircon 
grains of the Silver Hill rhyolite and fine-grained granite have 
similar chemical compositions and morphology suggesting 
rhyolite and granite are comagmatic. However, the main 
belt of rhyolite in the Coastal Fundy and Fundy Park areas 
is younger at 549.18 ± 0.07 Ma, consistent with the older age 
of 551.19 ± 0.20 Ma obtained for an underlying lithic tuff 
unit. Stratigraphic relationships and petrography suggest 
that the rhyolite of the Coastal Fundy and Fundy Park areas 
formed in one event that commenced with pyroclastic flows 
and progressed to calmer eruptions, represented by rhyolitic 
lava flows. Younger dates of 540–520 Ma obtained from 
zircon grains in the same samples by LA-ICPMS indicate 
that the zircon experienced cryptic alteration and Pb loss 
and demonstrate the importance of combining LA-ICP-MS 
dating with CA-TIMS from the same zircon populations.

for ice only reaching modern shorelines in Newfoundland, 
based on biological refugia evidence that certain uplands 
were ice-free. This study helps constrain ice sheet dynamics 
in central-eastern Newfoundland and contribute to the 
data gap in a critical region of Newfoundland. Ten new 
terrestrial cosmogenic nuclide ages were obtained spanning 
three strategic locations in northeastern Newfoundland. 
These data combined with previous published geomorphic 
maps, as well as new interpretations and synthesis provide 
an updated deglacial model for the region. The summary 
exposure age of the three sites selected for Be-10 dating are 
13.3 ± 0.8 ka near New-Wes-Valley, NL; 12.7 ± 0.8 ka near 
Gander, NL; and 12.2 ± 1.0 ka near Glovertown, NL (errors 
are 1σ total external uncertainty). These ages are consistent 
with calibrated radiocarbon ages in the region. This record of 
deglaciation and new constraints demonstrate deglaciation 
at these sites was 1–2 ka later than in previous models, and 
this study will explore the potential effect of the Younger 
Dryas stadial on readvance or stagnation of the ice margin. 
Reconstructions of ice dynamics will also refine existing 
estimates of the location of ice divides in the northeast NIS.

Reaction rims on ilmenite macrocrysts from kimberlite 
as a proxy of kimberlite emplacement process

Lydia Fairhurst1, Yana Fedortchouk1, Ingrid Chinn2, 
and Philippe Normandeau3

1. Department of Earth and Environmental Sciences, Dalhousie
University, Halifax, Nova Scotia B3H 4R2, 

Canada <lydiafairhurst@dal.ca>;  
2. DeBeers Group, Johannesburg, Gauteng, South Africa;

3. Northwest Territories Geological Survey, Northwest
Territories, Canada

Kimberlites are mantle-derived magmas often emplaced 
in the upper crust as pipe-shaped structures. Large multi-
phase bodies of class 1 consist of coherent kimberlite 
(CK) and different pyroclastic facies, including diatreme 
Kimberley-type pyroclastic kimberlite (KPK). The 
composition, crystallization conditions and emplacement 
processes of these kimberlites are poorly understood, 
especially the formation of KPK. CK facies include 
hypabyssal kimberlite (HK) and ambiguous partially 
fragmented CK. Ilmenite macrocrysts from some Orapa 
kimberlites show reaction rims developed due to a reaction 
with the kimberlite magma. The composition of these 
rims correlates with kimberlite facies and may provide 
information about their crystallization conditions. The goal 
of this study is to use the reaction products on ilmenite from 
different kimberlite facies in order to examine variation in 
crystallization temperature (T), oxygen fugacity (fO2), and 
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3D modelling of the Key Anacon titan deposit near 
Bathurst, new Brunswick, canada using elF-eM  

data and open-source inversion software

Alex Furlan

Department of Earth Sciences, Brock University, St Catharines, 
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The Key Anacon Titan deposit is a Bathurst-type 
volcanogenic massive sulfide (VMS) hosted in the same 
stratigraphic horizon as the well-known Brunswick No. 12 
mine. The current mineral resource reported by AGP Mining 
Consultants Inc. indicates 0.3 million tonnes of material with 
~4.4% Zn, ~1.6% Pb, ~0.7% Cu, and ~39 g/t Ag. Exploration 
and development of the Key Anacon deposit were stunted 
by falling zinc prices in the 1950s and 1960s and since then, 
only two major exploration programs have occurred. While 
Osisko waits for the deposit to become economically viable 

(zinc was recently listed as a critical mineral by the USGS), it 
provides a great location to test new exploration methods. In 
2012, the Extremely Low Frequency (ELF) EM survey system 
was developed as a ground-based version of Z-axis Tipper 
Electromagnetics (ZTEM). By measuring in the 1–1440 Hz 
frequency range, the ELF-EM system can see ~2 km into the 
ground depending on subsurface conductivity. This system 
makes use of a transfer function which relate the horizontal 
and vertical magnetic field components to subsurface 
conductivity changes. The resulting data are known as tippers 
(Tzx and Tzy), dimensionless ratios which get their name by 
‘tipping’ the magnetic field vector away from horizontal in 
response to 3D conductivity variations. In 2019, an ELF 
survey was collected over the Key Anacon Titan deposit to 
test the systems ability to resolve conductivity changes in the 
subsurface. The data collected agreed with previous findings 
but at the time of the survey, 3D modelling ELF-EM data 
was an arduous task. Recent developments in SimPEG 
(Simulation and Parameter Estimation in Geophysics), an 
open-source Python package, provides tools for users to 
create their own inversion workflow. This package was used 
to write a new 3D ELF inversion script that could run on 
modern hardware without the need to license any software. 
The Key Anacon ELF survey was a perfect test candidate 
due to its small footprint allowing it to be run quickly 
and repeatedly with tweaks in parameters. The inversion 
models produced by ELF tipper data are conformable to 3D 
geological wireframe models independently derived from 
other geophysical surveys as well as borehole logs. With this 
recent improvement to 3D modelling, the ELF-EM system 
shows great potential to be a reconnaissance tool for deep 
conductive structures in both greenfield and brownfield 
exploration projects.

composition of mafic minerals from intrusive rocks near 
the teahan Mine, caledonia Highlands, southern new 

Brunswick, canada: implications for mineralization and 
conditions of magma solidification

Ayalew Gebru

New Brunswick Department of Natural Resources and  
Energy Development, Fredericton, New Brunswick E3B 5H1, 

Canada <Ayalew.gebru@gnb.ca>

Using Electron Probe Microanalysis, the composition 
of biotite was determined for the Teahan area granitoids 
(Pollett River Granodiorite and Rat Tail Brook Granodiorite) 
along with amphibole and chlorite compositions of the 
nearby Pollett River Gabbro/Gabbroic Diorite, Caledonia 
Road Diorite/Gabbroic Diorite, Kent Hills Granodiorite, 
Forty Five River Granodiorite, Teahan Mine Granodiorite, 

silica activity (αSiO2) during the emplacement of large 
kimberlite pipes. fO2 is also important for assessment of 
diamond preservation in kimberlites as more oxidized 
conditions promote diamond resorption. 

This study used thin sections from known depth intervals 
in drillholes from the AK15 and BK1 kimberlites from the 
Orapa kimberlite cluster (Botswana). The AK15 intrusion 
consists of a single phase of CK facies. The BK1 pipe consists 
of two CK facies (CK-A and CK-B) and one KPK facies. CK-B 
is a HK and CK-A shows areas of partial fragmentation. 
Secondary phases in ilmenite reaction rims were identified 
with SEM. The composition of perovskite, ilmenite, and 
magnetite was obtained from EMP analyses and used for T 
and fO2 calculation. The ilmenite macrocrysts are unstable 
and develop magnetite-perovskite symplectite aggregate in 
the magmatic CK-B facies. Ilmenite macrocrysts are well-
preserved in in CK-A and KPK and develop rims composed 
of magnetite and rutile in CK-A and highly variable 
mineralogy distinguished by the presence of titanite in 
KPK. In AK15, ilmenite macrocrysts have magnetite and 
perovskite rims. Perovskite crystallization conditions are 
estimated to vary from DNNO -5.74 to -1.30 and 560–700°C 
based on the ferric iron content in perovskite. Magnetite 
crystallization conditions are estimated to vary between 
ΔNNO -1.6 to 0.5 and 850–1200°C based on Fe-Ti exchange 
in magnetite and ilmenite. fO2 estimates vary between facies 
with magmatic CK-B showing the narrowest range and a 
slight oxidation towards the surface, and KPK showing the 
largest range and no correlation with depth. In KPK, an 
increase in αSiO2 is evidenced through the development 
of titanite (CaTiSiO5) while perovskite (CaTiO3) becomes 
unstable.
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and a “younger” sheared gabbro. On the Aliv vs Mg/(Mg 
+ Fe) and Fe/(Fe + Mg) compositional fields, the biotite
grains both from the Pollett River and Rat Tail Brook
granodiorites plot within the biotite field, near the biotite-
phlogopite field boundary close to the Annite–Phlogopite
binary. Relatively high TiO2, MnO, MgO, CaO, K2O, BaO, F,
and Cl, and low Na2O, Al2O3, and H2O contents distinguish
the biotite of the Pollett River Granodiorite from that of the
Rat Tail Brook Granodiorite. The Xphl versus log(XF/XCl)
compositions of biotite from these granitoids indicate an
I-type magmatic composition, whereas on the log(XF/XOH)
versus log(XMg/XFe) discrimination diagram, the biotite
compositions indicated a weakly contaminated I-type
granitoid source composition. The Mg versus Al binary
plot (apfu) demonstrates the peraluminous affinity of the
Rat Tail Brook Granodiorite, and the calc-alkaline nature
of the Pollett River Granodiorite. The FeOt–MgO–Al2O3 
composition of biotite from the Pollett River Granodiorite
also supports the calc-alkaline nature of the source magma,
whereas the source for the Rat Tail Brook Granodiorite plots 
close to the calc-alkaline-peraluminous granite boundary.

The IV (F/Cl) versus IV(F) data distribution of biotite 
from the granitoids is transitional between the porphyry 
copper and W-(Cu-Au-Bi) magmatic systems. They have 
higher IV(F) values relative to porphyry Mo and Sn-W-
Be mineralizing systems. From additional petrological 
information (i.e., ore element ratios such as Mo/Cu, Rb/Sr, 
Cu/Mo, Cu/Sn), the Pollett River Granodiorite is the most 
favourable for potential porphyry copper and W-(Cu-Au) 
skarn mineralization, provided there is a favorable host 
lithology in the latter case.

The temperature of biotite crystallization was determined 
using the Ti-in-biotite thermometry; the Pollett River 
Granodiorite yielded a temperature of 600–720°C, 
whereas the Rat Tail Brook Granodiorite yielded 500°C 
with the latter temperature possibly being a result of re-
equilibration. The apfu composition of amphiboles from 
the Pollett River gabbroic diorite correspond to titanian and 
ferrian tschermakitic hornblende, ferrian-tschermakite, 
ferri-titanian-tschermakitic hornblende, and magnesio-
hornblende composition. Pressures of equilibration of 
the titanian, ferrian tschermakite and the titanian and 
ferrian tschermakitic hornblende group of minerals range 
from 4.8 to 6.5 kb, from the mean of various barometric 
determinations. Magnesio-hornblende equilibrated from 
2.4 to 3.1 kb. Amphiboles from the Caledonia Road gabbroic 
diorite are ferri-magnesio-hornblende to ferrian-magnesio-
hornblende in composition and equilibrated at pressures 
around 2 kb.

The chlorite in the Kent Hills Granodiorite is of 
brunsvigite composition, whereas the Pollett River Diorite/
Gabbroic Diorite and the Caledonia Road gabbroic diorite 
have pycnochlorite compositions. The Forty Five River 
Granodiorite, the Teahan Mine Granodiorite and a highly 

Using pXRF to differentiate igneous rocks in the 
Bermuda volcanic basement

Wednesday Gillespie, Emma Stainsforth, Alex 
Hancock, and Lexie Arnott

Department of Earth and Environmental Science, Dalhousie 
University, Halifax, Nova Scotia B3H 4R2, Canada <Wednesday.

Gillespie@dal.ca>

The island of Bermuda is unique because its geology is 
inconsistent with established theories on the formation 
of volcanic seamounts. Research into the formation of 
the Bermuda rise began in the early 20th century with the 
emergence of the theory of plate tectonics. The 1972 Deep 
Drill core is 802 m with almost all of it intersecting the igneous 
basement. Since then, little has been done to geochemically 
analyze the samples, which were visually classified on site 
as containing alternating ultramafic intrusions and mafic 
lavas. In this study, a portable X-ray fluorescence (pXRF) 
spectrometer was used to geochemically analyze samples 
from the drill core. The samples showed that there is a 
significant variation in the SiO2 content between sheets 
and lavas, with intrusions having a mean of 41.8% and 
lavas having a mean of 52.0%. Based on the project results, 
using pXRF to measure the SiO2, TiO2, and P2O5 found in 
rock samples of the Bermuda rise is a valid technique for 
efficiently differentiating between intrusions and lavas in the 
field. However, further analysis is needed to quantify this. 
Traditional X-ray fluorescence analysis should be conducted 
to confirm the major element geochemistry.

sheared gabbroic diorite intruding the Teahan Formation 
west of the Kent Hills contain chlorite of ripidolite     
composition.

An evaluation of magmatic processes responsible for 
tungsten enrichment in the canadian tungsten Belt: 

evidence in melt inclusions of granitoids associated with 
the cantung and Mactung W-cu deposits

Gabriel Gomez Garcia1, A. Wagner1, E. Adlakha1, 
J.J. Hanley1, P. Lecumberri-Sanchez2,  

K.L. Rasmussen3, and H. Falck4

1. Department of Geology, Saint Mary’s University, Halifax, Nova
Scotia B3H 3C3, Canada <Gabriel.Gomez.Garcia@smu.ca>;
2. Department of Earth and Atmospheric Sciences, University

of Alberta, Edmonton, Alberta T6G 2E3, Canada; 
3. Department of Earth, Ocean and Atmospheric Sciences,

Copyright © Atlantic Geoscience 2022

   13ATLANTIC GEOSCIENCE · VOLUME 58 · 2022



Atlantic Geoscience Society 2022 - ABStRActS

The world-class Cantung and Mactung W-Cu-Au skarn 
deposits are hosted in limestone of the Selwyn Basin, where 
it is intruded by a series of Cretaceous-aged granitoids 
known as the Tungsten plutonic suite. Tungsten and the 
associated metals (e.g., Au, Cu, Mo, Sn) in W skarn settings 
are thought to be provided and transported by exsolved 
magmatic-hydrothermal fluids from the granitoids. Several 
mechanisms for W enrichment in fertile magmas have 
been proposed, all of which focus on the incompatible 
element (IE) behaviour of W during protracted fractional 
crystallization due to (i) mid-crustal depths of magma 
staging and emplacement, and/or (ii) high dissolved volatile 
content, and/or (iii) reduced oxidation conditions that 
prevented fractionation of W in phases such as magnetite.

This study aims to determine the major and trace element 
concentrations of apatite-hosted silicate melt inclusions 
(SMI) from the Mine Stock and associated aplite dykes at the 
Cantung deposit, as well as the Cirque Lake and Rockslide 
Mountain Stocks and leucocratic dykes at the Mactung 
deposit. The major element composition of homogenized 
SMI will be gathered via electron probe microanalysis 
(EPMA) to classify the tectonic environment of the 
magmas. The trace element abundances of homogenized 
and non-homogenized SMI will be acquired via laser-
ablation inductively coupled plasma mass spectrometry 
(LA-ICP-MS) to determine the W and other important 
ore elements concentrations of the melts during different 
stages of fractional crystallization. The data will also be 
used to model the behaviour of the trace elements during 
fractional crystallization by using the petrography results 
and mineral-melt partition coefficients of the minerals in 
the rock samples in batch crystallization calculations.

Preliminary data show a wide range in compositions 
from intermediate to felsic reflecting the trapping of 
melts at different stages of fractional crystallization. The 
transition from syn- to post-collisional may also reflect the 
entrapment at different stages. Tungsten content in the most 
evolved melts is up to three orders in magnitude higher 
than the average crustal values as well as the whole rock. 
The inclusions with the lower IE represent melts trapped 
during the earliest stages of fractional crystallization. 
Positive correlations between Zr/Hf and Nb/Ta indicate the 
preferred fractionation of Nb and Zr in biotite and zircon, 
respectively. The negative correlation between Nb/Ta and 
Ta indicate the incompatible behaviour of Ta during biotite 
crystallization. When compared to the concentrations of 
Ta and other IE, W shows enrichment during fractional 
crystallization reflecting its incompatible behaviour with 
crystallizing phases.

Sulfur isotope and trace element systematics of pyrite 
and marcasite associated with epithermal gold 
mineralization in the northeastern cobequid  

Highlands, nova Scotia, canada
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The chemistry and S isotope composition of pyrite and 
marcasite from silicified and sulphidized, variably Au-
As-Sb-Hg-enriched and barren, Late Devonian to Early 
Carboniferous bimodal volcanic rocks in the Nuttby and 
Warwick Mountain areas were investigated by in-situ 
microanalytical methods (SIMS, LA-ICPMS, EPMA). The 
aim of the ongoing study is to determine if S isotopic and 
trace element systematics of Fe sulfide minerals can be 
used to recognize zones of hydrothermal fluid flow tied 
to epithermal mineralization, differentiating those from 
pyritic zones related to other geological processes, unrelated 
to Au mineralization.

Petrography (optical, SEM) coupled with LA-ICP-MS 
trace element mapping (14 areas) and δ34S analysis by SIMS 
(n = 190 spots) identified 4 stages of pyrite/marcasite. The 
earliest (type 1 pyrite) comprises 34S-depleted (δ34SVCDT = 
-6.4 to -5.4 ‰), metal-poor (based on SEM-EDS) pyrite
within sedimentary enclaves enclosed within felsic volcanic
rocks. Incorporation of this pyrite into the volcanic rocks
did not contribute metals but may have been an important S
contaminant. Following this stage, two stages of epithermal
pyrite are recognized: Early marcasite and pyrite (type 2),
forming the cores of pyrite grains show enrichment in Co-
Ni-Cu-Ag-Hg-Cd-Bi-Sb (±Au, As); these cores have δ34SVCDT
from -2.0 to 6.0 ‰ with 90 % of values between -1.5 and 2.0
‰. Later pyrite (type 3; occurring as rims and oscillatory
zones overgrowing type 2) shows enrichment in As-Sb-Mo-
Cu-Se (±Au, Ag, Co); the dominant Au-enrichment stage
in all pyrites examined occurs in type 3 rims. Type 3 pyrite
has δ34SVCDT values from -6.8 to 2.0 ‰ with 90 % of values
between -3 and 1 ‰. Core to rim transitions from type 2
to 3 pyrite generally show a shift to lower δ34SVCDT values,
likely reflecting isotope fractionation during transient fluid
boiling. Finally, a late pyrite generation (type 4) shows minor 
enrichment in Hg-Sb-Ag-Mo and occurs as overgrowths on
type 3 pyrite; these overgrowths yield very high δ34SVCDT 
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Relationship between gold mineralization in the 
Annidale and clarence Stream areas of southern 

new Brunswick, canada
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Tectonically, the various types of hydrothermal gold 
deposits form progressively through the evolution of 
subduction-related processes along convergent margins. 
The orogenic and intrusion-related gold deposits in the 
Annidale and Clarence Stream areas are interpreted to 
be different in terms of geological environment, tectonic 
setting, ore formation system, and timing of mineralization. 
Since these areas are parallel to each other and formed close 
to the margin of the subducted zone of Avalonia under 
Ganderia, gold-forming processes in these two different 
regions may still have formed in a common geodynamic 
environment.

The Annidale Belt, along with the Miramichi and St. 
Croix belts, were accreted onto the New River terrane on 
the trailing edge of Ganderia during the Early Ordovician 
closure of the Penobscot back-arc basin. Orogenic gold was 
formed during the Penobscot orogeny in the Annidale and 
New River belts. Ordovician orogenic gold was preserved 
in the Annidale area as no later major magmatic activities 
occurred in these belts. It is probable that similar orogenic 
gold mineralization was formed in the southwestern part of 
the New River Belt (Clarence Stream area) at the same time 
as in the northeastern part of this belt. The New River Belt 
was covered by sedimentary sequences of the Ordovician 
St. Croix and Silurian Mascarene belts in southwestern 
New Brunswick. Partial melting of the lower Avalonian 

values (17.9–23.8 ‰) interpreted to reflect incursion of a 
fluid containing S derived from the reduction of seawater 
sulphate at the cessation of epithermal mineralization.

Although there were likely multiple sources of S, overall, 
the study of pyrite/marcasite indicates that the most 
important stage of Au enrichment is late in the paragenesis 
and is most closely correlated to As-Sb-Mo-Cu-Se-Ag 
enrichment. Some of these metals, including Au, may have 
been remobilized from earlier pyrite. Incursion of cooler, 
marine-derived fluids and transient boiling were likely 
triggers for late Au deposition.

lithosphere during subduction close to the convergent 
margin between the Avalonia and Ganderia zones caused 
extensive magmatic activity, generating the multi-phase 
Saint George Batholith; this protracted magmatic activity 
(during the Neoacadian orogeny) digested (assimilated and/
or sequestered) parts of the New River and Mascarene belts 
during emplacement of several phases of the Saint George 
Batholith. In the Clarence Stream area, the emplacement of 
the Early Devonian Magaguadavic Granite was followed by 
thermal events, such as contact metamorphism and fluid 
circulation. The advanced hydrothermal activities related to 
emplacement of the Magaguadavic Granite recycled and may 
have remobilized pre-existing auriferous systems, including 
orogenic lode gold deposits. These activities ultimately 
led to the precipitation of gold as several intrusion-related 
deposits in the shear zones related to the Sawyer Brook 
Fault. The combination of several factors, including pre-
existing orogenic gold deposits, advanced hydrothermal 
activities related to the Magaguadavic Granite, and the 
presence of local brittle-ductile shear zones, were crucial 
and explain the greater concentration of gold in intrusion-
related deposits in the Clarence Stream area relative to the 
orogenic gold deposits in the Annidale area.

Paragenesis of mineralized South Mountain Batholith 
granitoid rocks at the castle Frederick prospect, Upper 

Falmouth, nova Scotia, canada

Luke Hilchie1 and Fergus Tweedale2

1. Earthbound Eyes Consulting, East Lawrencetown,
Nova Scotia B2Z 1V1, Canada <EarthboundEyes@gmail.com>; 

2. Department of Geology, Saint Mary’s University,
Halifax, Nova Scotia B3H 3C3, Canada

The Castle Frederick prospect is a Pb-Zn play hosted in the 
granitoid rocks of the Late Devonian (~380–365 Ma) South 
Mountain Batholith (SMB), within the Meguma terrane, near 
Upper Falmouth, Nova Scotia. The geochemical anomalies 
of economic interest (Pb, Zn) and reported mineralogy 
(sphalerite, galena, pyrite, barite, calcite) bear resemblance 
to Pennsylvanian (~320–300 Ma), low-temperature 
epigenetic ores within mineralized sedimentary carbonates 
of the Windsor Group, a major proportion of the infill of 
the Maritimes Basin. The base of the Maritimes Basin (i.e., 
the Devonian–Carboniferous unconformity) is exposed 
near the prospect, where Horton Group clastic rocks overlie 
the eroded SMB, and the world-class Walton barite-Pb-Zn-
Cu-Ag deposit lies ~30–40 km northeast. The purpose of 
this research was to test whether mineralization at Castle 
Frederick is an expression of the same hydrothermal system 
that produced Maritimes Basin-associated Pennsylvanian 

Copyright © Atlantic Geoscience 2022

   15ATLANTIC GEOSCIENCE · VOLUME 58 · 2022



Atlantic Geoscience Society 2022 - ABStRActS

Recent integration of seismic profiles, palynology, 
industry reports, boreholes, and field interpretation has 
confirmed the existence of the Millstream Subbasin, an 
approximately 80 km2 pull-apart basin within the Midland 
area of southern New Brunswick. From the late Tournaisian 
(?) to Visean–Serpukhovian, the Millstream Subbasin was 

Modelling the pressure-temperature-time evolution of in 
situ shock veins from the Manicouagan impact structure

Randy G. Hopkins and John G. Spray

Planetary and Space Science Centre, University of New Brunswick, 
Fredericton, New Brunswick E3B 5A3, Canada <rhopkins@unb.ca>

The Manicouagan impact structure is one of three 
terrestrial craters in which in situ shock veins have been 
identified. Shock veins are thin (<2 mm) shock-induced 
frictional-melt bodies that form syn-shock during the 
early compression stage of impact crater formation. Their 
formation has been attributed to pressure excursions within 
the target rock leading to the presence of high-pressure 
polymorphs within shock vein matrices, with less regard for 
the effect that temperature may play in these transitions. 

This work utilizes numerical computing software (via 
MathWorks MATLAB), which has been developed to 
understand the relationship between shock wave passage 

hydrothermal deposits. The work focused on petrographic 
characterization of several samples selected from drill core, 
and isotopic microanalytical characterization of minerals 
associated with the late hydrothermal paragenesis to either 
date the mineralization or establish an isotopic affinity 
with the overlying Pennsylvanian hydrothermal deposits. 
Three parageneses: magmatic crystallization products, 
hydrothermal “autometamorphic” alteration associated 
with magmatism, and late hydrothermal mineralization 
were identified. Magmatic mineralogy is typical of the SMB 
(cordierite-bearing two-mica monzogranite/granodiorite 
with accessories of apatite zircon, monazite, TiO2), as is 
the autometamorphic suite (alkali feldspar exsolutions, 
myrmekite intergrowths, sericite after plagioclase, chlorite 
[with brookite] after biotite, and rare molybdenite). The late 
hydrothermal suite differs, featuring veins of pyrite (with 
anatase), calcite, and barite with fine SMB rock fragments, 
and grain-boundary network replacements/overgrowths 
(phengite rims on chlorite, calcite-anatase after chlorite-
brookite) and disseminations (pyrite, anatase, chalcopyrite, 
galena, sphalerite) commonly associated previously biotite-
rich domains. Pending laser ablation inductively coupled 
plasma mass spectrometry studies will attempt to date 
hydrothermal anatase and brookite, and/or examine changes 
in radiogenic Pb isotope ratios in sheet silicates across the 
parageneses and in late sulphides to probe connections to 
the regional Pennsylvanian hydrothermal system associated 
with the Maritimes Basin.

The Visean to Serpukhovian Millstream Subbasin 
within the Midland to lower Millstream areas: 

implications for carboniferous regional tectonics  
of southern new Brunswick, canada

Steven Hinds1, Matthew Stimson2,3, Olivia King2,3, 
Duncan McLean4, and Adrian Park1

1. New Brunswick Department of Natural Resources and Energy
Development, Geological Surveys Branch, Fredericton, New

Brunswick E3B 5H1, Canada <steven.hinds@gnb.ca>; 
2. Department of Natural History, New Brunswick Museum,

Saint John, New Brunswick E2K 1E5, Canada; 
3. Department of Geology, Saint Mary’s University, Halifax,

Nova Scotia B3H 3C3, Canada; 
4. MB Stratigraphy Ltd., Sheffield, S9 5EA, UK.

deposited as a pull-apart basin resulting from differential 
rates of strike-slip movement along the Belleisle Fault 
to the north, and the Kennebecasis Fault to the south, 
which were both intermittently active as dextral strike-slip 
systems during this time range. The age justification is from 
palynology samples collected from boreholes and outcrops 
within the basin. The Millstream Subbasin is bounded by 
a minor system of normal faults; the Lower Millstream–
Parleeville faults to the north and the Dickie Mountain–
Peekaboo faults to the south. An initial episode of fault 
activity caused the opening of the basin by movement on 
the Lower Millstream and Dickie Mountain faults, which 
allowed for deposition of a thick, basal red bed clastic 
sequence of probable Late Tournaisian (?) age, and the 
subsequent deposition of Visean limestone and evaporite 
facies. After a period of quiescence, renewed transtension 
initiated movement on the Parleeville and Peekaboo normal 
faults, resulting in the deposition of a red clastic sequence 
above the evaporites and the down-dropping of the central 
part of the basin until fault movement waned during the 
early Serpukhovian. Activation of the late normal faults is 
most likely due to the differential rotation of the Midland 
area between the Belleisle and Kennebecasis faults, and/or 
the transfer of dextral movement from the Belleisle Fault to 
the Kennebecasis Fault. Limited field mapping to the east in 
the Smiths Creek area suggests the current understanding 
of the dextral displacement kinematics of the Kennebecasis 
Fault during the Visean–Serpukhovian needs revision, 
however additional field studies and palynology will be 
required to improve the confidence level of these initial 
observations.
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in geological targets (i.e., heterogeneous media) and the 
formation of shock veins (and associated high pressure/
temperature polymorphs) within the target rock. This 
approach takes into consideration the pressure due to the 
passage of the shock front, subsequent rarefaction unloading 
pressures, and associated heating and cooling rates. The 
model is applied to calculate pressure-temperature-time 
conditions for hollandite-structured plagioclase and 
stishovite-bearing shock veins within the central uplift of 
the Manicouagan impact structure of Quebec. 

Modelling reveals that: (1) at the time of shock vein 
formation (1.5 s following the initial contact of the 
projectile), the shock front pressure was 10.5 GPa and 
the width of the shock wave was 7.9 km; and (2) the melt 
within the shock veins initially reached ~2200°C, which 
corresponds to the melting temperature of the target rock at 
10.5 GPa. These conditions are sufficient for hollandite and 
stishovite formation. Thus, pressure excursions beyond the 
peak shock pressure of the shock wave are not required for 
the shock veins to enter the appropriate stability fields. This 
work suggests that high pressure phases within the shock 
vein system are not the result of pressure excursions but 
rather are facilitated by localized high temperatures realized 
by the shock vein system.

A new exhibit at the Quartermain earth Science centre: 
bridging geology with biology celebrating paleontology 

and ornithology of Atlantic canada. Honouring the work 
of paleontologist Dr. Ronald Pickerill

Grace Jackson, Ethan Mcdonald, 
and Ann C. Timmermans

Quartermain Earth Science Centre, University of 
New Brunswick, Fredericton, New Brunswick  
E3B 5A3, Canada <quartermain@unb.ca>

A new interactive exhibit bridging the disciplines 
of biology and earth science is near completion at the 
Quartermain Earth Science Centre (QESC), located at 
the University of New Brunswick. Phase I of the project 
is dedicated to paleontologist Dr. Ronald Pickerill in 
recognition of his important contribution to the field of 
ichnology. Three robust collapsible cabinets contain six 
dioramas, representing the six periods of the Paleozoic 
Era and are QESC’s first transportable exhibit. Each 
diorama features colourful landscapes with paleontological 
and ichnological fossils from targeted locations around 
Atlantic Canada. The exhibit includes informative legends 
for the various invertebrate, vertebrate, and plant fossils, 
plexiglass-covered drawers with additional specimens, 
and four introductory panels. Each cabinet can be easily 

disassembled into five pieces for transport. Transitioning to 
the Mesozoic Era, Phase II of the project focuses on several 
theropod dinosaurs from the Triassic to Cretaceous periods. 
A series of interactive displays including floor mounted 
trackways have been established along a high-traffic route 
between the Forestry and Geology Building, through the 
Science Concourse, culminating at the Biology Greenhouse. 
Informative display panels covering example fossil 
discoveries as well as phylogenetic and macroevolutionary 
studies are presented alongside the trackways. Seven 
evolutionary jumps are represented along the journey, from 
the theropod’s earliest ancestor (Herrerasaurus sp.), to the 
earliest recognizable bird (Archaeopteryx sp.), to the more 
recent giant flightless bird of the Cenozoic Era (Gastornis 
sp.). The exhibit ends with Phase III, inside the entrance 
lobby to Loring Bailey Hall. Presented in the form of a wall-
size phylogeny graphic opposite of a large diorama case 
of taxidermized avian, visitors can examine the diversity, 
detail, and delicate beauty of Neornithes (modern birds), 
from New Brunswick and around the world. This exhibit 
has been designed so that students, educators, and visiting 
groups can engage with and learn about many fields of 
science, including ichnology, taphonomy, invertebrate 
and vertebrate paleontology, paleoenvironmental geology, 
phylogeny, biophysics, biomechanical engineering, and 
ornithology. This project is made financially possible 
through gracious funding by the Canadian Geological 
Foundation, the Quartermain Earth Science Centre, and the 
department of Biology at the University of New Brunswick. 
Presenters will share the highlights of the exhibit and the 
applications to education.

nova Scotia basalt as a soil additive for co2 
capture and fertilizing crops

Christopher D. Jauer

Geological Survey of Canada (Atlantic), Bedford  
Institute of Oceanography, Dartmouth, Nova Scotia  

B2Y 4A2, Canada <chris.jauer@NRCan-RNCan.gc.ca>

Recent work on Enhanced Rock Weathering (ERW) 
shows that pulverized basalt spread over croplands is not 
only an effective crop fertilizer but also a stand-alone CO2 
sink. Airborne carbon dioxide mineralizes upon contact 
with the various minerals in pulverized basalt. Compared 
to subsurface CO2 injection, this method of capture is 
inexpensive and simple to regulate and has the added benefit 
that the resulting basalt fertilizer runoff can ultimately 
contribute to the amelioration of ocean acidification.

Nova Scotia has an abundance of basalt deposits, both 
exposed and buried. The chemical storage of carbon dioxide 
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in basalt is reasonably established, however the use of these 
deposits as fertilizer for agriculture is not widely known. The 
North Mountain Basalt from Nova Scotia also hosts zeolites 
that act as a cation intensive agent that when added to soil 
makes an excellent supplement for enhanced plant growth.

It has been estimated that the volume of North Mountain 
Basalt accessible onshore is over 2300 km3, spread over some 
9400 km2. Given the relative potential ease of extracting and 
transporting this rock, much of which is exposed along 
the southern coast of the Bay of Fundy, it could represent 
a new “green industry” working to apply ERW methods 
using agriculture on a regional scale to help meet Canadian 
CO2 emission limits. Mapping the North Mountain Basalt 
and similar basalt formations in the Maritime Provinces 
with respect to their suitability for ERW development is a 
necessary first step, which can be achieved with archival data 
sets. An initial laboratory proof-of-concept test for ERW in 
a laboratory setting could be arranged with the Centre for 
Sustainable Soil Management, Department of Plant, Food, 
and Environmental Sciences at Dalhousie University. This 
step would add credibility in a Canadian context toward the 
application of this new method of carbon sequestration.

The work described here is being carried out under the 
Carbon Capture Utilization and Storage section within the 
Marine Geoscience for Marine Spatial Planning program of 
the Geological Survey of Canada.

A targeting tool for gold mineralization in the 
Williams Brook epithermal system northern  

new Brunswick, canada: insights from  
compositional geochemical balances

Farzaneh Mami Khalifani1, David R. Lentz1, 
Mohammad Parsa1, and James A. Walker2

1. Department of Earth Sciences, University of
New Brunswick, Fredericton, New Brunswick E3B 5A3, 

Canada <farzaneh.mamikhalifani@unb.ca>;  
2. New Brunswick Department of Natural Resources and Energy

Development, South Tetagouche, New Brunswick E2A 7B8, Canada

The Williams Brook property, located in the northwestern 
part of the Chaleur Bay Synclinorium of northern New 
Brunswick, hosts gold mineralization within Silurian–
Devonian, bimodal volcano-sedimentary rocks of the 
Wapske Formation (Tobique Group). The Tobique Group 
is bounded to the north and west by the Rocky Brook–
Millstream Fault, and to the south and to the east where it lies 
unconformably on the Miramichi Inlier. The fault-controlled 
mineralization at Williams Brook is a low-sulfidation 
epithermal style system, hosted by quartz veins cross cutting 
flow-layered K-feldspar porphyritic rhyolite. Preliminary 

Palynology of the Albert Formation of 
new Brunswick, canada

Olivia King1, 2, R. Andrew MacRae2,  
Matthew Stimson1, 2, Steven Hinds3,  
Adrian Park3, and Duncan McLean4

1. Department of Natural History, New Brunswick Museum, Saint
John, New Brunswick E2K 1E5, Canada <olivia,king@smu.ca>;

studies indicate that dextral movement along the Rocky–
Brook–Millstream fault system during Early Devonian 
Acadian orogenesis exerts substantial control over gold 
mineralization at Williams Brook. Despite the similarities 
in the processes that trigger ore-metal deposition among 
various systems variation in local geological settings render 
differences in grade, shape, geochemical, and geophysical 
features of individual deposits. Consequently, a solid 
understanding of individual mineral deposits in a specific 
area is critical to future exploration success. Although 
pathfinders have been applied to constrain gold deposits 
geochemically, it is challenging to identify a unique suite of 
pathfinder elements for use as a vectoring tool exclusively 
for gold exploration. This study seeks to (i) address the 
question as to which elements can be regarded as pathfinders 
at the Williams Brook deposit and (ii) define a geochemical 
targeting tool for similar style mineralization. Geochemical 
samples (n = 1153) collected from trenches and outcrops 
underwent multi-element analysis. Grab samples collected 
from quartz veins were commonly anomalous in Au (128, 
44.4, 38.8, 21, 15.95, 7.38, 6.63, 5.55, 2.94, and 1.14 ppm). In 
addition, the rhyolite, which contained a network of quartz 
veinlets to stockwork, contained several significant gold 
results. These were subjected to compositional data analysis 
(CODA) techniques, namely CODA-based principal 
component analysis, compositional balance analysis, and 
element association analysis. The compositional data 
includes information about relative magnitudes. Analyzing 
the covariance structures of the log ratios can inquire 
about the relationship between compositional variables. 
These techniques help reveal the interconnection between 
various element associations at the Williams Brook property 
as either uni- or multi-element geochemical signatures. 
Subsequent mapping of these signatures using CODA-
based geochemical tools and measuring their spatial 
association with gold mineralization was conducted. The 
results of this study can help assist further exploration and 
finding promising area in the Williams Brook area. The 
methodology adopted herein can be applied to other gold 
deposits/occurrences, especially epithermal systems, for 
unraveling the interrelationship between different elements 
and gold mineralization.

Copyright © Atlantic Geoscience 2022

   18ATLANTIC GEOSCIENCE · VOLUME 58 · 2022



Atlantic Geoscience Society 2022 - ABStRActS

A palynological (plant spores) biostratigraphic study of 
the Tournaisian (Early Carboniferous) aged sites between 
the townships of Bloomfield and Norton, New Brunswick 
is being conducted. Newly collected and historical 
samples are being used to study the subdivisions within 
the Vallatisporites vallatus zone: Claytonispora distincta 
(formerly Dibolisporites distinctus) and Speleaotriletes cabotii 
subzones (informally NB Spore Zone 2 and 3).

The Tournaisian and Visean stages of the Mississippian 
Period are considered part of ‘Romer’s Gap’, an interval of 
time when tetrapods diversified and made the transition 
from aquatic into terrestrial environments. Three fossil 
locations are known to yield fossil evidence of tetrapods 
from Romer’s Gap: Scotland; Horton Bluff, Nova Scotia; 
and the newly discovered tetrapod tracks preserved in sites 
around Norton, New Brunswick. Interest in the relative age 
of these fossil-bearing strata arose due to the discovery of 
these important tetrapod ichnofossils as they could represent 
some of the earliest evidence of terrestrial tetrapods within 
this hiatus. Refining the age of the fossil bearing strata is 
important to better understand how the recently discovered 
sites near Norton compare to the broader evolutionary story 
of vertebrate life on land. A lack of marine biota, datable 
macrofossils or radiometrically-dateable volcanic rocks 
leaves palynology as the sole tool to assess the relative timing 
of the New Brunswick stratigraphy.

The historical palynological framework (biozonations) 
applied to the Tournaisian in the region is based on sites 
along the Horton Bluff shoreline and surrounding area 
in Nova Scotia (including Blue Beach). This biozonation 
framework has been widely accepted and applied across 
Atlantic Canada. Upon further inspection of the original 
literature and sampled sites, questions have been raised 
about the Claytonispora distincta (formerly Dibolisporites 
distinctus) and Speleaotriletes cabotii biozones at the Blue 
Beach tetrapod locality. Once fully unravelled, this new 
information may affect how to determine the relative age 
of similar sites in Atlantic Canada. Better understanding of 
this original palynological framework will allow for better 
correlation of sites within Romer’s Gap, both locally and 
globally.

1. Department of Geology, Saint Mary’s University, Halifax,
Nova Scotia B3H3C3, Canada <nikita.nikita@smu.ca>;

2. Nova Scotia Department of Natural Resources and
Renewables, Halifax, Nova Scotia B3J 3J9, Canada

The ocean floor surface sediments of the Scotian Slope, 
Nova Scotia are host to a complex network of microbially 
mediated reactions that knit together the carbon, sulfur, 
and nitrogen biogeochemical cycles. Limited diffusion 
between the upper water column and ocean floor muds pore 
space, coupled with competitive microbial ecological niche 
partitioning, leads to the formation of biogeochemically 
controlled redox gradients. The energetics of such gradients 
are further governed by microbial heterotrophy with the 
deposition of detrital organic matter that is primarily 
sourced from terrestrial runoff and upper water column 
productivity. However, these microbial biogeochemical 
zones will likely change if surface sediments are impregnated 
by hydrocarbon seepage that migrates up from deeper 
within the basin. Extracting the porewaters anions, such 
as sulfate, carbonate, nitrate, nitrite, from frozen marine 
sediment cores located in prospective hydrocarbon seep 
sites is proposed to reconstruct biogeochemical stratification 
depth profiles that can provide additional evidence for 
active seepage events. These profiles define microbial 
metabolic processes within the sediment subsurface. To 
test this hypothesis, a total of 28 samples across 7 sediment 
cores were collected, separated, centrifugated, and analyzed 
using ion chromatography. Systematic stratigraphic trend 
of anions was observed in the sampled cores. For example, 
carbonate porewater concentrations increase with sediment 
burial depth. Sulfate concentrations, however, systematically 
decrease with depth. Additionally, seep locations will be 
examined as this study progresses. When complete, it is 
expected that the results will help constrain the depth and 
extent to which biogeochemical cycles change within the 
Scotian Slope surface sediments.

*Winner: AGS Rob Raeside Award for best undergraduate student
poster

2. Department of Geology, Saint Mary’s University, Halifax,
Nova Scotia B3H 3C3, Canada; 

3. New Brunswick Geological Survey, New Brunswick
Department of Natural Resources and Energy Development, 

Fredericton, New Brunswick E3B 5H1, Canada; 
4. MB Stratigraphy Ltd., Sheffield, S9 5EA, UK.

Survey of porewater geochemistry within deep 
marine hydrocarbon seep sediments of the  

Scotian Slope, nova Scotia, canada*

Nikita Lakhanpal1, Venus Baghalabadi1, 
Natasha Morrison2, Adam MacDonald2,  

and G. Todd Ventura1
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Seeking seeps with geophysics in the Blow Me Down 
Massif, western newfoundland, canada

Alison Leitch

Department of Earth Sciences, Memorial University of 
Newfoundland, St John’s, Newfoundland and Labrador 

A1B 3X5, Canada <aleitch@mun.ca>

The Bay of Islands Ophiolite (BIOC) in western 
Newfoundland consists of four massifs, blocks of oceanic 
lithosphere that were obducted onto the margin of 
Laurentia during the Taconic orogeny (~ 470 Ma). Chemical 
reactions between meteoric waters and peridotite result in 
the serpentinization of the rock and highly reducing spring 
water. Also produced are hydrogen and methane which 
may support extreme life, which in turn is of interest to 
biogeochemists and astrobiologists. The small springs, or 
more often seeps, are difficult to detect, and they are usually 
found by ground searches for associated travertine deposits. 
However, the reactions involve strong electrical potentials 
and result in the production of magnetite, therefore they 
may be detected by geophysical surveys. Previous studies 
in Winterhouse Canyon, within the ultramafic Tablelands 
Massif, were successful in correlating known seeps with 
strong magnetic and self-potential (electrical) anomalies and 
identifying a further potential occurrence. In the summer of 
2021, magnetic and self-potential surveys were carried out 
along a section of a canyon within the more southerly Blow 
Me Down Massif. In this location, electrical and magnetic 
anomalies of similar magnitude to the Tablelands sites were 
observed, though their relationship to observed seeps was 
more enigmatic, possibly due to more complex geological 
structure.

Since 1978, adakitic volcanic and subvolcanic rocks have 
been recognized from the Island of Adak in the Andreanof 
Islands (Aleutians chain); they have enrichment in LILE, 
LREE, with high La/Yb, but also high Sr/Y and are low in 
HREE, Y (<18 ppm), and Yb (<1.8 ppm). Since the 1990s, 
adakites have been recognized worldwide, with similar 
geochemical characteristics, from recent to Archean TTGD 
magmatic suites. Based on GEOROC data, the geochemical 
composition of adakite rocks are divided into two types; high-

Reconciling adakite geochemical systematics: a review

David R Lentz and Fazilat Yousefi

Department of Earth Sciences, University of New Brunswick, 
Fredericton, New Brunswick E3B 5A3, Canada <dlentz@unb.ca>

SiO2 adakites (HSA; SiO2>60 wt%) and low-SiO2adakites 
(LSA; SiO2<60 wt%), although they should be redefined 
to be high-SiO2 adakites (HSA; SiO2>63 wt%), with low-
SiO2 adakites (LSA; SiO2 57–63 wt%) and basaltic andesite 
adakites (BAA; SiO2 52–57 wt%), which are similar to high 
Mg adakites (MgO>3 wt%). These rocks are subalkalic on 
the TAS diagram, and the boundary between sodic (Na), 
sodic-potassic (Na-K), and potassic (K) should follow the 
lower and upper boundary of the calc-alkaline series. The 
ASI is typical of metaluminous compositions and I-type 
suites (<1.1). The FeOt/MgO is <4, but typically ranges 
between 1.0 and 2.5 depending on redox and fractionation. 
The MnO is low (<0.15 wt%) with low FeOt/MnO ranging 
between 20–120, again reflecting higher redox. TiO2 ranges 
from 0.15 to 1.15 wt%, V is 25 to 250 ppm, and the Ti/V 
<100, typical of transitional to calc-alkaline compositions 
reflecting higher redox. As many major elements are mobile 
in altered rocks, like porphyry environments, Zr/Ti is used 
as proxy for SiO2 with a direct correlation. Immobile high 
field strength element and immobile element ratio diagrams 
are very useful; the Zr/Ti vs Nb/Y diagram that is a popular 
compositional discriminant has issues with anomalously 
low Y, i.e., the Nb/Y is over 0.7, even though these are all 
subalkaline rocks. The Nb + Y are like volcanic arc rocks 
(I-type) (<<50 ppm) and does not vary systematically 
with Zr/Ti. The Th abundance of suites varies with Zr/Ti, 
with multiple trends reflecting fractionation, and possibly 
magma mixing or contamination by subducting sediments 
or continental crust. The La/Yb (>2.6), Zr/Y (>2.8), Th/Y 
(>2.0), Th/Yb (>0.35), Zr/Nb (>5), and Th/Nb (>0.2) are 
all consistent with transitional to calc-alkaline signatures. 
Other than higher redox due to subduction metasomatism, 
the discrimination of various melt sources, like oceanic slab 
(very low Th), supra-subduction zone mantle (low Th), and 
crust (via AFC) (higher Th) relative to fractionation can 
only be discriminated by certain LILE like Th and Nb.

The impact of submarine canyons and channels  
on primary productivity dynamics in the lower 

St. lawrence estuary, eastern canada

Audrey Limoges1, Jean-Carlos Montero-Serrano2, 
Alexandre Normandeau3, David Didier4, Daniel 

Bourgault2, Camille Deslauriers5, Michel Gosselin2, 
Patrick Lajeunesse6, Catherine Lalande7,  

Kateri Lemmens5, Urs Neumeier2, André Rochon2, 
Owen Sherwood8, Guillaume St-Onge2, Pascal 

Bernatchez4, Danny Rondeau9, Khouloud 
Baccara2, Camille Bernier8, Florian Jacques2, Tina 

Laphengphratheng5, and Hannah Sharpe1
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The complex topography surrounding submarine canyons 
influences local hydrodynamics. For example, canyon-
induced upwelling can supply nutrients to the surface waters 
and stimulate biological productivity. Canyons may also 
represent hazard hotspots by acting as preferential pathways 
for turbidity currents traveling down to deeper marine 
basins. The glacial history of the Lower St. Lawrence Estuary 
(LSLE), Quebec, created a deep and steep estuary that now 
hosts several submarine canyon and channel systems. 
While these canyons may provide numerous ecosystem 
services, it is hypothesized that they may also be pathways 
for the dispersion of toxic algae, notably the dinoflagellate 
Alexandrium catenella for which sedimentary seedbeds are 
documented regionally.

This highly multidisciplinary project aims to assess the 
impact of hydrodynamic processes occurring in submarine 
canyons located off Pointe-des-Monts on primary 
production in the LSLE. Coastal sediment budgets around 
Pointe-des-Monts were monitored and current profilers 
were deployed along with sediment traps inside and outside 
the Pointe-des-Monts canyon system. Coastal and nearshore 
imagery shows that sediments are stored on the shelf, in 
small, ponded basins. During intense storms, increased wave 
heights sometimes lead to shelf-sediment resuspension and 
trigger turbidity currents. Other hydrodynamic processes 
including internal tides and internal waves also remobilize 
near-bed sediment and cause vertical mixing. Chlorophyll-a 
data from the sediment traps suggest that these processes 
impact primary production, as unpredictable phenological 
patterns of pelagic primary production are recorded in 
the canyon compared to background LSLE conditions. 
Finally, this research animates literary creations that will be 
combined into a logbook for the large public.

Department of Mathematics, Physics, and Geology, 
Cape Breton University, Sydney, Nova Scotia  
B1P 6L2, Canada <Jason_loxton@cbu.ca>

The shift to online learning in Nova Scotia during the 
2020–2021 academic year forced faculty to digitize activities 
that would traditionally be done using paper and pen. This 
included geology labs, which needed to be completed using 
a digital interface, even where physical specimens were 
provided by mail. While adopted by necessity, digital data 
entry offered several significant advantages over paper and 
pen: (1) many questions can be set for automated grading, 
allowing for real time feedback to support student learning; 
(2) automated marking of fact-based questions frees up
instructor time, allowing them to concentrate on more
intellectually taxing activities; (3) digital entry eliminates
the risk of misplaced labs; and (4) digital entry significantly
reduces the paper required (a positive environmental
step). The transition back to in-person learning provided
an opportunity to test whether these benefits could be
retained by having students enter answers using a digital
device, while working in a laboratory setting with physical
specimens. The results of a pilot study of digital answer
entry, conducted in an introductory Engineering Geology
lab over the 2021 fall semester at Cape Breton University (n
= 30) are reported. This pilot demonstrated the feasibility of
utilizing digital entry, using the tools offered by the Moodle
learning management system; general acceptance of a digital 
interface (69% preferred digital entry or were neutral); and—
somewhat surprisingly—student tolerance for smart phone-
only data entry. However, it also highlighted limitations,
including periodic technical glitches, high initial instructor
effort (during lab buildout), and difficulty accommodating
short answer questions.
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Save paper, save time? Digital answer entry during in-
person geology labs (a pilot study)

Jason Loxton and Lilian Navarro
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The Signal Hill Group, newfoundland, canada:  
a record of pre-vegetated fluvio-deltaic response 

to progressive neoproterozoic deformation  
during the Avalonian orogeny

David G. Lowe1, Santiago Serno Ortiz1, Andrea Mills2, 
Benjamin F. Stanley1, and Grace Khatrine1
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The Signal Hill Group consists of the youngest 
Neoproterozoic strata in the Newfoundland Avalon Zone. 
It records sedimentation coeval with the ca. 560–555 Ma 
Avalonian orogeny, defined by local deformation of west 
Avalonia, including metamorphism, faulting, and folding 
coinciding with the shutdown of arc magmatism and 
initiation of local extensional magmatism. The regional 
tectonic significance of this orogeny is equivocal, attributed 
to either oceanic trench subduction or terrane collision. 
Nevertheless, the Signal Hill Group provides a record 
of clastic progradation during the Avalonian orogeny, 
details of which can resolve the near-surface effects and 
kinematics of the Avalonian orogeny and provide an 
excellent example of the response of pre-vegetated fluvio-
deltaic systems to progressive deformation. The Signal Hill 
Group conformably overlies fine-grained shelf and pro-
deltaic strata of the St. John’s Group, forming a north-south 
oriented folded succession exposed along the eastern edge of 
the Avalon Peninsula. At the base of Signal Hill, the Gibbet 
Hill Formation and overlying Quidi Vidi Formation record 
southward progradation of a sandy delta front environment 
dominated by mouth bars and distributary channel 
networks. Preliminary structural and stratigraphic evidence 
suggests blind faulting, folding, unconformity development, 
and basin reconfiguration between these units, supported 
by locally intense soft-sediment deformation along their 
contact. Conformably overlying the Quidi Vidi Formation 
are gravelly braided fluvial deposits of the Cuckhold 
Formation, recording amalgamation of alluvial channel belts 
with overall coarsening-up to pebble-cobble conglomerate 
followed by fining-up to pebbly sandstone.

In the northern (proximal) Signal Hill basin, subsequent 
folding of the Signal Hill Group coincided with erosion that 
locally removed the Cuckhold Formation, with subsequent 
onlap of gravelly braded fluvial growth strata of the Flatrock 
Cove Formation. Here, progressive fault propagation then 
resulted in a change from braided channel belt to alluvial fan 
floodplain conditions. Conversely, in the southern (distal) 
part of the Signal Hill basin, the Cuckhold Formation 
is conformably overlain by the Blackhead Formation, 
recording anomalous overbank mudstone preservation 
under conditions of high sediment accommodation. It is 
not understood if or how these post-Cuckhold proximal 
and distal events were related; however, it is possible that 
renewed thrust propagation and orogenic loading led to 
proximal deformation and growth stratification (Flatrock 
Cove Formation), with coinciding reciprocal foredeep 
subsidence and preservation of overbank strata farther 
south (Blackhead Formation). Ongoing facies, stratigraphic, 
provenance, and geochronology investigations will test this 
hypothesis and resolve details of pre-vegetated fluvio-deltaic 

new insights about Ganderian accretion to laurentia and 
post-accretion tectonism from the southern end of the 

Miramichi inlier, east-central Maine, USA

Allan Ludman

School of Earth and Environmental Sciences,  
Queens College (CUNY), Flushing New York 11367, 

USA <allan.ludman@qc.cuny.edu>

The Miramichi inlier is the largest Ganderian Cambrian–
Ordovician belt in New Brunswick, extending 250 km 
from Chaleur Bay to the Maine border. It is also the 
northwesternmost Ganderian belt in New Brunswick, 
and tectonic models for its middle Ordovician accretion 
to Laurentia have been based almost entirely on decades 
of intense studies from Bathurst to the Eel River area. 
Results of recent mapping and volcanic geochemical and 
geochronologic studies of the ~100 km long continuation 
of the inlier in Maine support some aspects of the tectonic 
model but require rethinking of others.

As in New Brunswick, a continental arc is suggested 
by a siliciclastic substrate beneath a calc-alkaline basalt-
andesite-rhyolite suite and confirmed by trace element 
discrimination diagrams. Ages of the Maine (469 Ma) and 
most likely correlative Meductic Group volcanic rocks in 
New Brunswick (480 Ma) suggest active subduction related 
volcanism over at least 11 million years. Stratigraphic and 
lithologic differences in the volcanic suites along the length 
of the inlier probably result from eruptions at multiple 
volcanic centres.

Volcanic rocks in the Munsungun–Winterville and 
Weeksboro–Lunksoos Lake inliers in northeastern Maine 
provide information as much as 150 km (present distance) 
closer to the leading edge of Ganderia than those in the 
Miramichi. Current work, the first in those areas in the plate 
tectonic era, reports ages that indicate eruptions coeval with 
those in the Miramichi inlier in Maine and New Brunswick 
(Meductic Group). This is not consistent with models 
positing progressive northwest migration of volcanism in a 
single arc and suggests that a multiple arc model is more 
likely.

The Miramichi inlier is separated by faults from adjacent 
cover rocks – in Maine the Fredericton trough to the 
southeast and Central Maine/Aroostook–Matapedia basin 
(CMAM) to the northwest. Map relationships suggest a 
complex, multi-phase history for the northwestern boundary, 
beginning with large-scale pre-Acadian thrusting of CMAM 
strata onto and in some places over their Miramichi source. 

2. Geological Survey of Newfoundland and Labrador,
St. John’s, Newfoundland and Labrador A1B 4J6, Canada

sedimentation and its response to orogenesis in the Signal 
Hill Group.
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Geogenic sources of arsenic in well water related to 
granites from southwestern nova Scotia, canada

Bryan J. Maciag and James M. Brenan

Department of Earth and Environmental Sciences,  
Dalhousie University, Halifax, Nova Scotia B3H 4R2, 

Canada <bmaciag@dal.ca>

Arsenic toxicity in drinking water sourced from 
groundwater is a global concern. Elevated arsenic in 
Nova Scotia well water is typically drawn from aquifers 
with metamorphic or granitic bedrock. In southwestern 
Nova Scotia, the granitic bedrock is divided into two 
geochemical and petrological affinities, central (South 
Mountain and Musquodoboit batholiths) and southern 
(Port Mouton, Shelburne, and Barrington Pass plutons). 
Arsenic concentrations in 84% of well water samples taken 
from the central batholiths are greater than the highest 
concentrations observed in the southern plutons. Since 
well water arsenic content does not scale with the whole-
rock arsenic concentrations, it is thought the origin of 
this discrepancy is mineralogical. This study examines the 
arsenic content of the major and accessory phases of central 
and southern granites, as well as evaluates the susceptibility 
of these phases to weathering by calculating the saturation 
index (SI) of each mineral in the local well water. Analysis 
by laser ablation ICP-MS was performed on over 292 grains 
from 8 samples from the central granites (with an additional 
472 analysis of primarily apatite and biotite from another 
45 samples from a separate study) and 79 grains from 4 
samples of the Port Mouton Pluton which represents the 
southern granites. 

The major rock-forming silicates contain over 50% of the 
arsenic in all Nova Scotia granites. In the central granites, 
monazite, pyrite, and cordierite, along with its alteration 
products, contain 5–9%, 5–8% and, 9–27% of the total 
arsenic budget, respectively. Additionally, ferric hydroxide 
and hydrous oxide (FOH) oxidation products of pyrite may 
contain 0.5–6% of the arsenic budget. Mineral saturation 
index and Eh-pH calculations show that both monazite and 

Those strata are preserved in a small klippe near the New 
Brunswick border, and the southwestern segment of the 
inlier in Maine appears to be a window through the thrust 
sheet.

The Miramichi inlier terminates abruptly in east-central 
Maine at the intersection of its northwest and southeast 
boundary faults. Southwest of the termination, similar 
Fredericton and CMAM strata are juxtaposed, but their 
similarity obscures the continuation of the fault that 
separates them.

the rock-forming silicates are stable in the local groundwater, 
whereas pyrite and cordierite are unstable and therefore 
release arsenic upon dissolution. In the southern granitic 
bodies, pyrite is the only significant source of arsenic other 
than the rock-forming silicates. This pyrite is largely pristine 
rather than oxidized, in contrast to the central plutons. The 
absence of FOH replacement of pyrite suggests that pyrite 
does not contribute significant arsenic to the local well water. 
Thus, the difference in well water arsenic concentration 
between the southern and central granites is attributed to 
(1) the absence of cordierite in the southern plutons and (2)
different degrees of pyrite oxidation. The lower degree of
pyrite oxidation in the southern granites suggests that the
sulphides have not reacted with groundwater, likely due to
lower rock permeability.

The paleobiogeographic distribution of graptolites in 
the earliest Silurian following the late ordovician mass 

extinction event

Bailey Malay

Department of Earth Sciences, St. Francis Xavier University, 
Antigonish, Nova Scotia B2G 2W5, Canada <bmalay@stfx.ca>

The Late Ordovician Mass Extinction Event (LOME) was 
the world’s first major mass extinction of the Phanerozoic, 
which killed an estimated 80 percent of global species. The 
immediate aftermath of the LOME is well documented in 
the earliest Silurian, as it was a time of anoxia that readily 
fossilized deep marine organisms. One group of organisms 
that were incredibly helpful in documenting the aftereffects 
of the LOME are the graptolites. Globally well preserved in 
black shales during the Rhuddanian (the earliest Silurian), 
these zooplankton were geographically widespread and make 
excellent biostratigraphic index taxa. Samples taken from 
the Road River Group in the Peel River area of the Yukon 
Territory, along with samples taken from Cape Phillips 
South on Cornwallis Island, part of the Canadian Arctic 
Islands, have been identified and documented. These taxa 
belong to the earliest Silurian, specifically the Akidograptus 
ascensus – Parakidograptus acuminatus Biozone, a biozone 
that is globally correlative as there are a significant 
number of graptolitic black shales of this age preserved. A 
quantitative global paleobiogeographic analysis has been 
undertaken using data from this study, together with global 
data available from critically reassessed published and 
unpublished studies. These results will help determine the 
changes in paleobiogeography of the graptolites following 
the LOME in the earliest Silurian. Cluster analyses, 
specifically using the Unweighted Pair Group Method 
algorithm and non-metric multidimensional scaling 
(NMDS), were implemented to analyze the data. Together 
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Automated sinkhole delineation using liDAR in the 
cumberland Basin, nova Scotia, canada

Mitch Maracle1, Morgan Snyder1, and Peter Opra2

1. Department of Earth and Environmental Science,
Acadia University, Wolfville, Nova Scotia B4P 2R6,

Canada <159979m@acadiau.ca>; 
2. 34 Agincourt Crescent, Dartmouth, Nova Scotia

B2V 1J1, Canada

The Maritimes Basin is composed of multiple intra-basin 
depocentres each with variable structural and depositional 
regimes related to halokinesis. The Cumberland Basin, in 
northwestern Nova Scotia, is one such depocentre oriented 
parallel to the east-west striking Cobequid–Chedabucto 
fault system. Stratigraphy in the Cumberland Basin is 
dominantly terrestrial; however, does include marine 
rocks of the Visean Windsor Group. Evaporites of the 
Windsor Group, including halite, anhydrite, and gypsum, 
accumulated in marine supersaline water bodies during a 
period of transtensional rifting. Windsor Group evaporites 
in the Cumberland Basin are abundant; however, because 
evaporites are highly soluble, very few outcrops are exposed. 
Karstification of evaporitic rocks can produce solution 
collapse structures (i.e., sinkholes). Recognition of solution 
collapse structures on aerial photography is difficult in 
Nova Scotia due to overburden and vegetation. LiDAR 
(Light Detection and Ranging) is an active remote sensing 
system that can model the ground surface with the ability 
of penetrating the overlying vegetation, allowing for the 
clear observation of structural geomorphological features, 
including sinkholes. A model to automatically identify and 
delineate sinkholes in the Cumberland Basin is here created 
using ArcGIS software to transform provincial LiDAR data 
into raster datasets, on which the analysis is conducted. 
ModelBuilder is an application in ArcGIS that allows 

influence of tectonically controlled topography 
on deep-water sedimentation 

Vittorio Maselli1, Aaron Micallef2,3,  
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Increasing availability of high-resolution bathymetric 
and seismic data along the slope of continental margins 
has allowed a step change in understanding processes 

these analyses show that graptolites underwent little change 
in paleobiogeographic distribution between the ascensus to 
acuminatus biozones. The assemblages of South China and 
northern Canada cluster together, as both were on the outer 
edge of the Panthalassic Ocean in the northern paleotropics. 
The assemblages from peri-Gondwanan Europe cluster 
closely with those of Scotland, England, Wales, and Baltica, 
as these were all located in the closing Iapetus Ocean in the 
southern subtropics to middle-paleolatitudes. Comparison 
with published paleoceanographic studies suggest that ocean 
circulation kept these two clusters mostly separate. Faunas 
of northern Africa were found to be separate from all other 
assemblages, likely due to their location in Gondwanan 
deep epicontinental basins.

geoprocessing tools to be tied together. The model allows an 
automated workflow that extracts a bare earth model from 
the input LiDAR data and employs a sink-filling method 
to locate solution collapse structures systematically and 
accurately. Map Algebra, and the application of filters, such 
as low pass and high pass, are the methods investigated to 
remove insignificant and artefact features. Constructing the 
geoprocessing model in ModelBuilder results in an intuitive 
tool that is sharable with other ArcGIS users. To test the 
model’s effectiveness on solution collapse structures in the 
Cumberland Basin, an area of interest along the Phillip and 
Pugwash rivers was chosen. The area of interest is a zone with 
sinkholes atop or adjacent to mapped diapirs. The model 
identified both known and unknown structures within the 
study areas, indicating preliminary success in the model’s 
delineation methods, especially when compared to manual 
visual identification and interpretation. This new model will 
be used for subsequent studies in sinkhole detection in Nova 
Scotia as morphometrical variables are further constrained. 
Identifying the locations of surface collapse structures 
gives greater insight to both the halokinetic history of the 
Cumberland Basin and potential risks associated with future 
sinkhole development.
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and products of turbidity currents. Yet, many questions 
regarding how such flows interact with tectonic-driven 
deformation of the seafloor are outstanding. Using 3D 
seismic reflection data from the Levant Basin (Eastern 
Mediterranean Sea), the spatial and temporal evolution of 
bedforms on a deep-water fan cut by an active normal fault 
was investigated. The goal is to understand how a dynamic 
knickpoint controls sediment deposition from superficial 
to transcritical turbidity currents, and how allogenic 
signals, such as tectonic processes, are preserved in the 
sedimentary record. Seismic data show that in the footwall 
the fan comprises cyclic steps and antidunes along its axial 
and external portions, respectively, which is interpreted to 
result from the spatial variation in flow velocity due to the 
loss of confinement at the canyon mouth. Conversely, in the 
hanging wall, the seafloor is nearly featureless at seismic 
scale. Numerical modelling of turbidity currents shows 
that the fault triggers a hydraulic jump that suppresses flow 
velocity downstream, thus explaining the lack of visible 
bedforms basinward. This study shows that the topography 
generated by active normal faulting controls the downslope 
evolution of turbidity currents and the associated bedforms, 
and that seafloor geomorphology can be used to evince syn-
tectonic deposition.

A novel approach to generating in situ lu-Hf garnet 
isochrons using micro-XRF mapping, lA icP-MS 

mapping, and MS/MS-icP-MS

Christopher R.M. McFarlane

University of New Brunswick Department of Earth Sciences, 
Fredericton, New Brunswick E3B 5A3, Canada <crmm@unb.ca>

Garnet is widely used for Lu–Hf isochron (beta-decay) 
geochronology because of its strong affinity for HREE and 
comparatively low initial Hf. The first increments of garnet 
growth during metamorphism of metasedimentary rocks 
tend to sequester Y and HREE at the expense of accessory 
minerals like xenotime ((Y, HREE) PO4). This typically 
produces Lu-enriched garnet cores with concentrations 
sometimes >100 ppm. The corresponding 176Lu/177Hf values 
for core domains can range up to 100 thereby exerting 
considerable leverage on the age and error produced 
using isochron methods. Conventional bulk dissolution 
approaches typically produce Lu/Hf <1.0. Finding and 
targeting these Lu-rich domains for in situ Lu–Hf garnet 
geochronology is the focus of this study. Assessing the 
impact of other mineral inclusions (e.g., zircon, ilmenite, 
apatite) is also possible using this approach. The dataset also 
demonstrates the ability to eliminate 176Yb interference from 
176Hf using NH3 reaction gas to mass-shift Hf isotopes.

The first step in this process is to produce high-
resolution (20 µm/pixel) micro-XRF maps for several 100 
µm thick polished thin sections of garnet-rich target rocks. 
Doing so reveals which garnets expose near-central sections 
as defined by elevated zoning in Mn and Y. Conventional LA 
ICP-MS is then used to rapidly map (10 µm/pixel) the core 
regions of target grains to reveal Lu distribution and assess 
inclusion suites. The LA ICP-MS maps are added as overlays 
in the laser software to guide the position of spots for LA 
MS/MS-ICP-MS using a crater size of >100 µm if possible. 
The MS/MS-ICP-MS setup includes inclusion monitors 90Zr, 
49Ti, 31P, and 89Y to assess the impact on Lu–Hf isochrons of 
inadvertent ablation of zircon, FeTi-oxides, and phosphates. 
Two previously dated rocks, a 2650 Ma paragneiss and a 400 
Ma metapelitic schist, establish the veracity of the technique 
and define target precision required to achieve 1% (2σ) error 
on final isochron ages. By anchoring at an initial 176Hf/177Hf 
of 0.282 ± 0.004, precise isochrons are obtained for 2–3% 
(2σ) error on 176Lu/177Hf and 1% error 176Hf/177Hf. A similar 
approach is applicable to other beta-decay chronometers 
such as Rb/Sr and K/Ca in micas.

Petrology, age, and tectonic setting of mafic- 
intermediate intrusions in the northeastern  

Meguma terrane, nova Scotia, canada*

Shae J. Nickerson1, Sandra M. Barr1,  
Donnelly B. Archibald2, and Chris E. White3

1. Department of Earth and Environmental Science,
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University, Antigonish, Nova Scotia B2G 2W5, Canada; 
3. Nova Scotia Department of Natural Resources and
Renewables, Halifax, Nova Scotia B3J 2T9, Canada

Small plutons of mafic to intermediate composition 
are locally associated with the abundant Devonian granitic 
plutons that intruded the Goldenville and Halifax groups 
in the eastern Meguma terrane of mainland Nova Scotia. 
In addition, a swarm of mafic-intermediate dykes, here 
termed the Eastern Shore dykes, occur in the coastal part 
of that area. The purpose of this study is to investigate the 
age, petrology, and tectonic implications of these mafic-
intermediate plutons and mafic dykes. Understanding 
the petrogenesis of these mafic-intermediate rocks 
provides sights into their genetic relationship with granitic 
magmatism, the origin and tectonic significance of the 
coeval granitic plutons, and a better understanding of 
the tectonic evolution of the Meguma terrane. The mafic-
intermediate plutons in the Forest Hills and Cranberry 
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Lake areas are of tonalite to quartz diorite composition and 
occur close to the Cobequid–Chedabucto Fault System that 
separates the Meguma terrane from Avalonia. They range 
from undeformed to proto-mylonitic, contain abundant 
metasedimentary xenoliths, and show magma mingling 
textures with their adjacent granitic plutons. The Melrose 
dioritic dyke intruded the Cranberry Lake pluton because 
it contains granodiorite xenoliths from that pluton. Farther 
west, mafic-intermediate plutons (Porcupine Lake, Bog 
Island Lake, Mink Lake, and Ten Mile Lake) form part of 
the Trafalgar Plutonic Suite. They range in composition 
from tonalite to gabbronorite, contain mafic enclaves, and 
metasedimentary xenoliths, and are mostly undeformed. 
The Eastern Shore dykes range in width from ~10 cm to ~15 
m and consist of lamprophyre (variety spessartite) based on 
their dominant mineralogy of plagioclase and amphibole 
with K-feldspar in the groundmass. They are subdivided into 
two groups based on the presence or absence of xenoliths 
and on geochemical data. Group one dykes lack xenoliths 
and show convex rare-earth-element (REE) patterns. Group 
two dykes contain xenoliths, have higher Sr and Zr, and 
show more sinuous REE patterns. Chemical compositions 
of the mafic-intermediate rocks from the Forest Hills, 
Cranberry Lake, Melrose, and Trafalgar areas range in SiO2 
from ~50 to ~70 wt%. They display light REE-enriched 
patterns with both negative and positive Eu anomalies, and 
have high Al2O3 and low Cr and Sr. In contrast, the Eastern 
Shore mafic-intermediate dykes have lower SiO2 (~50 to 
57 wt%) and higher MgO, Cr, and Ni. Zircon U–Pb dating 
and isotopic data will better constrain the ages and assist in 
evaluating crustal and mantle components in these rocks.

*Honourable Mention: AGS Graham Williams Award for best
graduate student poster

A new approach for investigating thermal and 
fluid evolution in critical mineral deposits of  
southern nova Scotia via paired in situ Rb/Sr  

and Ar/Ar geochronology of micas

Adam Nissen1, Dawn Kellett1,2, and Jacob Hanley1

1. Department of Geology, Saint Mary’s University, Halifax,
Nova Scotia B3H 3C3, Canada <Adam.Nissen@smu.ca>;
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Paleozoic granite-hosted ore systems in southern Nova
Scotia have complex thermal and fluid histories, including 
a post-magmatic, major regional tectonothermal event 
that disturbed geochronometers at ca. 315 Ma. As such, 
reconstructing the timing of mineralization and alteration 

events in these systems is challenging, particularly when 
using standard bulk mineral separate analysis. The spatial 
resolution made available by evolving in situ methods 
for geochronology can reveal multiple age domains in 
targets with multiphase thermal histories. The challenge 
presented by the complexities in these ore systems presents 
the opportunity to compare two modern in situ methods 
for mica geochronology. This project will compare in situ 
40Ar/39Ar mapping of micas with newly developed in situ 
Rb/Sr age mapping of the same grains to characterize 
the mica geochronology of two mineralized systems, the 
Brazil Lake lithium-cesium-tantalum pegmatite, Yarmouth 
County, Nova Scotia, and the East Kemptville tin greisen 
complex, Yarmouth County, Nova Scotia. The proposed 
work will include full chemical and textural characterization 
of the minerals to be dated, and initial dating results. 
Geochronology data will be reconciled with fluid inclusion 
systematics to resolve the nature of mineralizing or post-
mineralization fluids. Major contributions from the ongoing 
work will: (1) provide insight into the use of in situ Rb/
Sr geochronology, an emerging method that makes use of 
state-of-the-art tandem mass spectrometers separated by 
a reaction cell; (2) inform critical mineral exploration and 
mining in the Canadian Appalachians; and (3) produce a 
framework for interpreting mica geochronology in systems 
with complex thermal histories.

An early carboniferous strike-slip duplex in the Belleisle 
Fault zone, southwestern new Brunswick, canada, (or 

‘The secrets of Deadmans Harbour’)

Adrian F. Park1, Steven J. Hinds1, 
and Susan C. Johnson2

1. Geological Surveys Branch, Department of Natural
Resources and Energy Development, Fredericton, New
Brunswick E3B 5H1, Canada <Adrian.Park@gnb.ca>;
2. Geological Surveys Branch, Department of Natural

Resources and Energy Development, Sussex, New
Brunswick E4E 7H7, Canada

The Belleisle Fault (Lubec Fault in southeast Maine) is 
one of several large strike-slip faults in the Appalachians of 
Maritime Canada. For much of its length, the Belleisle Fault 
is a relatively simple structure marked by mylonite-bearing 
high strain zones and brittle structures, such as between 
the Pocologan River and Loch Alva in southwest New 
Brunswick, and southwest from Eastport in Maine. Between 
the Pocologan River and the west end of Campobello Island, 
the Belleisle Fault zone consists of major splays defining a 
strike-slip duplex. Within the duplex occur fault-bounded 
‘horses’ of units seen to the northwest in the New River 
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exploiting the potential of legacy data with artificial 
intelligence for renovating VMS mineral prospectivity 

models of the renowned Brunswick Belt, canada

Mohammad Parsa1, David Lentz1, and James Walker2

1. Department of Earth Sciences, University of
New Brunswick, Fredericton, New Brunswick E3B 5A3, 

Canada <m.parsa@unb.ca>;  
2. New Brunswick Department of Natural Resources

and Energy Development, South Tetagouche,
New Brunswick E2A 7B8, Canada

The renowned Brunswick belt (BB) that hosts the 
Brunswick Horizon (BH), the stratigraphic sequence 
constituting the upper contacts of the Nepisiguit Falls 
Formation (NFF) with the overlying Flat Landing Brook 
Formation (FLBF), is associated with several well-known 
massive sulphide deposits and some mineral occurrences. 
These include the supergiant Brunswick No. 12, the 
Brunswick No. 6, Key Anacon, and Austin Brook deposits. 
Historically, this belt has been subjected to various 
geophysical, geochemical, and geological surveys by 
governments and private companies, making it a data-rich 
zone. However, these data have never been exploited to their 
full potential, and to the best of the authors’ knowledge, there 

terrane, namely: (1) The early Ediacaran (ca. 625 Ma) 
Blacks Harbour granite and its thermal aureole, (2) The 
late Ediacaran to earliest Cambrian Belleisle Bay Group 
of volcanic and sedimentary rocks and related granites, 
(3) The Cambrian Saint John Group, including the mafic
volcanic Waites Lane Formation, (4) The late Ordovician–
Silurian Mascarene Group and, 5. The late Devonian Perry
Formation. The early Silurian Kingston terrane forms the
southeast margin of the duplex (as well as the southeast side
of the Belleisle Fault in general), and its rocks are not found
within the duplex. Older units within the duplex generally
display more deformation, and within the structure there are 
extensive zones of tectonic mélange. Primary relationships,
such as the intrusion of Blacks Harbour granite into its
aureole and the non-conformity of Perry Formation on the
Blacks Harbour granite are preserved, but most contacts are
tectonic, and some fault-bound enclaves are merely metres
long and less than a metre thick. The duplex is overstepped
by a Carboniferous sequence forming the Cripps Stream and 
Russels Point formations (Beaver Harbour Group). Good
miospore assemblages acquired from the Perry Formation
(middle Famennian, youngest unit in the duplex) and
Russels Point Formation (lower Visean, oldest overstepping
unit) constrain a major period of strike-slip displacement
along the Belleisle Fault to the Tournaisian interval.

is no publicly available renovated mineral prospectivity 
model for this belt or the Bathurst Mining Camp as a whole. 
This study seeks to bridge this knowledge gap by adopting 
AI-based techniques for developing renovated predictive 
models of volcanic-hosted massive sulphide mineralization 
for this well-endowed belt, that will then serve to build 
better models for the Bathurst Mining Camp.

Aiming to achieve the above goal, two sets of exploration 
targeting criteria, namely the one used for deposits hosted 
by the NFF and the other used for deposits hosted by the 
FLBF, were adopted to distill the legacy geoscientific data 
available into predictor models using state-of-the-art 
machine-learning techniques. In the context of this study, 
major differences considered in these sets are: (i) whereas 
the presence of iron-rich chemically derived sedimentary 
rocks, known as iron formations (BH), is intrinsic to the 
deposits hosted by the NFF, the deposits hosted by the FLBF 
predominantly lack this feature; and (ii) in contrast to the 
deposits hosted by the FLBF, the deposits hosted by the NFF 
show lateral chemical zonation. The legacy data employed 
in this study are the results of aeromagnetic, airborne 
electromagnetic, airborne radiometric, till geochemical, 
and bedrock mapping surveys. Based on the exploration 
targeting criteria defined, these data were reprocessed and 
re-analyzed to highlight the subtle patterns linked to these 
data that might represent mineralized horizons. 

This study started by recognizing that the process 
of developing a probability map pointing to the location 
of possible mineralized zones can be deemed a type of 
regression analysis. Employing the recently developed 
regularized regression techniques were based on this 
premise, namely Ridge and Lasso. The results of this study 
were further compared to the previously developed BB and 
BH prospectivity models. Given a set of spatial/statistical 
methods commonly used to compare prospectivity models, 
the models developed in this study are more robust than 
those developed earlier. A further step in this study is a risk-
return analysis applied to predictive models to prioritize 
prime exploration targets based on their uncertainty. This 
procedure estimates the stochastic uncertainty of predictor 
models and links the estimated values to selecting low-
risk, confident exploration targets. The outcome of this 
preliminary reanalysis is an exploration targeting model 
that effectively reduces the search space for exploration in 
the BB and can be used by decision makers and exploration 
campaigns.

late Devonian deformation and exhumation in the 
northern Appalachian orogen: a syntaxial origin?*

Nicolas Piette-Lauzière1, Kyle P. Larson1, Dawn A. 
Kellett2, Lyal B. Harris3, Nathan R. Cleven4, and 

Neil Rogers5
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The pre-accretionary shape of the eastern Laurentian 
margin with promontories and re-entrants, in conjunction 
with the obliquity of the collision of the various crustal 
fragments, primarily control the timing, kinematics, and 
intensity of deformation related to accretionary events in 
the northern Appalachian orogen. When considering the 
progressive accretion of oceanic arcs and microcontinents 
to the composite Laurentian margin, it is often difficult to 
determine which tectonic setting controlled the deformation 
or reactivation of shear zones not located in the immediate 
vicinity of the active suture. This problem is best represented 
by the lack of tectonic interpretation for the regional 
deformation occurring during the Late Devonian oblique 
collision of Meguma leading to the Neoacadian orogeny.

Modern collisional settings provide a conceptual 
framework to investigate the Late Devonian to Mississippian 
deformation inboard of the Neoacadian suture. In 
active mountain belts, accreted promontories can form 
syntaxes characterized by rapid crustal deformation, high 
elevation, and fast erosional exhumation with abundant 
sedimentation. Compiled new and published shear zone 
kinematic interpretations, deformation ages, and regional 
40Ar/39Ar cooling ages was compared and integrated with 
structural interpretation of aeromagnetic and gravimetric 
depth slices covering the northern Appalachians.

Results indicate that between the Late Devonian 
and Mississippian, regionally extensive NE-SW and 
ENE-WSW oriented shear zones such as the Cobequid–
Chedabucto suture, the Hermitage Bay–Dover shear zone, 
the Norumbega fault zone, the Pocologan–Kennebecasis 
shear zone, and the Catamaran fault were formed or 
reactivated with a dextral strike-slip shear sense consistent 
with a large-scale C-C’ system. Depth slices of aeromagnetic 
and gravity geophysical data indicate that several of these 
structures are listric, and thus formed a lateral succession 
of transpressive and transtensive segments crosscut by 
antithetic sinistral shear zones. At the apex of the collision 
between Meguma terrane and the composite Laurentian 
margin of New England, 40Ar/39Ar cooling age transects 
highlight large regions of focused Neoacadian cooling and 
exhumation. These regions spatially correlate with an area 
of contemporaneous high paleoelevation flanked by the 

opening of the Maritimes and Catskills basins. A regional 
structure with a component of Neoacadian southeast-side 
up motion, tentatively named the Honey Hollow fault, 
forms the back-thrust that accommodated this uplift, while 
the Norumbega fault zone (northern New England) and 
the Clinton Newbury fault (southern New England) appear 
to have accommodated the frontal uplift. Such a setting 
is potentially similar to transpressive syntaxes such the 
present-day oblique collision of the Yakutat terrane to North 
America.

*Winner: AGS Sandra Barr Award for best graduate student oral
presentation

Resolution of the hydrocarbon molecular matrix by 
comprehensive two-dimensional gas chromatography 

as evidence of hydrocarbon sources of the Scotian 
Margin, offshore nova Scotia, canada

Elish Redshaw1, Anirban Chowdhury1, 
 Jeremy N. Bentley1, Adam MacDonlad2,  

Natasha Morrison2, and G. Todd Ventura1

1. Department of Geology, Saint Mary’s University, Halifax,
Nova Scotia B3N 3C3, Canada <elish.redshaw@smu.ca>;

2. Nova Scotia Department of Natural Resources and
Renewables, Halifax, Nova Scotia B3J 3J9, Canada.

Shallow deep marine surface sediments often contain 
hydrocarbons that do not have a well-constrained point of 
origin. Over the course of three cruises (2015, 2016, and 
2018) subsurface sediment samples of piston and gravity 
cores were collected over prospective hydrocarbon seep 
sites. These cores have been classified based on petroleum 
geochemistry as being either positive or negative for 
containing hydrocarbon that have migrated up from deeper 
within the Scotian Basin. The extractable hydrocarbon 
matrix of the shallow sediments may represent a mix of 
organic matter having different origins. This study will 
examine the hydrocarbon matrix of 8 sediment cores 
(n = 37). Hydrocarbon extraction involved isolation of 
organic matter (OM) from the sediment by means of 
sonication and separation of apolar and polar fractions 
in organic solvents. Comprehensive two-dimensional 
gas chromatography, coupled with high-resolution mass 
spectral data, will be used to resolve these hydrocarbon 
matrices. The produced two-dimensional chromatograms 
will be used to map down core variations in the absolute 
abundance of compounds in the hydrocarbon matrix. A 
background hydrocarbon fingerprint will be formulated 
from an average chromatographic trace that will further 
be subtracted from individual sample chromatograms. 

1. Earth and Environmental Sciences, IKBSAS, University
of British Columbia Okanagan, Kelowna, British Columbia

V1V 1V7, Canada <nicolas.piette-lauziere@alumni.ubc.ca>;
2. Geological Survey of Canada (Atlantic), Natural Resources

Canada, Dartmouth, Nova Scotia B2Y 4A2, Canada;
3. Institut National de la Recherche Scientifique, Centre Eau
Terre Environnement, Québec, Québec G1K 9A9, Canada;

4. Geological Survey of Canada, Vancouver,
British Columbia V6B 5J3, Canada;

5. Geological Survey of Canada – Central, Natural
Resources Canada, Ottawa, Ontario K1A 0G1, Canada
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Geoscience through the lens of heritage: virtual 
geoheritage education at Stonehammer UneSco

Global Geopark, new Brunswick, canada

Catrina Russell

Stonehammer UNESCO Global Geopark, Saint John, New 
Brunswick E2L 4Z6, Canada <catrina@stonehammergeopark.com>

Geoscience education in New Brunswick is often 
hindered by a lack of process and understanding on the part 
of school boards and a lack of training and comfort level 
on the part of many teachers assigned to instruct on it. In 
New Brunswick, the curriculum calls for geoscience topics 
to be discussed in Grades 4 and 7. Stonehammer has long 
delivered hands-on programming geared specifically at these 
grades, as well as workshops for teachers instructing at these 
levels. As the Global Pandemic has put a hiatus on in class 
programming, Stonehammer has gone virtual, developing 
new strategies to build upon these initial offerings using a 
more holistic approach. Exploring multidisciplinary topics 
throughout the geopark that link to curricula across all 
grade levels has proven extremely engaging for students. 
This content acts as a gateway, leading to opportunities to 
delve deeper into and foster greater understanding of more 
specific geoscience topics. The subject of geoheritage has 
long fascinated this author, and recent initiatives to better 
acknowledge and celebrate indigenous cultures throughout 
the region have inspired the creation of a virtual program 
that ties together themes of indigenous culture and custom 
with the region’s geological history. This session will outline 
best practices within Stonehammer Geopark to deliver 
geoscience and geoheritage content to all ages.

The resulting mean difference chromatograms will be 
used to identify downcore matrix attenuation and evaluate 
point sources from the multimolecular composition in the 
sediment strata. Bulk extract data, including total lipid 
extracts, apolar, and polar fractions, along with sediment 
TOC and their associated multi-molecular difference 
chromatograms will further the support downcore  map-
ping. Through this methodology, the project aims to 
provide evidence for sources of hydrocarbon production 
by differentiating native and migrated hydrocarbons.     

1. Department of Earth Sciences, University of New Brunswick,
Fredericton, New Brunswick E3B 5A3, Canada <hsharpe@unb.ca>; 
2. Institut des sciences de la mer de Rimouski, Université du Québec

à Rimouski, Rimouski, Québec G5L 3A1, Canada; 3. Amundsen
Science, Université Laval, Québec, Québec G1V 0A6, Canada;

4. Department of Earth and Environmental Sciences, Dalhousie
University, Halifax, Nova Scotia B3H 4R2, Canada

The coastal shelf of Pointe-des-Monts (PDM), located 
on the northern shore of the Lower St. Lawrence Estuary 
(LSLE), is characterized by active submarine canyons. 
Despite the presence of regional biological hotspots, there 
is a lack comprehensive understanding of the relationship 
between canyon processes and surface primary production 
(i.e., conversion of inorganic material into energy-bearing 
organic material). This study documents seasonal and spatial 
variations in primary production based on the analysis of 29 
surface sediment samples and 72 sequential sediment trap 
samples over the span of an annual cycle, from within and 
outside the canyon system. A particular focus is placed on 
potentially harmful taxa, including the toxic dinoflagellate 
Alexandrium catenella, which has been associated with 
regional mass mortality events in the past.
Preliminary analyses show that the surface sediments 
contain well-preserved organic-walled dinoflagellate cysts 
with an average concentration of 54 000 cysts dry g-1 inside 
the PDM canyons and 99,000 cysts dry g-1 outside the 
canyons. A clear pattern of increasing dinoflagellate cyst 
concentrations with distance from the shore is observed. 
Surface sediments have nitrogen isotopic (d15N) and carbon 
isotopic (d13C) values ranging between 5.1 and 6.3‰, and 
-23.2 and -25.6‰, respectively. Indeed, nearshore samples
contain more terrestrially derived organic carbon with
an increasing proportion of marine organic carbon with
distance from the shore. Total particulate matter (TPM)
fluxes in the sediment trap samples were significantly greater 
at PDM (maximum 7.9 g m-2 d-1) than outside the canyons
(maximum 1.1 g m-2 d-1). Chloropigment fluxes (maximum
1.6 mg m-2 d-1) indicate a typical seasonal production cycle
over the course of one year outside the canyons, while this
pattern is not observed at PDM. During the spring bloom,
chloropigment and TPM fluxes are coupled outside the
canyons and decoupled at PDM. Subsequent enumeration
of phytoplankton cells (dinoflagellates and diatoms), along
with compound specific carbon isotope analyses, will
provide information about variations in the taxonomic
composition and sinking fluxes of primary producers. This
project will help to identify the relative importance of key
forcing mechanisms for the preconditioning of harmful algal 
blooms, thereby improving coastal management strategies
in the LSLE and directly influencing public health, marine
life, and the economy.

Seasonal and spatial changes in vertical export and 
deposition of productivity tracers in a submarine canyon 
system of the lower St. lawrence estuary, eastern canada

Hannah Sharpe1, Audrey Limoges1, Michel Gosselin2, 

Catherine Lalande3, Jean-Carlos Montero-
Serrano2, and Owen Sherwood4
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Application of ore deposit models for critical mineral 
assessments: examples from Maine, USA

John F. Slack1,2

1. U.S. Geological Survey (Emeritus), National Center, MS 954,
Reston, Virginia 20192, USA <jfslack@usgs.gov>; 

2. Department of Earth Sciences, Memorial
University of Newfoundland,St. John’s,

Newfoundland and Labrador A1B 3X5, Canada

Evaluation of undiscovered resources of critical 
minerals and metals is greatly enhanced by the use of 
current ore-deposit models. Such models are crucial for 
the understanding of geological settings in which various 
deposits may occur, and how the presence of even small 
deposits and prospects can be highly prospective, when their 
settings are compared to those of major deposits elsewhere. 
Analysis of the potential in Maine is divided into two groups 
of deposits based on metal signature and geological setting. 
One group consists of known deposits (sediment-hosted Mn, 
volcanogenic massive sulphide, porphyry Cu-Mo, mafic- 
and ultramafic-hosted Ni-Cu[-Co-PGE], pegmatitic Li-Cs-
Ta) that are in most cases relatively large, well-documented, 
and explored extensively. The second and much larger group 
of commodities comprises small deposits, prospects, and 
occurrences that are minimally explored or unexplored.

The qualitative assessment used here relies on three 
key criteria: (1) the presence of known deposits, prospects, 
or mineral occurrences; (2) geological settings that are 
favorable for containing certain deposit types based 
on descriptive and genetic ore-deposit models; and (3) 
geochemical anomalies in rocks or stream sediments, 
including panned concentrates. Geophysical data may 
be relevant in some cases. Among the 20 deposit types 
considered, a high resource potential is assigned to only 
three: (1) sediment-hosted Mn, within and near the large 
(~327 Mt @ 9.0 wt% Mn) Silurian deposits in northeastern 
Maine that constitute the largest resource of this metal 
known in the US; (2) mafic- and ultramafic-hosted Ni-Cu(-
Co-PGE), represented chiefly by deposits within the Moxie 
mafic-ultramafic pluton of Devonian age in central Maine; 
and (3) pegmatitic Li-Cs-Ta, the largest being the Plumbago 
Mountain Li deposit (~10 Mt @ 4.68 wt% Li2O3) hosted 
by Permian(?) pegmatite in western Maine. In the Silurian 
sediment-hosted Mn-Fe deposits higher grades may occur 
in euxinic facies of the host black shales thus minimizing the 
Fe present in the deposits and in weathered Mn-rich oxide 
zones, such as exist in the giant orebodies of Groote Eylandt 
in Australia and Moanda in Gabon, respectively. The Moxie 
pluton is considered especially prospective because its 
elongate shape suggests formation in a magma conduit, 
like the dyke-sill complexes that host world-class Ni-Cu-

(-Co-PGE) deposits such as Noril’sk in Russia and Voisey’s 
Bay in Labrador. Potential for pegmatitic Li deposits in 
Maine can be assessed by integrating relevant occurrences 
of spodumene and other Li-rich minerals with favorable 
geology including evidence of post-Acadian anatectic felsic 
magmatism.

Petrology and tectonic setting of the Park Spur pluton, 
central cape Breton Highlands, nova Scotia, canada

Amanda M. Smith1, Sandra M. Barr1, 
and Chris E. White2

1. Department of Earth and Environmental Science,
Acadia University, Wolfville, Nova Scotia B4P 2R6,

Canada <160000s@Acadiau.ca>; 
2. Nova Scotia Department of Natural Resources and
Renewables, Halifax, Nova Scotia B3J 2T9, Canada

The Park Spur pluton (PSP) is located in the central 
Cape Breton Highlands, near the eastern margin of the 
Aspy terrane and its tectonic contact with the adjacent Bras 
d’Or terrane. The PSP has not previously been the focus of 
a petrological study, and hence this study was undertaken 
to determine the petrological characteristics of the pluton, 
including its potential for critical element mineralization, 
and to compare the pluton to the Black Brook Granitic 
Suite (BBGS) to the northeast and the Bothan Brook–West 
Branch North River granite (BB–WBNRG) to the south. 
Based on previously published U–Pb zircon ages, all three 
plutons have similar middle-to late Devonian ages of about 
373 Ma, but their relationship to one another and tectonic 
setting are not well understood. 

Thirty-seven samples were collected for petrographic 
study and a subset of twenty were submitted for whole-rock 
chemical analysis, including critical elements. As a result of 
field work and petrographic study, the extent of the pluton has 
been modified compared to published maps, and the pluton 
has been subdivided into three units. Most widespread is 
medium-grained muscovite-biotite monzogranite, intruded 
in places by pegmatite and aplite dykes. The northwestern 
tip of the pluton consists of finer-grained garnet-bearing 
muscovite monzogranite. An area of protomylonitic 
granite occurs along the southwestern margin of the of the 
PSP, near its contact with metamorphic rocks of probable 
Ordovician–Silurian age. Deformed granitic dykes occur in 
metamorphic units adjacent to the southeastern margin of 
the pluton. Both the dykes and deformed pluton margin are 
characterized by large K-feldspar grains with anastomosing 
texture of the surrounding quartz and plagioclase grains.

Most samples from the PSP contain 70–73% SiO2 but 
the fine-grained muscovite monzogranite is more evolved, 
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with 74–75% SiO2. Variations in major element oxides with 
SiO2 suggest that petrological variations were caused by 
fractional crystallization, an interpretation supported by 
negative Eu anomalies indicative of plagioclase removal. 
The rocks are enriched in light rare-earth elements up to 
300 times chondritic values with flat heavy REE, although 
anomalous trends in some samples suggest involvement of 
accessory phases such as garnet and zircon. Comparison to 
the BBGS and BB–WBNRG shows that all three plutons are 
peraluminous with trace element compositions consistent 
with those of volcanic-arc to syn-collisional granites formed 
in association with slab breakoff. However, the BB–WBNRG 
lacks muscovite and shows chemical differences such as 
higher SiO2, K2O, Th, and Nb compared to both PSP and 
BBGS.

Bay St. George subbasin, newfoundland, canada: 
deformation of evaporites and wet sediment  

in a tectonically active basin

Morgan E. Snyder1, John W.F. Waldron1,2, 
and Paul Durling3

1. Department of Earth and Environmental Science,
Acadia University, Wolfville Nova Scotia B4P 2R6,

Canada <mesnyder@ualberta.ca>; 
2. Department of Earth and Atmospheric Sciences,

Edmonton, Alberta T6G 2E3, Canada; 
3. Geological Survey of Canada (Atlantic),
Dartmouth, Nova Scotia B2Y 4A2, Canada

The Bay St. George subbasin of SW Newfoundland, 
part of the larger late Paleozoic Maritimes basin, formed 
under the influence of strike-slip faulting and the movement 
of evaporites. New stratigraphic correlations between 
Newfoundland and other late Paleozoic subbasins illustrate 
the effects of both basement and salt movement. Coastal 
outcrops show complex combinations of synsedimentary, 
salt-related, and tectonic structures.

Map relationships and dramatic thickness contrasts 
in the Tournaisian Anguille Group indicate that a large, 
concealed, northeast–striking normal growth fault (here 
termed the Ship Cove fault) controlled sedimentation. An 
exposed structure, the Snakes Bight fault, originated as a 
hanging wall splay. Structures formed during, or soon after 
deposition in the Anguille Group include soft-sediment 
folds, boudins, clastic dykes, and millimetre-scale diapiric 
bulb structures formed by overpressuring and liquidization 
of sediment. These suggest that the subbasin was tectonically 
active throughout deposition of the Anguille Group, and 
that tectonic disturbance of sediment continued into the 
Visean, when the overlying Codroy Group was deposited. 

The Codroy Group originally contained thick salt units, 
interbedded with clastic and carbonate sediment. Former 
evaporite units are represented in outcrop by mudstone 
breccias, the residues of salt solution. Complex outcrop 
relationships indicate salt welds and suggest that units of 
the upper Codroy and overlying Barachois groups represent 
fills of minibasins that subsided into thick evaporites. Early 
expulsion of evaporites can explain otherwise enigmatic 
contrasts between laterally equivalent units.

Field relationships suggest tectonic inversion deposition 
related to E-W dextral strike-slip motion that affected the 
entire Maritimes basin in the Serpukhovian, producing 
reverse-sense offsets and contractional folds. Many of 
the structures in the Bay St. George subbasin, previously 
interpreted as post-depositional and purely tectonic, were 
formed by deformation of unlithified sediment and ductile 
evaporites during basin development and subsequent 
shortening.

Six years at Boat Harbour, Pictou county,  
nova Scotia, canada: a review of research on  

the spatiotemporal distribution of contaminants 
in pulp mill stabilization basin sediments

Ian Spooner1, Kirklyn Davidson2, Ballie Holmes3, 
Dewey Dunnington4, Tony Walker5, and Craig Lake3

1. Department of Earth and Environmental Science,
Acadia University, Wolfville, Nova Scotia B4P 2R6,

Canada <ian.spooner@acadiau.ca>; 
2. SGC Industries, Saint John, New Brunswick E2M 5Y5, Canada;

3. Centre for Water Resources Studies, Department of Civil and
Resource Engineering, Dalhousie University, Halifax, 

Nova Scotia B3H 4R2, Canada;  
4. Voltron Data, San Francisco, California 94041, USA;

5. School for Resource and Environmental Studies,
Kenneth C. Rowe Management Building, Halifax,

Nova Scotia B3H 4R2, Canada

Boat Harbour is a sediment stabilization basin located 
in Pictou County, Nova Scotia that has been impacted by 
industrial effluents discharged by a bleached kraft pulp mill 
(1967 to 2019) and a chlor-alkali plant (1971 to 1992). The 
former estuary now contains >577,000 m3 of unconsolidated 
sediment, impacted by inorganic and organic contaminants, 
including metal[loid]s and polychlorinated dibenzofurans 
(PCDD/Fs). 

In the past 6 years over 100 gravity, percussion 
and piston core samples have been taken to determine 
contaminant spatiotemporal distribution of As, Cu, Pb, and 
Zn sediment concentrations which consistently exceeded 
guidelines for aquatic sediments. Results demonstrate that 
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there is no distinct spatial trend in metal concentrations 
though effluent is introduced from a point source. High and 
variable concentrations of Cu and Zn in the contaminated 
sediment likely represent a combination of cation capture 
by the highly organic sediment and influence of the 
effluent from the pulp mill on lakebed sediment chemistry. 
Elevated Pb in the contaminated sediment is the result of 
atmospheric deposition from combustion of fossil fuels and 
bioaccumulation in the effluent feedstock. Temporal trends 
reflect changes in effluent treatment procedures as well as 
composition of effluent solids. Comparison of geochemistry 
of effluent influenced sediment and pre-effluent substrate 
sediment at Boat Harbour to freshwater and marine 
reference was required to understand the degree to which 
geogenic and anthropogenic sources of metal(loids) have 
influenced effluent chemistry. This research demonstrates 
that undisturbed, time transgressive samples from both 
impacted sites and reference sites combined with non-
destructive, rapid, small sample analytical techniques such 
as X-ray fluorescence, provide an accurate assessment of 
sediment metal contaminant distribution, data required to 
guide remediation and environmental effects monitoring 
and compliance.

Petrology and lithogeochemistry of the  
Wildcat Brook Mo-W deposit, charlotte 

county, new Brunswick, canada

Cliff Stanley1, Jacob Hanley2, Abdul Asfour2, 
and Patrick Crouse2

1. Department of Earth and Environmental Science,
Acadia University, Wolfville, Nova Scotia B4N 2R6,

Canada <cliff.stanley@acadiau.ca>; 
2. Department of Geology, Saint Mary’s University,

Halifax, Nova Scotia B3H 3C3, Canada

The Wildcat Brook Mo-W deposit is located 
approximately 9 km east of the former Mt. Pleasant Sn-W-
Mo mine in Charlotte County, New Brunswick. It is hosted 
by a leucocratic, quartz-feldspar porphyritic-to-aplitic, 
peraluminous, EW-striking, moderately north-dipping 
dyke. This intrudes turbiditic metasedimentary wackes and 
argillites of the Digdeguash Formation of the Fredericton 
Trough immediately north of the Magaguadavic granite of 
the St. George batholith. High-grade Mo mineralization up 
to +4% over one metre consists of molybdenite blebs up to 
4 mm in diameter disseminated in small miarolitic cavities 
within albite- and muscovite-altered dyke, and medium-
grade Mo mineralization at the margins or cores of 2–5 
cm wide quartz veins cutting altered or unaltered dyke 
and adjacent metasedimentary rocks. Wackes adjacent to 

Discovery of Visean to early Serpukhovian 
(Mississippian) aged tetrapod burrows from  

Midland and lepreau Falls, new Brunswick, canada: 
an ichnological, palynological and seismic  
investigation of the Millstream Subbasin

Matthew Stimson1,2, Steven Hinds3,  
Olivia King1,2, Duncan McLean4, Lynn Dafoe5, 

R. Andrew MacRae2, and Adrian Park3

1. Department of Natural History, New Brunswick
Museum, Saint John, New Brunswick E2K 1E5,

Canada <mstimson29@gmail.com>; 
2. Department of Geology, Saint Mary’s University,

Halifax, Nova Scotia B3H 3C3, Canada;
3. New Brunswick Geological Survey, New Brunswick

Department of Natural Resources and Energy Development, 
Fredericton, New Brunswick E3B 5H1, Canada; 
4. MB Stratigraphy Ltd., Sheffield, S9 5EA, UK;

5. Geological Survey of Canada (Atlantic),
Dartmouth, Nova Scotia B2Y 4A2, Canada

the dyke also contain up to 2 cm diameter rare white orbs 
of radially arrayed acicular crystals of powellite (CaWO4) 
replacing the matrix and clastic grains. At present, the dyke 
has been intersected by 17 diamond drill cores spanning 
approximately 250 m along strike and dip. Dyke thickness 
ranges from 17 to 42 metres (averaging 27 m thick), and 
the dyke contains a sample length-weighted average grade 
of 0.27% Mo, and sample length-weighted average grade-
meter product of 5.76% Mo x m, calculated from 325 
samples, 25 of which have assigned grades of 0.4001% Mo, 
as their upper detection limit concentrations (>4000 ppm) 
have yet to be updated via re-assay.

Two styles of hydrothermal alteration occur in the 
dyke: albite-minor epidote, and muscovite-quartz. Molar 
element ratio analysis of 110 drill core samples, constrained 
by petrography, reveal that the addition of Na and loss of K 
accompanied albite alteration: Microcline + Na+ => Albite + 
K+ (-8 vol.%), and 4 Anorthite + 4 Quartz + 2 Water + 2 Na+= 
>2 Clinozoisite + 2 Albite + 2 H+ (+26 vol.%), and
inverse material transfers, plus Ca loss, accompanied
muscovite plus quartz alteration: 3 Albite + K+ + 2 H+ =
>Muscovite + 6 Quartz + 3 Na+ (-7 vol.%), and Clinozoisite
+ K+ + 3 H+=> Muscovite + Water + 2 Ca+2 (-0 vol.%).
These alteration styles principally affect the dyke, but
several greisenized hydrothermal compartments up to
several metres width, bounded by quartz veins and
containing coarse muscovite and minor Mo mineralization,
occur above the dyke in drill core. Isolated high-grade
wolframite-bearing quartz veins 4–8 cm thick also occur
sporadically above the felsic dyke.
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extent and timing of deformation and metamorphism 
associated with the eastern Highlands shear zone, central 

cape Breton Highlands, nova Scotia, canada*

Evelyne Sunatori1, Deanne van Rooyen2, 
Sandra M. Barr1, and Chris E. White3

1. Department of Earth and Environmental Science,
Acadia University, Wolfville, Nova Scotia B4P 2R6,

Canada <evelynesunatori@acadiau.ca>; 
2. Department of Mathematics, Physics, and Geology,

Cape Breton University, Sydney, Nova Scotia B1P 6L2, Canada; 
3. Nova Scotia Department of Natural Resources and
Renewables, Halifax, Nova Scotia B3J 2T9, Canada

The Aspy and Bras d’Or terranes in northern Cape 
Breton Island are both interpreted as part of Ganderia in the 
northern Appalachian orogen but contrasts in rock types, 
ages, and magmatic, metamorphic, and tectonic history 
make their original relationship difficult to interpret. The 
two terranes were juxtaposed along the Eastern Highlands 
shear zone (EHSZ). In its northern part, the EHSZ strikes 
northeast and previous structural studies documented 
evidence for three deformational events between 424 Ma 
and 375 Ma and Bras d’Or-over-Aspy terrane sense of 
motion. The purpose of this study is to determine the extent 
and timing of deformation and metamorphism in the rocks 
within and adjacent to the EHSZ father south in the central 
Cape Breton Highlands where its location and history are less 
well constrained. Four main units occur in the study area: 
the Ordovician to Silurian Calumruadh Brook Formation 
(CBF) and Middle River metamorphic suite (MRMS) in the 
Aspy terrane, and the Neoproterozoic McMillan Flowage 
Formation (MFF) and Kathy Road dioritic suite (KRDS) 
in the Bras d’Or terrane. In the NE part of the study area 
(CBF in contact with MFF) the deformation is strongly 
partitioned into the CBF, and most foliations dip steeply 
to the NW. Lineations are variable so sense of motion is 
cryptic, but C-S fabrics suggest that the main shear plane 
is roughly E-W, with a moderate dip to the N. In the central 
part of the study area the KRDS is variably deformed, and 
deformation is most intense along its western margin where 
rocks are strongly lineated and foliated (L>S) for about 1.5 
km into the diorite. The foliations dip moderately to the NW 
and lineations plunge moderately to the NW, suggesting 
that the main shear direction is top-to-the-SE (Aspy over 
Bras d’Or). In the south foliations in the MRMS and CBF 
dip very steeply to the W and kinematic indicators and 
mineral lineations suggest the main shear plane is oriented 
roughly N-S and the major S-directed motion was dextral in 
a transpressional setting. The metamorphic minerals in the 
rocks affected by the movement on the EHSZ are limited 
to chlorite (overprinting pre-existing amphibolite-facies 
metamorphism in the MRMS and upper greenschist facies 
metamorphism in the CBF), indicating that the activity 
on the shear zone in this area represents lower greenschist 
conditions and suggesting that rocks currently at the surface 
were buried <7 km when the shear zone was last active.

*Winner: AGS Graham Williams Award for best graduate student
poster

During the spring of 2018, residents Gary, David, and 
Rick Leblanc, found a near-horizontal burrow fossil within 
red sandstone along a ditch outcrop at Midland, New 
Brunswick. These red sandstones, minor conglomerates, 
and mudrocks are considered part of the undivided Mabou 
Group, which is Visean to Serpukhovian in age. This fossil 
burrow is about 50 cm long, has a maximum width of 10 cm, 
and is tentatively assigned to the ichnogenus Katarrhedrites, 
which is commonly ascribed to tetrapod burrowing activities. 
Other features of the burrow include an entry chamber, a 
complex tunnel structure with preserved digging scratches 
along the sides, and a terminal living chamber. A second, 50 
cm scale, subhorizontal burrow structure was found within 
unnamed red beds of the “Mabou Group” at Lepreau Falls 
in 2020. This feature has no ichnological designation at 
present and is interpreted as a tetrapod burrow. In general, 
tetrapod burrows are extremely rare in the fossil record 
during the Carboniferous Period, limiting the knowledge 
of tetrapod dwellings (domichnia) during this interval. The 
only known occurrence of a Mississippian fossil tetrapod 
burrow occurs in the Mauch Chunk Formation (Chesterian 
or Arnsbergian), near Pottsville, eastern Pennsylvania, 
USA. The Mauch Chunk burrow appears to be near 
vertical, has no ichnological taxonomic assignment, and 
is approximately five times the size and diameter of the 
New Brunswick burrows. The age of the Mauch Chunk 
Formation was determined through paleobotany. Both 
palynology and macrofossil analyses from outcrop and 
boreholes were used at the Midland and Lepreau Falls fossil 
sites to determine their relative age. Using seismic and 
recent field mapping in Midland, shallow cross-sections 
were created that allowed the successful correlation of the 
fossil burrow locality to outcrops and adjacent boreholes 
over 20 kilometres northeast from the fossil burrow site 
along the axis of the Millstream Subbasin. The age of the 
Midland burrow (Katarrhedrites) can be constrained to 
Arnsbergian and younger; approximately time-equivalent to 
the Mauch Chunk Formation burrow. The tetrapod burrow 
from Lepreau Falls is assigned a Visean age and is older than 
the Mauch Chunk burrow. The presence of Visean burrows 
in the Maritimes Basin has ethological and paleoecological 
implications for the timing of fossorial tetrapods. The 
detailed stratigraphic work, palynology analysis, and 
geological mapping from boreholes and seismic profiles 
confirms the existence of the Millstream Subbasin, which 
was only inferred in previous literature.
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The application of melt inclusions to evaluate  
magma ore metal fertility, oxidation state,  

sulfur saturation, and volatile contents in the  
South Mountain Batholith, nova Scotia, canada

Anna Terekhova1, Jacob Hanley1, 
and Kevin Neyedley1,2

1. Department of Geology, Saint Mary’s University, Halifax,
Nova Scotia B3H 3C3, Canada <anna.terekhova@smu.ca>;

2. Nova Scotia Department of Natural Resources and
Renewables, Halifax, Nova Scotia B3J 2T9, Canada

The South Mountain Batholith (SMB), the largest 
granitoid body in the Appalachian orogen, outcrops over a 
large portion of central and western Nova Scotia. The SMB 
has been the target of sporadic mineral exploration since the 
late 1800s and mining in the 1980s (e.g., Sn greisen deposit 
at the East Kemptville Mine) while extensive research has 
yielded a comprehensive geochemical classification of the 
granitoids, with the distinction made between Phase 1 and 
Phase 2 plutons. However, there are no comparative studies 
that focus on the metal and volatile “fertility” of magmas 
associated with the formation of dominantly barren Stage 
1 and commonly mineralized Stage 2 plutons in the SMB. 
Additionally, there have been no studies of melt inclusions 
in those intrusive rocks. This study will aim to quantify and 
compare the metal and volatile content, and oxygen fugacity 
of magmatic liquids from Stage 1 and Stage 2 plutons in 
the SMB. This will be done by analyzing aliquots of the 
former magmatic liquids directly from preserved silicate 
and sulfide melt inclusions (trapped samples of crystallized 
melt) hosted in zircon and combining high spatial resolution 
microanalytical methods (laser ablation-inductively coupled 
plasma mass spectrometry, scanning electron microscopy, 
Raman spectroscopy, electron microprobe analysis, and 
cathodoluminescence) with detailed zircon and inclusion 
petrography. Through the analysis of melt inclusions in 
zircon, and evaluation of associated physicochemical 
conditions, comparison of melt inclusion parameters within 
and between Stage 1 and 2 plutons will aim to identify 
differences in magmatic parameters that may have led to the 
differential metal associations and tenors of these plutons. 
The project will also aim to establish the temporal variations 
in melt and volatile composition, and associated entrapment 
conditions, as well as develop exploration indicators and 
mass balance constraints for the mineralized systems within 
Stage 2 plutons. The planned integration of coupled zircon-
melt inclusion analysis to define the above parameters is 
innovative and will lead to quantitative, predictive criteria 
for differentiating barren or sub-economic from well-
endowed plutonic suites.

Physical Geography 110: a new course for 
new Brunswick high school learners

Ann C. Timmermans1 and Ryan Jones2

1. Department of Earth Sciences, University of New
Brunswick, Fredericton, New Brunswick E3B 5A3,

Canada <ann.timmermans@unb.ca>; 
2. New Brunswick Department of Education and Early Childhood

Development, Fredericton, New Brunswick E3B 5H1, Canada

A new Physical Geography 110 high school course 
for New Brunswick learners is nearing completion. This 
endeavor has been co-led by the Department of Earth 
Sciences at UNB and seeks to replace the current course 
published in the middle 1990s. New curriculum writing 
supports the International Geoscience Syllabus and is 
consistent with the Earth Science Literacy initiative outlined 
by the National Science Foundation. The curriculum embeds 
the New Brunswick Global Competencies and United 
Nation’s Sustainable Development Goals. Aspirational ideas 
for the enactment of this course include aspects of human 
knowledge, culture, and equity. For the final summative 
assessment, educators will be encouraged to engage learners 
in a comprehensive field project instead of a traditional paper-
based exam. The new positioning of the Physical Geography 
110 course will provide a science credit for graduation and 
the acquisition of science skills, and appeal to a broader 
range of learners and interests. Presenters will share aspects 
of the curriculum writing journey, gather feedback, and 
facilitate general Science Education discussion.

Dissolution features on diamonds from  
hypabyssal kimberlite facies and the effect of 

melt composition on diamond resorption

Rosa Toutah and Yana Fedortchouk

Department of Earth and Environmental Sciences, Dalhousie 
University, Halifax, Nova Scotia B3H 4R2, <Canada rosa@dal.ca>

Diamonds can preserve features from their time deep 
in the Earth’s mantle and their ascent from the mantle 
to the Earth’s surface in hot kimberlite magma due to 
their high stability. The record of dissolution textures on 
diamond surfaces opens a window into the history of the 
diamonds journey through the kimberlite. Composition of 
kimberlitic fluid affects dissolution textures on diamonds 
from volcaniclastic kimberlite facies. The focus of this 
study is to identify different resorption styles of diamonds 
from hypabyssal kimberlite facies and use experiments in 
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Geophysical exploration at castle Frederick prospect, 
Upper Falmouth, Hants county, nova Scotia, canada

Fergus Tweedale1 and Charles Banks2
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A road-accessible aggregate quarry situated on crown 
land, 4.5 km west of Windsor Junction, exposes mineralization 
and is the designated geographic centre of Castle Frederick 
(CF) prospect. The east-facing quarry headwall strikes N-S, 
is 130 m in length and up to 3.5 m in height. Centimetre-
scale sulphide (pyrite-galena-sphalerite)-barite veins of 
unknown lateral extent are hosted in megacrystic biotite-

rich granitic phases of the South Mountain Batholith (SMB). 
The veins are spatially associated with brecciation and fault 
gouge, clearly not magmatic and considered hydrothermal 
in origin. Observations of drill core extracted from beneath 
the quarry confirm the sporadic occurrence of sulphide 
veining and carbonate veinlets to at least 125 metres 
depth. Presently, relative age of sulphides and carbonates 
is indeterminate. The CF quarry is situated <1 km from 
an unexposed late Devonian-Carboniferous contact, 
suggesting an unconformity cuts through the property. 
Proximal location of CF prospect to Walton Mine (barite-
galena-sphalerite-chalcopyrite-silver) and the Millet Brook 
uranium showing further suggest prospective potential in 
Hants County. Sporadic drilling throughout the county 
and local magnetic anomalies identified in small-scale 
aeromagnetic surveys support this claim. An exploration 
tool suited specifically to areas around Windsor, Falmouth, 
and Windsor Junction would help clarify questions about 
potential mineralization, and the objective of this work is 
to determine if ground-based magnetic surveying is an 
appropriate exploration tool. Magnetometer data (nanotesla 
units) collected during repeat walking transects along a 
bisecting quarry road is interpreted to reveal a measurable 
magnetic-field-intensity anomaly associated with sulphide 
veining. Graphical representation of this data provides a 
visual reference for the interpretation of other field data 
collected in an unexplored 2 km2 forested area. Except for 
a few metasedimentary rocks, boulders and outcrop in the 
study area are granitic. A second quarry, intersected by a 
transect path, exposes SW dipping mudstones and medium- 
to coarse-grained sandstones, confirming the presence (but 
not the location) of an unconformable contact. Conspicuous 
hematite veining cutting at least one sedimentary horizon 
suggests late Devonian–Pennsylvanian hydrothermal fluid 
circulation was not spatially restricted to the SMB.

The energy transition - our winter of discontent

Grant D. Wach

Basin and Reservoir Lab, Department of Earth and Environmental 
Sciences, Dalhousie University, Halifax, Nova Scotia B3H 4R2, 

Canada <grant.wach@dal.ca>

volatile-undersaturated melt to determine the effect of melt 
composition on diamond resorption features. The study uses 
1300 diamonds from 16 kimberlites from the Ekati Mine, 
selected hypabyssal dykes, and sills. This data obtained for 
class 3 kimberlites will be compared to the existing data 
on diamonds from class 1 kimberlites. SEM, AFM, and 
microscope imaging will be utilized for analysis of surface 
features. Secondary dissolution corrosion sculpture (CS) 
features seen on tetrahexahedra (THH) diamond faces will 
act as a proxy for kimberlite melt composition to allow for 
the identification of kimberlitic conditions in class 1 and 3 
hypabyssal kimberlites. Experiments in a Piston-cylinder 
apparatus will quantify the effect of melt composition and 
temperature/pressure variation on the diamond dissolution 
features. The experiments are conducted between 1000–
1200°C in silicate, carbonate, and silicate-carbonate melts 
at 1 GPa in “dry” or H2O-undersaturated conditions. 
Experiments done in exact temperature pressure conditions 
with either silicate or carbonate melts have shown drastic 
differences in resorption styles and features. Diamonds 
in silicate rich melts under 1 GPa of pressure at 1100ºC 
demonstrate strong resorption on the {111} and {012} 
faces whereas the same experiment in a carbonate melt 
demonstrates strong graphitization and little resorption. 
The established relationship between dissolution features 
on diamonds and composition of kimberlitic melt will 
allow a long-standing question to be addressed; if different 
kimberlite classes are formed by a uniform kimberlite melt 
due to difference in the country rock characteristics or due 
to compositional differences in kimberlite melt. In addition, 
use of surface features on microdiamonds from hypabyssal 
kimberlite facies for early identification of kimberlite class 
will help better planning for drilling programs and diamond 
grade assessment. This allows for saving on drilling costs 
and improves the modelling of kimberlite emplacement.

Access to energy has been recognized by The United 
Nations Economic Commission for Europe (UNECE) as 
“critical for assuring quality of life”, and at present 80 per 
cent of the energy usage in the UNECE region is fossil-
fuel based. Many countries are reliant on non-renewable 
sources for their energy security and economic well-being, 
yet there is a growing global urgency to transition to a 
more sustainable energy future with increased dependence 
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Stirring the Maritimes Basin: more than a pinch of salt
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The Maritimes Basin of Atlantic Canada is a large and
deep sedimentary basin underlying large parts of Atlantic 
Canada. The basin fill is predominantly late Paleozoic 
(Devonian–Permian) non-marine clastic sedimentary 
rocks, but the Visean Windsor Group, and the correlative 
Codroy Group of Newfoundland, contain substantial 
evaporites, including gypsum and anhydrite, halite, and 
potash. Laterally correlative limestone-evaporite-shale 
cycles have been traced throughout the middle and upper 
parts of the Windsor Group.

The role of Windsor evaporites in the tectonics of the 
Maritimes Basin has long been recognized. In addition to 
diapiric features generated by primarily vertical tectonics, 
there are extensive low-angle deformation surfaces 
characterized by anomalous breaks in the basin-wide 
stratigraphic succession. These breaks were originally 
interpreted as thrust faults, but later investigations, noting 
substantial omission of stratigraphy, led to their re-
interpretation as a single low-angle detachment - the Ainslie 
Detachment. The availability of industry seismic reflection 
data allows these structures to be again reinterpreted as salt 
welds, in the light of recent advances in evaporite tectonics 
on passive continental margins.

For example, the famous Joggins Pennsylvanian 
succession was rapidly deposited in accommodation space 
created by salt expulsion, showing that Windsor Group salt 
remained in place until the Pennsylvanian before rapidly 
moving into diapiric salt walls. In contrast, in the eastern 
Cumberland subbasin, evaporite expulsion was already 
controlling sedimentation during Mississippian deposition 
of the Windsor and Mabou groups. Field relations in other 
parts of the Maritimes Basin suggest that this history of 
early evaporite expulsion is more usual.

These observations suggest an interpretation in 
which movement of the thick lower Windsor evaporites 
began within a few million years of their deposition. 
Feedback between halokinesis and sedimentation occurred 
from middle Visean onward. Multiple minibasins were 
simultaneously flooded by eustatic sea-level rises, related 
to glacial cycles on Gondwana, accounting for the laterally 
correlative limestones. Differences in the overlying 
stratigraphic successions are best explained, therefore, 
by deposition above a changing configuration of moving 
evaporite bodies that culminated in complete expulsion of 
salt beneath some minibasins.

The tops of evaporite diapirs have probably remained 
near the surface, producing areas of subsidence and karst 
development, throughout much of Nova Scotia’s subsequent 
history. The distribution of near-surface evaporites continues 
to be marked by widespread development of sinkholes at the 
present day.

What drove the Acadian orogeny?

John W.F. Waldron1,2

1. Department of Earth and Atmospheric Sciences,
University of Alberta, Edmonton, Alberta T6G 2E3,

Canada <john.waldron@ualberta.ca>; 
2. Department of Earth and Environmental Science, Acadia

University, Wolfville, Nova Scotia B4P 2R6, Canada

on renewable energy sources, improved energy efficiency, 
and reduced global carbon emissions but at present this is 
being disrupted by severe spikes in energy prices, delivery 
networks, and the supply of both fossil and renewable 
energy systems. 

Canada also has carbon reduction targets that the 
energy transition must help achieve. In Atlantic Canada, the 
provinces are in a unique position to become a green energy 
powerhouse, with reduced dependence on fossil fuels and to 
help lead Canada, and the World, in the transition to clean 
energy. An area tentatively called the Energy Corridor, 
straddling the New Brunswick and Nova Scotia boundary, 
has all the components for green energy success, including 
regular wind patterns in the nearby Gulf of St. Lawrence, salt 
deposits suitable for energy storage, and a central location 
with power links to the northeastern U.S.A.

Research into the Scotian and Sydney basins for carbon 
capture and storage (CCS) for emission reduction, renewable 
energy sources such as biomass, geothermal, tidal, hydrogen, 
and wind energy, and the energy storage potential in salt 
caverns will be discussed with other issues contributing to 
the overall energy situation in Atlantic Canada. This lecture 
will present an overview of the ‘greening’ of the Atlantic 
Canada provinces, review the vision for the energy future, 
and highlight opportunities to improve energy sustainability 
in the region. With energy costs spiking around the world, 
and a “winter of discontent” upon us, the Energy Transition 
is very important for Atlantic Canada and the World.
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introducing a new addition to the Atlantic Geoscience 
Society’s geological highway map series: ‘Journey through 

time: places of geological significance in New Brunswick 
and Prince Edward Island’
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The Atlantic Geoscience Society (AGS) undertakes a 
wide range of communication and educational activities 
and projects, one of which is the publication of geological 
highway maps. One of the newest (soon to be released) 
maps in this series, entitled: ‘Journey through time: places 
of geological significance in in New Brunswick and Prince 
Edward Island’ is an updated version of the ‘Geological 
Highway Map of New Brunswick and Prince Edward Island’ 
(AGS Special Publication Number 2) that was published in 
1985. Since that time, substantial advances have been made 
in the understanding of New Brunswick’s geology; primarily 
due to work carried out by the province’s Geological Survey 
but also with significant contributions from researchers at 
local universities and colleagues with the Geologic Survey 
of Canada. It is for this reason that the decision was made to 
release this new map.

The new map will be a digital product measuring 68.5 x 
99 cm (27” by 39”) from which hard copies can be printed. 
The front side of the map presents New Brunswick’s geology 
at the Group level with a shaded relief background and 
includes an up to date (somewhat simplified) provincial road 
network, and major water courses. The map highlights points 
of geological interest (84 in New Brunswick and 7 in Prince 
Edward Island) that are accompanied by short descriptions 
of their geological attributes. These sites were selected on 
the basis of geologic interest, geographical distribution, ease 
of access and safety. The reverse side of the map is divided 
into 16 sections providing more detailed information on a 
variety of topics including the geological-tectonic history 
of the region, specific metallic and industrial minerals 
and petroleum resources, the geology of New Brunswick’s 
parks (e.g., Mount Carleton Provincial, Fundy National, 
Stonehammer Geopark, and Hopewell), the paleontological 
riches, glacial geology, and coastal zone issues pertaining to 
climate change. Many of the points of interest or back panel 
sites are described in greater detail in the ‘Geology of New 
Brunswick and Prince Edward Island’ field guide published 
by Hickman Hild and Barr in 2020, and are identified as 
such for those searching for more in-depth descriptions. 

Most orogenic events in the northern Appalachians and 
the Caledonides have relatively clear tectonic drivers. 
The Taconian–Grampian orogeny (latest Cambrian to 
Ordovician) represents a collision of the hyperextended 
Laurentian margin with a SE-dipping subduction zone. 
Salinian deformation (mainly Silurian) recorded accretion 
of Ganderian fragments at the now-active Laurentian 
margin, culminating in the Scandian collision of Baltica 
(already connected to East Avalonia along the ‘Tornquist 
line’). Late Paleozoic Alleghanian deformation resulted 
from the arrival of Gondwana.
The Silurian (~423 Ma) to Devonian (~385 Ma) Acadian 
orogeny is more difficult to interpret. It is widely attributed 
to collision of Avalonia with Laurentia, following NW-
dipping subduction recorded by the coastal igneous belt 
(Maine, New Brunswick, Cape Breton Island, and southern 
Newfoundland). Nonetheless the major nappes in the 
Acadian orogen in southern New England are rooted to the 
SE. The Acadian orogeny has been interpreted to involve 
major transpression, but authors have been divided as to 
whether that transpression was dextral or sinistral. Further 
complicating the issue is the ‘Neoacadian’ orogeny, a term 
used to describe shortening both in the Meguma terrane 
(~400 Ma), and much later (370–355 Ma) in New England, 
coincident with early extension in the Maritimes Basin in 
Atlantic Canada. 
Transpression provides a potential solution to the enigma. 
In Scotland, a major tectonic mismatch occurs across the 
Great Glen Fault. To the NW, major Silurian Scandian 
deformation affected the Northern Highlands, where 
Grampian deformation was insignificant. In contrast 
the Grampian Highlands, to the SE, underwent major 
Ordovician Grampian tectonism, but were little deformed in 
the Silurian. British geologists have suggested up to 1000 km 
of sinistral slip, bringing these disparate terranes together 
in the Late Silurian to Early Devonian. Acadian sinistral 
transpression is widely reported through southern Britain, 
though overprinted by dextral shear in the Carboniferous.
Because of the shape of the Laurentian margin, sinistral 
deformation of this magnitude would have led to 
transpression in the Appalachians, consistent with sinistral 
Acadian shear zones in Newfoundland (Gander terrane), 
Cape Breton Island, northern Maine, and southern New 
England. This convergence may have brought West Avalonia 
into oblique collision with the NW-dipping subduction 
zone that fueled the coastal igneous belt. Collapse of the 
Mascarene backarc led to the vergence change responsible 
for the southern New England nappe pile. A change to 
dextral motion in the Middle Devonian overprinted 
Acadian structures, leading to Neoacadian transpression in 
New England but transtension in Atlantic Canada.
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The map is intended to provide the neophyte a 
rudimentary understanding of the complex bedrock and 
glacial geology and how that geology relates to landforms 
and mineral endowment. It is anticipated that this map will 
be popular with the public, used in schools and university 
earth science classes, and will increase the profile of 
geoscience in New Brunswick, Prince Edward Island, and 
beyond. It will also serve as the base for a proposed extended 
digital version (downloadable app) of New Brunswick’s 
geological points on interest.

Progress report on northern Maine geology: new data 
and thoughts on the extent and geologic history of the 

Munsungun–Winterville Belt

Chunzeng Wang

University of Maine at Presque Isle, Presque Isle, Maine 04769, 
USA <chunzeng.wang@maine.edu>

The Munsungun–Winterville Belt (MWB) is a major 
Ordovician lithotectonic belt developed on the leading edge 
of the ensialic Ganderia in northern Maine. Recent mapping 
reveals a much wider extent of the belt, and the belt includes 
11 inliers of various sizes. In addition to the Munsungun, 
Winterville, Portage Lake, Haystack Mountain, and York 
Ridge inliers, the belt also contains several much smaller 
ones, including the small inliers in the headwater of the 
East Branch Penobscot River and Aroostook River. The 
MWB is believed to connect the Caucomgomoc inlier, 
Chesuncook “dome”, and Lobster Mountain “anticlinorium” 
in the SW, as part of the Bronson Hill–Popelogan arc. The 
MWB and the overlying cover strata occur as a widespread 
imbricated stack of multiple NE-striking reverse-thrust 
faults that resulted from a prolonged faulting history 
starting from the earliest phase of Salinic orogeny to the 
Neoacadian–Alleghanian orogenies. Several small inliers 
even occur entirely as fault blocks. The MWB is composed 
predominantly of several NE-striking petrographically and 
geochemically distinct volcanic units that were formed 
in different tectonic settings. Most of them exhibit calc-
alkaline or tholeiitic arc signatures, with the remaining lesser 
ones having tholeiitic non-arc affinity. Zircon U–Pb ages 
of the calc-alkaline and tholeiitic arc volcanic rocks show 
a generally NW-younging trend across the MWB, from 
471 Ma to 451 Ma, probably indicative of northwestward 
trench-arc migration, likely associated with a prolonged SE-
dipping, retreating subduction system between Laurentia 
and Ganderia. The tholeiitic non-arc volcanic rocks 
were produced in extensional setting (back-arc or intra-
arc rifts) and probably associated with the NW-directed 
Brunswick Subduction System from Late Ordovician to 

Early Silurian. Detrital zircon age spectra and sedimentary 
features of several minor Upper Ordovician syn-tectonic 
forearc formations deposited along the MWB indicate 
a Laurentian provenance, suggesting that, immediately 
after the accretion of the Munsungun–Winterville arc 
to the Laurentia margin during closure of the Iapetus 
Ocean during the Late Ordovician, the rapid exhumation 
facilitated the deposition of the detritus derived from the 
accreted Laurentia over the MWB. Subsequent Salinic and 
Acadian orogeneses significantly reshaped the MWB as 
indicated by the widespread unconformities of the foreland 
Silurian formations and Devonian Seboomook Group 
and the large-scale reverse/thrust faults. The large post-
Acadian, plant fossil-rich molasse basins (aged Emsian) 
discovered recently marked the end of the Acadian orogeny, 
but a NE-striking, SE-directed reverse/thrust fault system 
significantly displaced the basins, indicating a remarkable 
Neoacadian–Alleghanian faulting event in the northern 
Maine Appalachians.

late-triassic epithermal polymetallic Sb-Au (-Pb-Zn-
co-Ag) veins, Meguma terrane, canadian Appalachian 
orogen: a new critical metal deposit type in nova Scotia

Naomi Welt1, Joshua Jackman1, Erin Adlakha1,  
Jacob Hanley1, Mitchell Kerr1, Robert Creaser2, 

and Geoffrey Baldwin3

1. Department of Geology, Saint Mary’s University, Halifax,
Nova Scotia B3H 3C3, Canada <naomi.welt@smu.ca>;

2. University of Alberta, Department of Earth and
Atmospheric Sciences, Edmonton, Alberta T6G 2R3, Canada; 

3. Nova Scotia Department of Natural Resources and
Renewables, Halifax, Nova Scotia B3J 2T9, Canada

A multi-analytical approach has been applied to the 
characterization of a little-known polymetallic (As-Sb-Zn-
Pb-Fe-Cu-Co-Au-Ag) vein-hosted occurrence in the Digby 
area of southwestern Nova Scotia, called the Lansdowne 
occurrence. This occurrence has been selected as a case-
study to further understand critical metal endowment of the 
Meguma terrane, the outward-most terrane of the Canadian 
Appalachians. Detailed petrography along with mineral 
chemistry, and Re–Os geochronology of arsenopyrite 
in mineralized zones constrain two distinct periods of 
mineralization: the early stage (composed of arsenopyrite), 
which formed at ~365 Ma, and the more dominant late stage 
(composed of early sphalerite, chalcopyrite, and pyrrhotite, 
followed by later arsenopyrite, galena, and Sb-Pb sulfosalts 
boulangerite and jamesonite), which formed at ~214 Ma. 
These two mineralizing stages coincide temporally with 
major tectono-magmatic events affecting the Meguma 
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A new edition of Atlantic Geoscience Society’s Geological 
Highway Map of nova Scotia

Chris E. White1, Angie Barras1, Sandra M. Barr2, 
Jeff Poole1, and Robert Raeside2

1. Nova Scotia Department of Natural Resources and
Renewables, Halifax, Nova Scotia B3J 2T9, Canada

<christopher.e.white@novascotia.ca>; 
2. Department of Earth and Environmental Science,

Acadia University, Wolfville, Nova Scotia B4P 2R6, Canada

The Atlantic Geoscience Society (AGS) undertakes a 
wide range of communication and educational activities and 
projects, one of which is the publication of the Geological 
Highway Map of Nova Scotia. Three editions of this map 
have been published previously, in 1980, 1990 (repackaged 
version in 1994), and 2005 (reprinted in 2014). The maps 
show the road systems of Nova Scotia and, using colours, 
the types of bedrock that occur at the surface throughout 
the province. The map is intended to encourage people to 
observe and help them to understand the origins of the varied 

geological features visible from their vehicles as they travel 
through Nova Scotia or visit coastal sections and viewpoints. 
The understanding of the bedrock geology has improved 
since 2005 because of new bedrock mapping by government 
and university geoscientists combined with other studies, 
especially geochronology. Hence it is timely to produce a 
fourth edition of the map that includes not only updated 
geological interpretations but also the current road network, 
which has changed since 2005. Like the 2005 edition, the 
product will be a digital map from which hard copies will 
be printed on a sheet size of 27” by 39”; in addition, the 
option of producing a software application to be accessible 
on digital devices is being explored. The layout of the map is 
similar to the 3rd, with one side showing the geological map 
at the same scale as the third edition. The associated Table of 
Formations uses the 2021 International Chronostratigraphic 
Chart as the time scale. Also included is information on how 
to use the map, a symbols key, representative block diagrams, 
and a list of geological sites of interest. The reverse side 
provides more detailed maps and descriptions of particular 
areas that are well known and accessible, including Joggins, 
the Cabot Trail, the Parrsboro–Five Islands area, Scots 
Bay–Burntcoat Head, Yarmouth–Cape St. Marys, Arisaig, 
Halifax, and Louisbourg. The descriptions emphasize rock 
types, minerals, fossils, structural features, landforms, and 
glacial history. It is anticipated that the 2022 edition of the 
Geological Highway Map of Nova Scotia will continue to be 
used in schools and university earth science classes as part 
of the course material, an integral part of the annual EdGeo 
Workshops, and a product sought by residents and visitors 
to the province.

characteristics of metamorphic textures of the loch eil 
Group of the Moine Highlands

Julie Woods and Richard Cox

Department of Earth Sciences, Dalhousie University, Halifax, 
Nova Scotia B3H 4R2, Canada. <jl569631@dal.ca>

Recent studies on the Moine Supergroup suggests that 
ages over a large extent have been poorly constrained, and 
lack of research conducted is a result of structural complexity 
and mineralogical monotony. The purpose of this research is 
to fill in said gaps in knowledge and data, with the following 
research question: how many metamorphic events are being 
recorded in the rocks of the southern Moine Highlands. It 
is hypothesized that there are 2 events at 800 Ma, caused 
by different phases of the Knoydartian event, 1 event at 
450 Ma, caused by the Caledonian event, and possible 
contact metamorphism at 425 Ma, caused by the Strontian 
granitic intrusions. The methodology being implemented 

terrane: (i) the waning stages of the Neoacadian orogeny and 
emplacement of the South Mountain Batholith (early stage), 
and (ii) rifting of the Bay of Fundy, due to the opening of 
the Atlantic Ocean from the breakup of Pangea (late stage). 
Results of Al-in-chlorite thermometry associated with early 
sphalerite of the late stage indicates chlorite formation at 350 
to 390°C. Fluid inclusion petrography, microthermometry, 
and Raman spectroscopic analyses indicate two mingling 
fluids during the Sb-Pb sulfosalt stage: a variable salinity 
(6.16 – 27.35 wt% eq. NaCl) aqueous brine and a methane 
dominated fluid. Isochore calculations suggest epithermal 
conditions for Sb-Pb mineralization (approximately 165°C 
and 15 bars). High and positive S isotope values of sulfides 
(δ34S = 14.7‰ to 25.1‰) suggest a sulfate source for S. An 
increase in δ34S values from early to late stage arsenopyrite 
(15.30‰ to 23.95‰) suggests recycling and re-precipitation 
of early-stage sulfides (up to 30%) to form the late-stage 
sulfides. Base metals are likely sourced from surrounding 
country rock (mafic sills and host metasedimentary rocks) 
because of their alteration to calcite-chlorite, but sources of 
As and Sb remain unknown. Comparisons can be drawn 
between the Lansdowne occurrence to other Au deposits 
in the Meguma terrane (e.g., West Gore deposit), as well as 
other epithermal Sb-Au vein-type occurrences worldwide, 
such as those of the Variscan orogen in western Europe (e.g., 
the Berga Antiform of eastern Germany or the Biards Sb-
Au-bearing shear zone in central France). The results of this 
project support exploration of this newly classified deposit 
type for critical metals in Nova Scotia.
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Biogeochemical cycling within the Grand lake Meadows 
floodplain. new Brunswick, canada

Regan Worden and Allison Enright

Department of Earth Sciences, University of  
New Brunswick, Fredericton, New Brunswick E3B 5A3, 

Canada <regan.worden@unb.ca>

Grand Lake Meadows is Atlantic Canada’s largest 
freshwater wetland, providing flood storage for the lower 
Saint John River basin. Each spring, the spring freshet 
submerges the 5000ha floodplain with high stand floodwater 
that transports essential particulate and dissolved nutrients 
to the wetland. These nutrients supply the sediment-hosted 
microbial community with organic carbon and other 
reduced ions which are energy sources for chemotrophic 
metabolic processes. The microbial consortium performs 
a variety of critical biogeochemical tasks, such as fixing N, 
C, and S that are used by higher trophic level organisms. 
In this way, microbial processes underpin the distribution 
of elements and energy for the entire ecosystem. Thus, 
the annual flooding cycle and associated transportation of 
nutrients are important energy sources to the floodplain. 
As New Brunswick experiences more frequent and severe 
flooding due to climate change, the timing and volume of 
the spring freshet becomes increasingly unpredictable. In 
high-water level years, such as 2018, floodwater reaching 
industrialized areas could negatively influence the chemical 
characteristics of the incoming water. 

By creating a multivariate geochemical dataset of the 
Grand Lake Meadows floodplain, the aim is to determine a 

Petrogenesis and geochemistry of the late Devonian 
eagle lake Granite and its association with cu-Au-Mo 

mineralization in southwestern new Brunswick, canada

Fazilat Yousefi1, David R. Lentz1, 
and Kathleen G. Thorne2

1. Department of Earth Sciences, University of New
Brunswick, Fredericton, New Brunswick E3B 5A3,

Canada <fazilat.yousefi@unb.ca>; 
2. Geological Surveys Branch, Department of Natural Resources and

Energy Development, Fredericton, New Brunswick E3B 5H1, Canada

The Late Devonian Eagle Lake Granite is an elongate 
1.2 km-long hypabyssal stock located in southwestern 
New Brunswick just south of the Belleisle Fault. Copper, 
Mo, and Au mineralization is associated with this pluton 
and related dykes (15 cm to <1 m in width) that intruded 
Silurian meta-basic units of the Kingston Group. The granite 
comprises phenocrysts and microcrystalline groundmass of 
quartz, K-feldspar, and plagioclase (exhibiting oscillatory 
zoning), with minor biotite (primary, re-equilibrated, and 
secondary), magnetite, titanite, and apatite. The groundmass 
of these variably porphyritic rocks is medium-grained 
hypidiomorphic granular with an average grain size of 
two millimetres, whereas the fine-grained variety averages 
0.05 mm in size. A zircon U–Pb age of 363.2 ± 4.2 Ma was 
determined for this granite using laser ablation methods. 
Based on the SiO2 content, the Eagle Lake Granite can be 
further subdivided into three groups: (a) 69–70% SiO2; (b) 
71–73% SiO2; and (c) 75–76% SiO2 with group (a) consisting 
of porphyritic varieties restricted to the external parts of 
the stock; these three phases are peraluminous magnesian 
I-type granite (A/CNK = 1.0–1.3). In these rocks the ratio
of Fe2O3/FeO is about 1.11 and Mg/(Fe + Mg) is 0.09–0.60.
Based on the Na2O + K2O-CaO versus SiO2 diagram, they
plot in the range of calc-alkaline and alkali-calcic field.
Electron microprobe analyses of biotite crystals indicates

consists of microscope analysis to broadly identify mineral 
assemblages and metamorphic textures in the samples, 
followed by major element analysis conducted on an electron 
microprobe, which is then proceeded by X-ray mapping 
of garnet grains present in the samples, U-Th-Pb analysis 
of monazite grains to help establish a range of ages, and 
geothermobarometric modelling to establish temperature 
and pressure conditions of the samples. For this research, 
garnet geothermobarometers such as GASP, GMBP, and 
garnet-biotite-plagioclase-quartz will be used, and the data 
being inputted into the models will be extracted from major 
element analysis. The mineral assemblages present in the 
four samples used in this study show varying percentages 
of quartz, feldspars, and micas, with garnet and monazite 
having abundance in one sample. Primary metamorphic 
textures present are symplectite, undulatory extinction, and 
schistosity. Current limitations are due to; overprinting, 
which affects age precision; distinguishing between older 
and younger fabrics; deciphering between competing P-T 
paths; and a lack of aluminosilicates in the samples.

healthy geochemical baseline against which the geochemical 
and ecological impacts of future extreme floods can be 
measured. Providing a healthy baseline reference of this 
wetland aids as a protective strategy to quantify the effects 
of flooding on the wetland and critical biogeochemical 
cycling occurring. The study focuses on the microbially-
mediated redox chemical reactions that fix critical nutrients 
(i.e., N, C, S) into the biosphere, over the duration of a 
flood pulse to determine modes of biogeochemical cycling 
within Grand Lake Meadows. By providing this knowledge, 
a baseline assessment will make it possible for investigators 
to mitigate negative impacts of flooding and climate change 
on freshwater wetlands in New Brunswick.
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The Early Devonian (400 Ma) Blue Mountain 
Granodiorite Suite (BMGS) underlies an area of 
approximately 80 km2 in the Benjamin River South area 
of northeastern New Brunswick. Porphyry-related copper 
and molybdenum deposits occur in the northeastern 
part of BMGS; these hypabyssal intrusive rocks range in 
composition from tonalitic to granodioritic. These rocks 

the calc-alkaline nature of the Eagle Lake rocks. 
The Eagle Lake rocks are enriched in large ion lithophile 

elements (LILE), depleted in high field strength elements 
(HFSE) with positive anomalies of K, Rb, and negative 
anomalies in Ti and Nb. The Zr content of the Eagle Lake 
samples ranges from 15 to 170 ppm and Nb contents range 
from 7.2 to 9.2 ppm. The Zr/Ti, Zr/Y, and Nb/Y ratios are 
consistent with calc-alkalic granites. The mineralogical, 
petrographic, and geochemical characteristics of the three 
phases are consistent with volcanic arc granites; these are 
consistent with the NB-2 granites in the region that are 
associated with Cu-Mo mineralization. Their magnesian 
bulk composition and magnetite-titanite assemblage with 
Mg-biotite are consistent with a higher oxidation potential, 
although local ilmenite with sulfides supports local 
reduction, possibly via assimilation. The similarity in age 
and composition to the DMd1 phase of the Mount Douglas 
Granite suggests a related late tectonic origin. These Late 
Devonian intrusions have an elongated shape, somewhat 
parallel to the regional faults, suggesting that faulting played 
a role in their high-level emplacement.

Feldspar, biotite, and magnetite phenocrysts with 
groundmass compositions from the Benjamin River 
South Porphyry cu-Mo-Au deposits, northeastern  
new Brunswick, canada: analysis of primary, re-

equilibrated, and hydrothermal forms

Fazilat Yousefi1, David R. Lentz1, and James Walker2

1. Department of Earth Sciences, University of New
Brunswick, Fredericton, New Brunswick E3B 5A3,

Canada <fazilat.yousefi@unb.ca>; 
2. Geological Surveys Branch, Department of Natural

Resources and Energy Development, South Tetagouche,
New Brunswick E2A 7B8, Canada

contain phenocryst to phenoclasts of subhedral hornblende 
(2%), subhedral biotite (8–12%), euhedral and subhedral 
prismatic plagioclase (42–47%), and anhedral magnetite (≤ 
0.5%) in a fine- to medium-grained granular groundmass 
consisting of anhedral quartz (25–27%) and subhedral alkali 
feldspar (6–11%). Partial chloritization of some biotite is 
evident. These intrusions have an adakitic affinity. 

In addition to the lithogeochemical data, biotite 
chemistry supports a calc-alkaline orogenic affinity. 
Furthermore, a range of Fe-biotite compositions, that fall 
mostly in the re-equilibrated biotite field on the FeOtot + 
MnO - (10*TiO2) - MgO discrimination diagram, confirms 
that both phenocryst and groundmass biotite formed over 
a protracted period in an evolving magmatic-hydrothermal 
system. These data indicate primary or modified primary 
igneous biotite compositions as well as hydrothermally 
generated compositions. Plagioclase in the BMGS is mostly 
anorthite, which is indicative of Ca-metasomatism. Quartz 
is released and anorthitic feldspar is formed in solid solution 
in plagioclase: 2(K,Na)AlSi3O8 + Ca2+ → CaAl2Si2O8 + 4SiO2 
+ 2K(Na)+

The composition of iron and titanium oxide minerals
is between magnetite and ilmenite. Magnetite is a common 
accessory phenocryst and is stable over a wide range 
of conditions in igneous rocks and in a diversity of ore 
deposit types. An initially oxidized I-type magma can 
generate features of ilmenite-series (reduced) intrusions if 
the magma is subsequently emplaced into rocks with low 
redox potential. The presence of pyrrhotite in some samples 
is an indicator of increasing fH 2S with decreasing T of the 
hydrothermal fluid. The formation of ilmenite exsolutions 
is controlled by the oxidation of ulvospinel at temperatures 
above the magnetite-ulvospinel solvus: (6Fe2TiO4 + O2 → 
2Fe3O4 + 6FeTiO3). In the BMGS, hydrothermal alteration is 
widespread and commonly zoned on the deposit scale, as well 
as around individual veins and fractures. Porphyry deposits 
commonly exhibit an inner potassic zone characterized by 
K-feldspar and/or biotite, thence outward into a zone of
phyllic alteration (quartz, pyrite, and phengite), and finally
an outer most zone propylitic alteration (epidote, chlorite,
and carbonate); sulphides and biotite form along micro-
fractures, with the chalcopyrite-pyrite mineralization (up
to 5%, with molybdenite), occurring as disseminations
in potassically altered upper part of the cupolas and is
consistent with the mineralization and alteration of the
potassic zone of many porphyry systems.
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The Annual Technical Meeting was held virtually on February 21 and 22, 2022, from various home offices, dens, and bedrooms 
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The aim of this project was to acquire Sub-Bottom 
Imager (SBI) and magnetometer data to identify shallow 
sub-surface geohazards, particularly potential Unexploded 
Ordinances (pUXOs). The Sub-Bottom Imager, developed 
by PanGeo Subsea, is a novel system that provides high-
resolution near-surface investigations with real-time 3D 
imaging. Its novelty relies on the combination of near-
field beamforming with synthetic aperture sonar (SAS) 
processing tools, and the use of an Inertial Navigation 
System (INS) that allows for accurate source and receiver 
positioning and orientation. PanGeo’s SeaKite deployment 
method was used to equip and acquire the SBI and magnetic 
data simultaneously. The survey area was 2480 m by 150 m, 
and the geological composition was primarily fine-grained 
sand or silt. Initial processing involved identification 
and interpretation of acoustic anomalies suggestive of 
pUXOs. This interpretation included associated attributes 
such as location, depth of burial, shape, and size meeting 
the minimum criteria of 0.60 m by 0.30 m. The magnetic 
processing was completed using the UXO Marine extension 
of Oasis Montaj, and targets were picked using the analytical 
signal (nT/m) grid. A target list was compiled with the 
information of target_ID, easting, northing, altitude, 
anomaly amplitude, and depth to target. Together with 
the target list, the residual field (nT) maps of magnetic 
anomalies displaying their shape and amplitude were used 
to correlate with the acoustic anomalies. Specifically, the 
SBI data was assessed for the presence of acoustic anomalies 
at the provided magnetic anomaly locations, and these 
correlations were delivered to the offshore renewable energy 
developer. Utilizing our results, the energy developer 
was able to assess the risk associated with these pUXOs 
and plan to safely remove them as deemed necessary.

combining high resolution seismic sub-bottom imagery 
with magnetometer data to identify potential UXOs: a 

case study off the Danish coast

Stephanie M. Abbott, Maria Kotsi, Ryan Laidley, 
and Jacques Y. Guigne

PanGeo Subsea, A Kraken Robotics Company, St. John’s, 
Newfoundland and Labrador A1G 1A1, Canada

Coastal erosion can be a serious issue requiring accurate 
observations in order to evaluate vulnerable areas and 
determine the subsequent actions to address this problem. 
The Town of Bay Bulls, about 29 km south of St. John’s, 
Newfoundland, has coastal areas prone to erosion, and an 
important aim for the Town municipality is to reinforce 
these areas to avoid future road collapse. The Cliff site is over 
Northside Road, near the northwest end of the bay on the 
side of a steep incline, facing the marine terminal. The road 
here was widened in the 1960s, involving the construction 
of a wooden retaining wall infilled with earth materials. 
Slumping of the road surface and outward displacement of 
some parts of the wall are observed today.

Two geophysical methods were employed to image the 
surface and subsurface of the vulnerable stretch of road 140 
m long. The methods were ground penetrating radar (GPR) 
and direct current resistivity/induced polarization (DCR/
IP). A GPR investigation was carried out to examine about 
a 5-metre depth of subsurface. The GPR survey used 250 
antennae, providing useful information about the shallow 
underground structure. GPR results of the Cliff area depict 
the subsurface wooden braces for the wall, culverts, and 
bedrock.

To thoroughly assess an area’s vulnerability, it is 
essential to evaluate the deeper subsurface using DCR 
method. Combining two different DCR configurations, 
Schlumberger-Wenner and Dipole-Dipole, helped us 
achieve a two-dimensional model to a depth of about 17 
m. Two overlapped DCR profiles were performed along the
north side of Northside Road in the Cliff area.

Geophysics over a vulnerable cliff-side road, Bay Bulls, 
newfoundland, canada

Marzieh Arshian and Alison Leitch

Department of Earth Sciences, Memorial University 
of Newfoundland, St. John’s, Newfoundland and  

Labrador A1B 3X5, Canada

St. John’s urban flooding – The Rennies River  
experience: can we or should we try to tease  

modern global change phenomena from city- 
orchestrated urbanization (building and paving)?

Elliott Burden

Department of Earth Sciences, Memorial University 
of Newfoundland, St John’s, Newfoundland and 

Labrador A1B 3X5, Canada

The Rennies River watershed, a small network of streams 
and ponds draining a little more than 30 km2 in St. John’s, 
Newfoundland, has a history and prehistory extending 
back to end of the last ice age.  Throughout most of that 
time the river has behaved as a misfit s tream fed from a 
marshy landscape perfectly adapted to our boreal oceanic 
climate. Late 19th and early 20th century agriculture had 
a modest impact on improving river fitness with much 
more sediment entering Quidi Vidi Lake, but air photo 
coverage from the mid 20th century indicates that the large 
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Using fluoride analysis in till to assist in  
identifying the bedrock potential for critical 
minerals in central newfoundland, canada

Heather Campbell1, Steve Amor2, Zsuzsanna 
Magyarosi1, Chris Finch1, and Rosauro Roldan1

1. Geological Survey, Department of Industry, Energy and
Technology, Government of Newfoundland and Labrador,
St. John’s, Newfoundland and Labrador A1B 4J6, Canada;

2. Geological Consultant, St. John’s, Newfoundland
and Labrador A1A 3C5, Canada

Fluoride analysis has successfully located previously 
unrecognized mineralization associated with Li-Cs-Ta 
(LCT) pegmatites in sandy, bouldery, variably eroded, and 
dispersed till overlying granite and metasedimentary rocks 
in the Snowshoe Pond region of the Meelpaeg Subzone in 
central Newfoundland. Fluoride, measured by Ion Selective 
Electrode (ISE) analysis, is a component of the analytical 
suite for till-geochemical samples in the province of 
Newfoundland and Labrador. In central Newfoundland, 
fluoride in till is thought to be derived from apatite that 
typically occurs in LCT pegmatites (up to 5%). Fluoride 
anomalies in till samples are more effective in defining the 
extent and locale of the underlying pegmatites than other 
geochemical indicators associated with mineralization 
(e.g., Cs, Li, Nb), as the fluorine-bearing apatites are: (1) 
relatively abundant in the source rocks, and (2) sufficiently 
resistant to reside in dispersed and eroded tills. Based 
on this study, the use of fluoride analysis in till is highly 
recommended in other areas with potential for rare 

The Valentine Gold Project, located in central 
Newfoundland, is a structurally-controlled orogenic gold 
deposit consisting of quartz-tourmaline-pyrite-Au (QTP-
Au) veining hosted in the Valentine Lake Intrusive Suite 
(VLIS; 575–565 Ma). The VLIS lies in unconformable contact 
with the Silurian-aged Rogerson Lake Conglomerate (RLC) 
along the NE-SW trending Valentine Lake Shear Zone 
(VLSZ). Five phases of Acadian-aged deformation have 
been identified on the property, with gold mineralization 
associated with up to four orientations of QTP-Au veining, 
the dominant set being SW-dipping, and infilling extensional 
brittle fractures. Individual extensional fractures, as 
exposed at surface, can have a lateral extent of up to 50m.

The project currently hosts five deposits with mineral 
resource estimates, two of which, Leprechaun and 
Marathon, form the basis of an open-pit mining proposal 
currently undergoing provincial and federal environmental 
assessment. Once operational, the Valentine Gold Project 
is expected to produce approximately 2 million ounces of 
gold over a 13-year life, with an average gold production 
of 173 000 ounces a year for the first 9 years. This makes 
it the largest undeveloped gold project in Atlantic Canada.

Current exploration is focused on the newly discovered 
Berry Deposit. At Berry, as well as at Leprechaun, gold 
mineralization within the QTP veins appears controlled 
by large-scale (>20 m) mafic dykes which run sub-parallel 
to the VLSZ, causing the mineralization to accrete in a 
concentrated band between these dykes and the Rogerson 
Lake Conglomerate to the SE. The Marathon deposit, which 
is the largest deposit currently on the property, hosts much 
more irregular, discontinuous mafic dykes. This appears 
to dictate a broader distribution of brittle deformation 
and QTP-Au veining, at a modestly lower average grade.

The Valentine Gold Project is a large scale, bulk-
mineable gold deposit of a type generally new to 
Newfoundland. Understanding the genesis of the 
project’s multiple mineral deposits, the detailed structural 
and geological controls on mineralization, and the 
similarities and differences of one deposit to the next, 

marshlands of the Ken Brook and Yellow Marsh Brook 
tributaries basically remained intact until more recent times. 
The city’s own poster board displayed on the Rennies River 
trail shows a river flood in 1948. In 1986, and now some 
years after Ken Brook and Yellowmarsh Brook wetlands 
were being developed a significant late fall rainfall event 
led to flooding of many downstream homes and the “Mall”. 
By the early 2000s, when hurricanes Gabrielle and 
Igor indeed touched upon Newfoundland shores, 
climate researchers were beginning to sound the alarm 
about global change. And so too, development of the 
upland marshlands continued. During our most recent 
event – a rainfall/snow melt upon frozen ground, can 
we really blame climate change, or is this a function of 
our growing lack of wetlands to absorb precipitation?
I am not a lawyer, and there may yet be other 
issues at play if flooding is not simply explained as 
a random act of nature. Solutions are possible, but 
none are without costs to people and governments.

element mineralization. More studies are being conducted 
to assess the potential of fluoride in till in exploring 
for other types of deposits, such as rare earth elements 
(REE) that are also typically associated with F-rich rocks.

A review of the structural controls on  
mineralization at the Valentine Gold Project, 

central newfoundland, canada

Nic Capps

Marathon Gold Corporation, 36 Lombard Street, 
Toronto, Ontario M5C 2X3, Canada
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Soil property measurements to determine carbon (C) 
stocks are traditionally collected using physical samples or 
excavation practices which rely on small scale interpretations 
for sitewide averages. Such methods are limited in capturing 
soil distribution and landscape variance across heterogenous 
forests, as seen in estimates of 384 ± 214 Pg C in the top 1 
m of Canadian forest soils and 1500–2400 Pg C globally at 
30 cm deep.

Ground penetrating radar (GPR), a continuous, non-
destructive geophysical tool for measuring subsurface 
reflection patterns, can expand boreal forest soil 
investigations past limited spatial scales. We have 
demonstrated through soil sampling and GPR surveying 
in Pynn’s Brook, Newfoundland, Canada, at small pit 
(<1000 m2) and large plot (>1000 m2) scales that GPR 
measurements of soil horizon thickness, bulk density, and 
C stocks observe landscape trends across a hillslope site not 
previously captured by soil sampling methods.

GPR measurements across landscape scales suggest 
variable mineral soil horizon thickness sitewide (±4 cm) 
with thicker horizons accumulating downslope, following 
expected sediment transport and deposition mechanics. 
Soil bulk density measurements by GPR were consistently 
lower than soil estimates which suggests that traditional 
methods may overestimate soil content due to sampling 
bias. These differences in soil horizon thickness and bulk 
density measurements contributed to lower soil C stock 
calculations by the GPR method across scales. Overall, 
analogous GPR measurements for sitewide soil C stocks 
showed that increasing spatial data capture across gradients 
like a hillslope can significantly impact interpretations 
of sitewide soil and thus C content. As such, GPR’s high 
resolution spatial sampling (5 cm sampling interval) and 
sitewide data collection capabilities expanded previous soil 
and C estimates to incorporate measurements across the full 
slope for a better understanding of landscape soil trends.

Predictive lithology mapping using machine 
learning: practical insights

Michael W. Dunham1,2, Alison Malcolm1, 
and J. Kim Welford1

1. Department of Earth Sciences, Memorial University
of Newfoundland, St. John’s, Newfoundland and

Labrador A1B 3X5, Canada; 
2. Goldspot Discoveries Corporation, Toronto,

Ontario M5E 1K3, Canada

A popular use for machine learning in the mineral 
exploration industry is predictive mapping, where remote 
sensing data are combined with our limited observations 
on the ground to make lithology predictions for an entire 
region of interest. These machine learning predictions 
can produce a starting geologic map or enhance existing 
geologic maps. Over the past decade, supervised learning 
(SL) methods have become the common approach for 
predictive lithology mapping. In essence, SL methods 
learn a relationship between the co-located remote sensing 
observations and training targets (e.g., lithologies from 
outcrops, grab samples, etc.) in order to make predictions 
for where the lithology is unknown. Arguably, the biggest 
challenge with these problems is that the amount of training 
data is inherently limited (e.g., minimal outcrop exposure), 
which can lead to a phenomenon called overfitting; this 
translates to the SL model generalizing poorly to the data 
where the lithology is unknown (i.e., the unlabeled data). 
Semi-supervised learning (SSL) is a different machine 
learning approach that is better designed for these minimal 
training data situations. The advantage of SSL techniques is 
that they incorporate all the information (i.e., the training 
data and all the unlabeled data) during the learning process, 
which can provide improved predictions compared to SL 
methods.

We explore the effectiveness of SSL methods using a 
dataset from New South Wales, Australia, where the geologic 
map, and radiometric and magnetic data are provided. We 
simulate multiple exploration scenarios where the a priori 
knowledge of lithology is limited, and the task is to predict 
the lithology for the remaining majority of the map. Our 
results show that SSL can be 5–10% more accurate than SL, 
which means that lithology predictions from SSL can further 
reduce our risk when identifying exploration targets.

is key to the further discovery and development of 
additional large scale gold projects across the island. Ground penetrating radar observes forest hillslope soil 

trends in Pynn’s Brook, newfoundland, canada
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and Susan Ziegler1
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During the Carboniferous, the assembly of the 
supercontinent Pangea periodically reactivated strike-
slip faults and shear zones that transect the northern 
Appalachian orogen. These strike-slip deformation zones 
represent crustal-scale tectonic boundaries that likely 
originated in association with Paleoproterozoic rifting 
of the paleo-Laurentian margin and have long-lived and 
complex kinematic histories. Their periodic reactivation 
controlled the evolution of the transtensional sedimentary 
basins of the region. The continuous interplay between 
the lithospheric plates, their subcontinental lithospheric 
mantle, and surficial processes (i.e., oceanic/riverine, 
biological, atmospheric, gravitational, erosional) controlled 
the development of the Deer Lake Basin (DLB) in western 
Newfoundland. The Saltwater Cove Formation of the DLB 
is a late Tournaisian deltaic succession where sedimentation 
was interrupted by minor intervals of basalt flows and 
pyroclastic deposits. The basalt samples have E-MORB 
(enriched mid-ocean ridge basalt) to OIB (ocean island 
basalt) chemical affinities, i.e., enriched LREE to HREE, and 
have εNd(t=345 Ma) values between +2.8 and +6.4. Pyroclastic 
deposits include mafic lapilli tuff and intermediate tuff, and 
have compositions similar to CAB (continental arc basalt), 
with steep LREE relative to HREE patterns, negative Nb and 
Ti anomalies, and have εNd(t=345 Ma) ranging from -6.1 to -1.0. 
Geochemical variation within the mafic rocks is explained 
by an E-MORB source variably influenced by crustal 
contamination processes. Coupled with field evidence, the 
geochemical and isotopic data support their emplacement 
in a transtensional, intra-orogenic basin setting that 
formed during the assembly of Pangea. Their m oderately 
primitive chemistry supports the interpretation that faulting 
associated with transtensional basin development facilitated 
asthenosphere upwelling via edge-driven convection.

Volcanism associated with edge-driven 
convection preserved in the Deer lake  

Basin, newfoundland, canada

Alana M. Hinchey, Ian Knight, Hamish A. Sandeman, 
and John G. Hinchey

natural cO2 sequestration and mineralization in the Bay 
of islands Ophiolite complex, newfoundland, canada

Matthew J. Gill and Penny L. Morrill

Department of Earth Sciences, Memorial University 
 of Newfoundland, St. John’s, Newfoundland and  

Labrador A1B 3X5, Canada

The high reactivity and unique chemistry of ophiolites 
make them ideal sites for carbon mineralization. At elevated 
pH values, dissolved CO2 in the water can dissociate to form 
CO3

2- ions which readily bonds with Mg2+ and Ca2+ which 
are present in ophiolite groundwater. While this process 
has been proposed as a unique method to combat climate 
change the kinetics of these reactions and the impact that 
they could have on the atmosphere has not been quantified 
experimentally.

Experiments reported here were performed on rocks from 
the Bay of Islands Complex (BOIC) an ophiolite in Western 
Newfoundland. Crushed rock (<7 mm) was combined with 
simulated basic and ultra-basic groundwaters in a closed-
batch chamber. A CO2 analyzer was connected to the 
chamber headspace which monitored CO2 concentrations 
over a 4-hour period. Conductivity, pH, ion concentrations, 
and total inorganic carbon (TIC) were measured before 
and after each observation. A total of 6 experiments were 
completed (in triplicate), one for each water type with and 
without the addition of crushed peridotite.

In all experiments, except for the control group, the CO2 
concentration decreased in the chamber headspace over 
the four-hour period. The addition of crushed ultramafic 
rock to deionized water had a CO2 flux of -1.26 × 10-5 mol/
m2min (±4.5 × 10-6 mol/m2min, 1σ, n = 3). Basic waters and 
deionized water with rock had similar CO2 fluxes while ultra-
basic waters had the greatest CO2 flux of all experiments at 
-7.05 × 10-5 mol/m2min (±1.4 × 10-6 mol/m2min, 1σ, n = 3).
The data here suggest that ultramafic rock in the presence
of H2O can sequester carbon dioxide. At a greatly elevated
pH (>12), some of the CO2 removed from the headspace
precipitates out of solution as solid carbonate minerals. Our
results indicate that this process could have a substantial
impact on the Earth’s atmosphere.

critical minerals in newfoundland and  
labrador: a review of concepts and a  

preliminary inventory of potential resources

Andrew Kerr

Department of Earth Sciences, Memorial University 
of Newfoundland, St. John’s, Newfoundland and  

Labrador A1B 3X5, Canada

Critical Minerals is now a widely used phrase in the 
Minerals Industry, but it is hardly a new concept. During the 
Cold War, critical minerals were initially defined as materials 
important to national objectives that might encounter 
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Reconstructing the southern north Atlantic Ocean back 
through time using deformable plate tectonic models*

Michael King and J. Kim Welford
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The offshore rifted margins of the southern North Atlantic 
Ocean have been demonstrated to have a complex present-
day crustal structure comprised of sedimentary basins, 
inherited structures, variable basement affinities, and 
continental blocks. Consequently, this has led to challenges 
when studying the crustal evolution of the southern North 
Atlantic. In particular, the kinematic history of continental 
blocks (e.g., Flemish Cap) and micro-plates (e.g., Iberia) 
and their subsequent impact on strain-partitioning during 
poly-phase rifting experienced along the Newfoundland, 
Irish, and West Iberian margins. Recently, deformable plate 
tectonic models, built using the GPlates software, have 
proven to be an advantageous method for investigating 
the interplay between plate kinematics and deformation 
experienced throughout the North Atlantic. Furthermore, 
their ability to calculate temporal variations in strain rate 
and crustal thickness provides a quantitative method of 
comparison with present day crustal thickness estimates 
calculated by gravity inversion and interpretations made 
from offshore seismic and well data. However, previous 
deformable plate models of the North Atlantic have included 
assumptions that are geologically problematic. Examples 
of assumptions include, but are not limited to, the rigid 
nature of continental blocks and model boundaries, and the 
specification of uniform crustal thicknesses within pre-rift 
templates.

In this study, we present a new deformable plate modelling 
approach using GPlates and its python programming 
module, pyGPlates, which aims to address these limitations 
by reconstructing present-day crustal thicknesses back 
through time. Using previously published and newly 
presented models, our results demonstrate the pre-rift 
crustal thickness template of the southern North Atlantic 
and the crustal thickness evolution of continental blocks and 
sedimentary basins within. In addition, this study highlights 
the potential impact of Appalachian and Caledonian terrane 
boundaries on the crustal segmentation observed within 
pre-rift templates and subsequent rift events.

*Honourable Mention: Outstanding Student Presentation Award

supply disruptions by military or political conflicts, but the 
term is now much broader. Canada has a list of 31 critical 
minerals, but this includes several with widespread global 
production and some (e.g., nickel, uranium, and potash) 
that we produce ourselves. There is limited supply risk for 
these, but they are important to the economy.

All present lists of critical minerals feature commodities 
linked to the much-heralded Energy Transition. These 
include cobalt, lithium, manganese, nickel, graphite, and 
vanadium (for batteries in electric vehicles and energy-
storage systems), the Rare Earth Elements (REE: for high-
strength magnets in EV motors and wind-turbines) and 
some truly rare elements (e.g., cadmium, germanium, 
gallium, indium and tellurium) used in high-efficiency 
photovoltaic (solar) energy systems. Some of these (e.g., 
cobalt and the REE) are important in more than one sector 
or have other diverse applications in modern technology. 
Although some are primary commodities, many critical 
minerals (e.g., cobalt and “photovoltaic” elements) are by-
products.

Exploration and development for many critical minerals 
will likely be very different from what we are used to. Future 
trends are hard to predict because end-use technology 
evolves on a scale of years, but exploration and development 
typically takes decades. There is much research aimed 
at material substitutions, which can quickly change 
requirements. Conversely, optimistic projections predicated 
on new research may be derailed if such innovations cannot 
be commercialized. Forecasts of demand growth made 
on a percentage basis often obscure the reality that global 
production of some commodities will remain small in 
absolute terms, which limits options for new producers. The 
geometallurgy of some such deposits (notably for REE) is 
complex, so custom process development adds another layer 
of cost and risk to any new project.  Valuable by-product 
commodities are commonly extracted during smelting or 
refining, which may be in another jurisdiction. Finally, if 
such new operations are claimed to have climate mitigation 
benefits, their own environmental and energy footprints 
will require careful auditing.

Setting aside these multiple uncertainties, Newfoundland 
and Labrador has a promising inventory of known and 
potential critical minerals resources, including nearly half 
of the entries on Canada’s current list. In Labrador, nickel 
and copper are produced at Voisey’s Bay, and its by-product 
cobalt will be increasingly important. Significant manganese 
and uranium resources exist elsewhere in Labrador, and the 
Strange Lake Deposit is a world-class undeveloped resource 
of REE and associated elements. Other smaller REE and Be 
resources may also have future importance. Newfoundland 
hosts important antimony and fluorite producers, and also 
undeveloped resources of molybdenum and tungsten. Our 
knowledge of the abundance of other critical minerals 
such as graphite, lithium and vanadium is more limited, 

but our varied geology implies that potential exploration 
environments exist in both regions of the Province.
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The global cycling of dissolved elements from land to sea 
is broadly controlled by relative element solubility and bulk 
crustal element abundance, as reflected in the geochemical 
signatures of major rivers. However, smaller rivers and 
streams within a catchment that contain predominantly 
one lithological rock type can provide a more detailed 
reconstruction of the biogeochemical factors governing 
the soil-to-aquatic transport of elements. Dissolved low 
abundance trace and ultra-trace elements (UTEs) within 
the freshwaters draining these smaller, monolithological 
catchments are especially powerful tools that can be used as 
indicators to link anomalous signatures to geological (e.g., 
mineralization, rock provenance) or anthropogenic point 
sources. Due to analytical challenges in quantifying UTEs in 
natural water, studies that contain full UTE characterization 
in monolithological catchments are rare, consequently 
resulting in poor understanding of the abundance and 
biogeochemical cycles of many element groups such as rare 
earth elements (REE), Zr, Nb, Mo, W, and Tl.

This study aims to characterize UTEs in rivers/streams 
in three areas, each with a different predominant bedrock 
lithology: Northern Ireland, UK (mafic volcanic rock); 
Bay of Islands, Newfoundland and Labrador (NL) (mafic-
ultramafic plutonic rock); and St. Lawrence, NL (evolved 
felsic plutonic rock). Selected geochemical signatures of the 
Northern Ireland samples that cover standalone streams and 
a freshwater-to-seawater estuary transect will be the focus of 
this presentation. These results demonstrate that freshwaters 
draining mafic volcanic rock, despite being low in UTE 
abundance, develop consistent and geologically controlled 
signatures that diverge from major river patterns, with some 
signatures (e.g., REE patterns) being unexpectedly coherent, 
for particle-reactive elements, across wide salinity gradients. 
The NL study sites are part of a planned sampling excursion 
in 2022, with samples to be measured in the new low-
metal clean laboratory facility at Memorial University and 
resulting in a dataset, the first of its kind, for NL freshwaters.

lithological controls on freshwater dissolved  
ultra-trace element signatures: examples from 

small catchments in northern ireland and  
newfoundland and labrador, canada

Gabrielle M. Ledesma1, Michael G. Babechuk1, 
and Saskia E. Ryan2
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The Signal Hill Group consists of the youngest 
Neoproterozoic strata in the Newfoundland Avalon Zone. 
It records sedimentation coeval with the ca. 560–555 Ma 
Avalonian orogeny, defined by local deformation of West 
Avalonia, including metamorphism, faulting, and folding 
coinciding with the shutdown of arc magmatism and 
initiation of local extensional magmatism. The Signal Hill 
Group provides a record of clastic progradation during the 
Avalonian Orogeny, details of which can resolve the near-
surface effects and kinematics of deformation. At the base of 
Signal Hill, the Gibbet Hill Formation and overlying Quidi 
Vidi Formation record southward progradation of a sandy 
delta front environment dominated by mouth bars and 
distributary channel networks. Structural and stratigraphic 
evidence suggests blind faulting, folding, unconformity 
development, and basin reconfiguration between these units, 
supported by locally intense soft-sediment deformation 
along their contact. Conformably overlying the Quidi 
Vidi Formation are gravelly braided fluvial deposits of the 
Cuckhold Formation, recording amalgamation of alluvial 
channel belts with overall coarsening-up to pebble-cobble 
conglomerate followed by fining-up to pebbly sandstone. 
In the northern (proximal) Signal Hill basin, subsequent 
folding of the Signal Hill Group coincided with erosion that 
locally removed the Cuckhold Formation, with subsequent 
onlap of gravelly braded fluvial growth strata of the Flatrock 
Cove Formation. Here, progressive fault propagation then 
resulted in a change from braided channel belt to alluvial fan 
floodplain conditions. Conversely, in the southern (distal) 
part of the Signal Hill basin, the Cuckhold Formation 
is conformably overlain by the Blackhead Formation, 
recording anomalous overbank mudstone preservation 
under conditions of high sediment accommodation. It is 
not understood if or how these post-Cuckhold proximal 
and distal events were related; however, it is possible that 
renewed thrust propagation and orogenic loading led to 
proximal deformation and growth stratification coincided 
with reciprocal foredeep subsidence and preservation of 
overbank strata farther south.

The Signal Hill Group: a record of fluvio-deltaic 
response to progressive neoproterozoic  

deformation during the Avalonian Orogeny

David G. Lowe1, Santiago Serna Ortiz1, Andrea 
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li-cs-ta pegmatites in newfoundland, canada
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Pegmatites are a significant source of several critical 
elements including REE, Li, Cs, Ta, and Nb, and also a 
source of gemstones, high-quality feldspar, quartz and mica. 
Most economic pegmatites are derived from evolved granites 
with numerous magmatic phases representing varying 
degrees of fractionation. In the late stages of 
crystallization of the main granite, a residual melt enriched 
in incompatible elements, such as Li, Cs, REE, Nb, Ta and 
volatiles, separates and crystallizes as pegmatite dykes.

Based on their trace element enrichments, pegmatites 
are subdivided into Li-Cs-Ta (LCT) and Nb-Y-F (NYF) 
types. NYF pegmatites are associated with A-type 
granites, are enriched in REE and occur within their 
parent granite. LCT pegmatites are usually associated 
with S-type granites, having formed as a result of 
anatexis of metasedimentary rocks, and occur in the 
surrounding rocks up to ~10 km from the parent 
granite. The degree of fractionation is directly correlated 
with their economic potential and increases with 
increasing distance from the parent granite. LCT 
pegmatites are located along major tectonic boundaries, 
typically within metasedimentary dominated areas, where 
the grade of metamorphism ranges between greenschist 
and amphibolite facies. The host rocks are metasomatized 
around the pegmatite dikes with elevated Li, Rb, Cs, B 
and F contents and the occurrence of minerals such as 
tourmaline, holmquistite, muscovite and garnet.

In Newfoundland, the Gander Zone and surrounding 
areas represent an ideal geological setting for LCT 
pegmatites and show many similarities to the well-
known pegmatite fields in the Superior Province. 
Pegmatites have been identified in central Newfoundland, 
but their economic potential has only recently been 
recognized. Further exploration should include till and 
bedrock sampling to identify fertile granites and 
metasomatic alteration associated with unexposed 
pegmatites, and mapping metamorphic grades to identify 
the contact metamorphic aureole from underlying 
intrusions. Once fertile granites or pegmatites are 
identified, further work should concentrate on 
determining fractionation trends with whole-rock and 
mineral chemistry.

computer modelling of electromagnetic and direct-
current resistivity data for mineral exploration

Xushan Lu1,2, Colin Farquharson2, 
and Peter Lelièvre1

1. Department of Mathematics and Computer Science, Mount
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of Newfoundland, St. John’s, Newfoundland 
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Three-dimensional (3D) computer geological models 
created by integrating various types of geological, 
geophysical, and geochemical datasets are widely used 
in mineral exploration projects to help find and delineate 
ore deposits. Electromagnetic (EM) and direct-current 
resistivity (DCR) methods are extensively used geophysical 
methods in mineral exploration, and they are becoming 
increasingly more important as exploration requires more 
accurate imaging at depth. Forward and inverse modelling 
of EM and DCR data can help refine the 3D geological 
model which is then used for drill targeting. Consequently, 
it is of vital importance to be able to perform the modelling 
accurately and efficiently. Realistic geological models can be 
complex, with topography and irregular geometric interfaces 
between distinct geological units. Traditional modelling 
algorithms which use structured rectilinear meshes to 
discretize realistic geological models can be inaccurate 
unless extremely small cells are used to discretize the model, 
which inevitably leads to poor modelling efficiency.

We have developed numerical algorithms for the forward 
and inverse modelling of various types of geophysical data 
including EM and DCR data using unstructured tetrahedral 
meshes. Compared with rectilinear meshes, unstructured 
meshes can more faithfully conform to complex geometric 
features in the geologic model and topography. The 
modelling efficiency is also significantly better because local 
refinements in key regions of the geological model can be 
easily introduced while keeping the total number of cells 
small. To facilitate the process of mesh creation, we have 
also developed software (FacetModeller) to create wireframe 
models representing arbitrarily complex geological models 
within a graphical user interface environment.

We have applied our modelling codes to real EM and 
DCR datasets, and to realistic, challenging test scenarios 
representing a range of ore deposit types and hosts. Our 
computer modelling algorithms have been shown to be 
accurate and efficient, and can greatly contribute to a better 
understanding of subsurface geology.
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The northwest Gander region has a complex glacial history 
influenced by multiple ice flows including an ice streaming 
event, and marine incursion as ice retreated during 
deglaciation. This complexity is identified in landforms, 
surface morphology, and underlying stratigraphy. The 
regional ice-flow chronology is identified by relative age 
relationships found at multidirectional striation sites. It 
indicates that the region was influenced by three phases of 
ice flow: Phase (1) an early east-southeast flow; Phase (2) a 
pervasive north to northeast flow that is also recorded by 
streamlined landforms; and Phase (3) a local northwest flow 
observed in the northwestern part of the study region.

Surficial units include till, organic deposits, glaciofluvial 
sediments (particularly in the Gander River Valley and its 
tributaries), and sparse marine sediments near the coast and 
along the Gander River. Till is the most dominant surficial 
unit identified. It has a varying thickness (1–5 m) and is 
thinner towards the coast. It forms different morphologies, 
including veneers, blankets, ridges, and hummocky, eroded, 
lineated (streamlined) or glaciotectonized till. Subglacial 
till is typically more useful for delineating mineral dispersal 
than other till types.

Preliminary investigations have exposed multiple till 
units (e.g., three till units were identified at one site in 2021) 
and provided insight into their stratigraphic relationships, 
although their lateral extent is unknown. The upper two 
tills were identified in 30% of sites visited during the 2021 
field season, indicating that multiple-till preservation is 
more widespread than previously thought. The uppermost 
unit varies in thickness from 30–90 cm, which may have 
implications for mineral exploration using till geochemistry; 
knowledge of till units and their stratigraphic relationships 
are paramount when conducting sampling programs. Future 
work includes continued detailed mapping and examining 
the textural, mineralogical, and geochemical variation of 
each regional till unit through laboratory analyses, pebble 
counts, and mineral indicator studies. This future work 
will assist in providing constraints on material transport 
distances in a subglacial regime.
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Assessing the cO2 sequestration potential of 
serpentinized ultramafic rocks of Baie Verte, 

newfoundland, canada*

Timilehin A. Oguntuyaki and Penny L. Morrill

Department of Earth Sciences, Memorial University of 
Newfoundland, St. John’s, Newfoundland and  

Labrador A1B 3X5, Canada

The increasing need to mitigate the effects of climate 
change has necessitated CO2 sequestration using ultramafic 
rocks. Despite numerous studies on the use of ultramafic 
rocks, highly altered forms of these rocks in Baie Verte have 
not been assessed for their potential to sequester CO2. This 
study focused on using serpentinized ultramafic rocks of the 
Baie Verte Oceanic Tract (BVOT) to trap atmospheric CO2 
and potentially use it to mineralize carbonate.

Rocks from the BVOT, which primarily comprise 
peridotites with compositions ranging from serpentinized 
mantle harzburgite to dunite, were crushed into two 
sample groups of distinct grain sizes; crushed rock (CR) 
and powdered rock (PR), each of which was reacted with 
two water types; deionized (DI) water and magnesium-
rich water, and a known concentration of CO2 in a LiCor 
Flux Chamber and CO2 Gas Analyzer for 4 hours. Water-
only experiments were also conducted in the same manner 
for the two types of water. After the 4-hour experiments, 
observations were made for the change in concentration 
of CO2 in the system, changes in dissolved ions (Mg2+) 
concentration, and change in Total Inorganic Carbon (TIC).

Results showed that CO2 concentration in the system 
decreased in all experiments; 300 g of CR + 300 mL of Mg-
rich water had the most significant average CO2 sequestration 
rate of 1.69×10-7 ± 1.40×10-8 mole/min. The DI water + PR 
experiment also had the most significant increase in TIC 
(about 9.8 ppm of carbon) after 4 hours of reaction. The DI 
water-only experiments had the slightest decrease in CO2 
concentration and the lowest change in TIC.
  The change in CO2 concentration results suggests that 
serpentinized ultramafic rocks in BVOT could sequester CO2, 
while the TIC and dissolved ion analyses showed that the 
rocks could convert the sequestered CO2 into more 
stable carbonates.

*Winner: Outstanding Student Presentation Award

Quaternary mapping and stratigraphy of northwest 
Gander, newfoundland, canada, and implications for 

regional ice dynamics and mineral exploration

Jennifer S. Organ1, Daniela Mendoza-Marin2 and 
Heather E. Campbell1
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topographic controls on soil organic carbon 
in moist boreal forest mineral soils*

Mackenzie Patrick, Zach Gates, and Susan Ziegler

Department of Earth Sciences, Memorial University 
of Newfoundland, St. John’s, Newfoundland and  

Labrador A1B 3X5, Canada

Boreal forests contain ~30% of the global soil organic 
carbon (SOC) stock within a region vulnerable to climate 
change, yet detailed studies on the controls of this large 
reservoir are lacking. In these moist acidic soils, soil forming 
processes link C dynamics and chemical weathering via 
organo-metal complexes (OMC), which are important 
weathering products that stabilize C in the surface mineral 
soil. At the continental scale, climate and parent material 
control OMC abundance, but within a climate region, the 
influence of slope on hydrological and erosional processes 
may impact OMC formation and stability, and subsequently 
SOC content.

To investigate the role of topography on SOC, changes in 
particulate and dissolved organic carbon (POC and DOC, 
respectively) were measured experimentally using soil 
columns built from mineral horizon soils collected from 
different depth and slope positions within an experimental 
watershed in the Pynn’s Brook region of Newfoundland. The 
gentle-sloped (6°) upslope soils had greater SOC and OMC, 
while the steeper (12°) downslope soils had higher bulk 
density and sand, consistent with a footslope depositional 
zone. Dissolved organic matter, a primary source of SOC to 
these mineral soils, was collected in passive pan lysimeters 
and applied to the experimental soil columns. Uptake of C 
was dependent on the degree to which OMC were saturated 
with SOC, where undersaturated deep horizons sequestered 
more C while saturated surface soils exhibited little change. 
The footslope had greater POC loss while upslope was 
relatively stable. Overall, vertical flow promoting OMC 
formation-controlled SOC content and C uptake in the 
gentle-sloped soils, while lateral flow and depositional 
processes of erosion dominated in steeper soils resulting in 
less OMC, easily mobilized POC, and consequently, lower 
SOC. These results highlight the importance of slope on 
SOC content through interacting hydrological and erosional 
processes, and the high potential for C uptake at depth in 
these forest landscapes.

*Winner: Outstanding Student Presentation Award

Stable isotope Precipitation Sampling (SiPS): 
determining the local meteoric water line using 

seasonal precipitation samples across the  
island of newfoundland, canada*

Kendra R. Revoy, Michael G. Babechuk, 
and Penny L. Morrill

Department of Earth Sciences, Memorial University 
of Newfoundland, St. John’s, Newfoundland and  

Labrador A1B 3X7, Canada

The aim of this study, known as the Stable Isotope 
Precipitation Sampling (SIPS) project, was to define 
a local meteoric water line (LMWL) for the island of 
Newfoundland using seasonal precipitation samples 
gathered during the 2021 calendar year. Meteoric water 
lines are linear relationships of the stable isotope values of 
hydrogen (H) and oxygen (O), derived empirically from 
isotopic measurements of precipitation in a defined region. 
Stable isotope values of H and O in meteoric waters vary 
with latitude, temperature, or any combination of these and 
other factors. This leads to variations in reported slope and 
intercept values for different geographic locations. While 
LMWLs have been calculated for the Corner Brook and 
the Bay d’Espoir regions, Newfoundland lacks a line that 
represents the whole island.

For this study, samples were collected through a 
community science network facilitated between Memorial 
University and the Newfoundland and Labrador English 
School District (NLESD). High school science students 
across Newfoundland’s three primary regions (Eastern, 
Central, and Western) collected recent precipitation, 
recorded accompanying weather conditions, and applicable 
geographic information. The samples and field data were 
sent to Memorial University to arrange for isotopic analysis. 
While samples are still being received, to date, the H and O 
isotope data (n = 21) are well described by linear regression 
(r2 = 0.9864) of δ2H = 7.4919(δ18O) + 5.5348.

The development of a unique slope and intercept for 
Newfoundland will allow for more accurate interpretations 
of water samples on the island, including those used for 
environmental, meteorological, or climatological studies. 
Unlike previous LMWLs from Corner Brook and Bay 
d’Espoir that address H-O isotopic variability in a specific 
area and/or over a long time period, the island-wide 
LMWL being reconstructed for this study allows for further 
evaluation of how factors such as latitude and temperature 
control variability on a wider spatial scale.

*Winner: Outstanding Student Presentation Award
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An overview of geochronological constraints on  
gold mineralization on the island of newfoundland, 

canada, and their implications

Hamish Sandeman1 and Ian Honsberger2

1. Geological Survey, Department of Industry, Energy and
Technology, Government of Newfoundland and Labrador, St. 

John’s, Newfoundland and Labrador A1B 4J6, Canada;  
2. Geological Survey of Canada, Ottawa, Ontario

K1A 0E8, Canada

ATLANTIC GEOSCIENCE · VOLUME 58 · 2022   53

Although gold exploration on the island of Newfoundland 
started in the early 1900s, it did not gain significant 
momentum until the 1977 discovery of gold along the Cape 
Ray Fault Zone. Exploration in the late 1980s and 1990s 
led to many new discoveries; however, until the recent 
exploration boom only a select few gold-related projects had 
been episodically explored. These were largely restricted to 
the known auriferous areas of western Newfoundland and 
on the Avalon Peninsula.

The emerging Newfoundland gold district contains 
numerous gold occurrences spatially associated with 
Paleozoic crustal-scale fault zones and their subsidiaries. 
These encompass a number of mined deposits and 
developed prospects having variably developed resources, 
and include: (1) Pine Cove Mine (3.63 Mt at 1.3–2.0 g/t for 
154 132 oz Au mined); (2) Valentine Lake (~86 Mt at 1.72 
g/t Au for ~4.7 Moz Au, measured and indicated); (3) Cape 
Ray (3.5 Mt at 3.15 g/t for 0.918 Moz Au; measured and 
indicated); (4) Reid Zone (9.75 Mt at 0.56 g/t for 176 000 
oz Au, indicated); (5) Nugget Pond Mine (0.43 Mt at 10.5 
g/t, 168 748 oz mined); (6) Hammerdown Mine (291 400 t 
at 15.83 g/t Au for143 000 oz Au mined); (7) Rattling Brook 
(5.46 Mt at 1.45 g/t for 255 000 oz; indicated); (8) Mosquito 
Hill (4.47 Mt at 0.53 g/t for 75 600 oz Au, indicated); (9) 
Thor (0.357Mt at 3.19 g/t for 36 600 oz Au, indicated); (10) 
Argyle (0.529 Mt at 1.99 g/t for 33 850 oz Au, probable) and; 
(11) Stog’er Tight (191 500 oz at 2.39 g/t for 14 740 oz Au,
probable). In addition to these deposits there are numerous
other, in some cases newly discovered, gold discoveries in
the central Newfoundland Appalachians including, for
example, those associated with the Queensway, Moosehead,
Kingsway and Toogood exploration projects; extensive
drilling is underway on these targets.

This contribution summarizes current geochronological 
constraints on gold mineralization on the Island, evaluates 
their type and dependability and discusses their implications 
with respect to our current knowledge of the timing, and 
broad kinematics, of the geotectonic controls on orogenesis 
and mineralization. Future research must emphasize the 
integration of diverse datasets, including regional and local 
geological observations, ore parageneses, fluid inclusion 

analyses, stable and radiogenic isotopic analyses, sulphide 
trace element analyses, geochronological studies, and ore-
host rock lithogeochemical investigations to better con-
strain the origin of the individual gold mineralized zones.

Application of ore deposit models for critical mineral 
assessments: examples from Maine, USA

John F. Slack

U.S. Geological Survey (Emeritus), National Center, 
MS 954, Reston, Virginia 20192, USA

This talk highlights the use of descriptive and genetic 
models, together with grade-tonnage data, in assessing the 
potential for undiscovered deposits that contain critical 
minerals and metals. Emphasis is on areas of known 
deposits having high potential, including sediment-hosted 
Mn, magmatic Ni-Cu(-Co-PGE), and pegmatitic Li-Cs-Ta. 
Also briefly discussed is the potential for other deposit types 
such as ophiolite-hosted PGE, orogenic Sb(-Au), and skarn 
W, and black shale-hosted V.

Seeking hot and cold water in the Sandıklı graben, turkey

Fethi Tayfun Turanlı and Alison Leitch

Department of Earth Sciences, Memorial University 
of Newfoundland, St. John’s, Newfoundland and  

Labrador A1B 3X5, Canada

The country formerly known as Turkey has extensive 
geothermal and agricultural resources. It lies within 
the Alpine–Himalayan orogenic belt, and its interior is 
characterized by rugged mountainous terrain interspersed 
with cultivated valleys. It’s generally high elevation, recent 
volcanism, and high heat flow is attributed to delamination 
of the mantle lithosphere about 10 Ma, and subsequent 
upwelling of the asthenosphere and crustal anatexis.

The Sandikli graben, west central Anatolia, is one of 
the largest agricultural areas in the region and features 
1500 wells tapping fresh water from shallow aquifers for 
domestic and agricultural use. It is also the site of the Hudai-
Sandikli geothermal field, which provides heat to spas and 
greenhouses from 23 deeper thermal wells.

We analyzed data from geophysical resistivity surveys 
covering an area of 36 km × 10 km and extending to 1 km 
depth in the Sandikli graben, including the geothermal 
field. The aim was to characterize the subsurface 
structure throughout the graben, looking for hot and
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cold aquifers and for fault structures which may be related 
to the upward transfer of geothermal waters. Low 
resistivity values are generally associated with aquifers, 
and large changes with faults.

We found resistivity near the surface followed topography 
and drainage patterns, and that known faults produced 
varied results. Low resistivity layers, signifying aquifers, 
were common, although limited in horizontal extent to 1 or 
2 km. Raw data in the geothermal field showed large jumps 
which may be a characterizing feature. We discovered the 
limitations of the data set: without additional data (e.g., 
well temperatures, heat flow) we could not determine the 
temperature of the aquifers.
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Regional shear zones and faults in the Baie  
d’Espoir Group, south central newfoundland 

Appalachian orogen, canada

Anne Westhues

Geological Survey, Department of Industry, Energy and 
Technology, Government of Newfoundland and Labrador, St. 

John’s, Newfoundland and Labrador A1B 4J6, Canada

The Bay d’Espoir area straddles the boundary between 
rocks traditionally assigned to the Dunnage (Exploits 
Subzone) and Gander zones in Newfoundland (equivalent 
to the Tetagouche-Exploits Backarc Basin (BAB) and 
the Gander margin of the microcontinent Ganderia,

respectively). The contact between the Baie d’Espoir 
Group (Exploits‒BAB) and the Little Passage Gneiss 
(Gander margin) was originally mapped as a thrust in 
early studies of the St. Alban’s map area. However, wide 
mylonite zones and mylonitic fabrics reported along 
coastal outcrops of Bay d’Espoir indicate a ductile shear 
zone with a sinistral sense of shear. In the St. Alban’s map 
area, the contact is often expressed as a topographic 
depression and a change in lithology and metamorphic 
grade over a relatively short distance. Rocks of both the 
Baie d’Espoir Group and the Little Passage Gneiss are 
mylonitized for several hundred metres or more, which 
supports the interpretation of a ductile shear zone. This 
zone is fairly well traceable in a detailed airborne 
geophysical survey.

Another prominent magnetic lineament relating to a 
potentially regional fault zone is the stark contrast between 
Salmon River Dam (low) and St. Joseph’s Cove (high) 
formations of the Baie d’Espoir Group. In the northwest 
of the St. Alban’s map area, part of this sharp contrast 
coincides with the Salmon River Dam Fault. However, this 
feature continues to the northeast for more than 50 km and 
connects with a fault in the Hungry Cove Pond map area, 
representing the contact between the North Steady Pond 
and St. Joseph’s Cove formations of the Baie d’Espoir Group. 
Along this fault, small bodies of sheared serpentinizied 
peridotite are exposed. The lithological and tectonic 
relationships along this magnetic lineament require further 
examination, especially in the Twillick Brook map area, but 
it potentially represents a large-scale structure within in the 
Baie d’Espoir Group.
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ABSTRACT

Successions of Jurassic strata located in the Arctic region normally yield rich assemblages of terrestrially-
derived and marine palynomorphs, reflecting relatively warm air and sea-surface temperatures. The land plant 
floras were prone to the development of local communities and regional provincialism, whereas the marine biotas 
thrived across extensive open marine areas with high productivity, resulting in the rapid evolution of dinoflagellate 
cysts (dinocysts) following their earliest fossil record in the Triassic. Dinocysts exhibit low taxonomic richness 
and provide low biostratigraphic resolution throughout the Lower Jurassic sections. By contrast, they are diverse 
in Middle and Upper Jurassic strata where they provide excellent biostratigraphic markers for correlating and 
dating both surface and subsurface sections. Over twenty formal and informal biozonations based on the first 
and last occurrences of dinocysts have been erected in Alaska, Arctic Canada, the Barents Sea region, Greenland 
and northern Russia, many of which are correlated with macrofossils, including ammonites, that occur in the 
same sections. This paper presents a compilation of 214 Jurassic palynostratigraphic events (118 first occurrences 
and 96 last occurrences) that have regional chronostratigraphic value in the Circum-Arctic, based on their 
published records. Each event is correlated with the base of a chronostratigraphical unit (including formal stages 
and sub-Boreal ammonite zones), or as an estimated percentage above the base of the chronostratigraphical unit 
relative to the entire unit. The relationships of each event to stages and key fossil zonal schemes is shown on 
chronostratigraphic plots using the 2020 version of TimeScale Creator®.

RÉSUMÉ

Les successions de strates jurassiques dans la région de l’Arctique recèlent normalement de riches assemblages de 
palynomorphes d’origine terrestre et marins reflétant les températures relativement chaudes de l’air et à la surface 
de la mer.  Les flores de plantes terrestres étaient susceptibles de favoriser l’épanouissement de communautés 
locales et d’un provincialisme régional, alors que les biotes marins se développaient sur de vastes secteurs 
marins ouverts à un rythme de productivité élevé, ce qui a entraîné l’évolution rapide de kystes de dinoflagellés 
(dinokystes) d’après leur plus récents enregistrements fossiles au cours du Trias. Les dinokystes affichent une faible 
richesse taxonomique et produisent une faible résolution biostratigraphique dans toutes les sections du Jurassique 
inférieur. Par contre, ils se diversifient dans les strates du Jurassique moyen et supérieur, où ils représentent 
d’excellents repères biostratigraphiques pour la corrélation et la datation de sections de surface et de subsurface. 
Plus d’une vingtaine de biozonations officielles et officieuses basées sur les premières et dernières manifestations de 
dinokystes ont été établies en Alaska, dans l’Arctique canadien, dans la région de la mer de Barents, au Groenland 
et dans le nord de la Russie, lesquelles sont dans de nombreux cas corrélées avec des macrofossiles, notamment 
des ammonites, présents dans les mêmes sections. Le présent article présente une compilation de 214 phénomènes 
palynostratigraphiques du Jurassique (118 premières manifestations et 96 dernières manifestations) ayant une 
valeur chronostratigraphique régionale dans la région circumarctique, d’après les documents pertinents publiés. 
Chaque phénomène est corrélé avec la base d’une unité chronostratigraphique (notamment les stades et les zones 
d’ammonites subboréales officielles), ou sous forme d’un pourcentage estimatif au-dessus de la base de l’unité 
chronostratigraphique par rapport à l’ensemble de l’unité. Les liens entre chaque phénomène et les stades et 
principaux mécanismes zonaux fossiles sont illustrés dans les schémas chronostratigrapiques au moyen de la 
version de 2020 de TimeScale Creator®.
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INTRODUCTION

This article is a contribution to the Circum-Arctic Pal-
ynological Events (CAPE) project, providing a scheme of 
selected bioevents for the Jurassic Period. The Jurassic ex-
tended from 201.36 to 143.10 Ma according to the timescale 
of Gradstein et al. (2021). The Jurassic Period is divided into 
three epochs, Early Jurassic, Middle Jurassic (with a base at 
174.70 Ma) and Late Jurassic (with a base at 161.53 Ma).

The present Jurassic compilation will be added to others 
from the CAPE series of articles in Atlantic Geology (now 
Atantic Geoscience), which will contribute ultimately (when 
all articles in the series are complete) to the “CAPE data-
pack” in TimeScale Creator® (TSC; https://timescalecreator. 
org/index/index.php) and thus can be used with other data 
in TSC to make plots such as that shown in Figures 1–9. 
The latter diagrams include age calibrations in millions of 
years ago (Ma) according to the 2020 version of TSC and in 
Gradstein et al. (2021). Similar compilations for the Early, 
Middle and Late Jurassic are provided in the Supplementary 
Data (see URL links after References). The main Jurassic 
locations discussed in this paper are shown in Figure 10.

The events compiled herein include last occurrences 
(LOs), first occurrences (FOs), and some abundance events. 
Their relationship to other fossil zonal schemes is shown 
in Figures 1–9. Where possible, each event is correlated 
with the base of a chronostratigraphic unit, for example a 
Sub-Boreal ammonite zone or a formal stage. If the event 
is not equivalent to the base of such a unit, then an estima-
tion is given as a percentage above the base of the chrono-
stratigraphic unit relative to the entire unit. Details of how a 
biostratigraphic datapack is constructed in TSC from such 
information are given in Bringué et al. (in press).

PALYNOSTRATIGRAPHY

Background

The transition from the Triassic to the Jurassic at 201.36 
Ma was followed over time by major changes in the con-
tinental configuration, seaway connections and climate. 
Pangaea fragmented and North America drifted away from 
Africa, the North Atlantic Ocean opened, and major tec-
tonic changes led to transgressions over extensive shelf and 
land areas in the circum-Arctic region (Blakey 2021). These 
profound changes brought about the development of vari-
ous phytogeographic marine and terrestrial provinces, with 
diachronous originations and extinctions, and the evolution 
of endemic taxa. During the Jurassic, significant radiations 
of marine taxa occurred, principally dinoflagellate cysts 
(dinocysts) which became more diverse and abundant. As 
a consequence, biostratigraphic ranges and biozonations  
established in the formal or proposed stage type areas in the 
Tethyan and Sub-Boreal realms may be based on species not 
found in the Boreal/Arctic Realm or defined by species that 
may have diachronous stratigraphic ranges within different 

biogeographic provinces. Equally, palynostratigraphic zona-
tions defined in the Boreal Realm may not be readily appli-
cable farther south.

There have been several Jurassic palynostratigraphic zo-
nations established which are based on records from differ-
ent areas in the Arctic region. Several of them are calibrated 
to established Boreal and Sub-Boreal ammonite zonations, 
but some discrepancies and uncertaincies still exist with 
respect to correlation to the latest Geological Time Scale 
(Gradstein et al. 2021). In the present study, the first and 
last occurrences of the listed species calibrated to the 2020 
Geological Time Scale are shown in Figures 1–9.

Jurassic dinocysts of the Canadian Arctic and Alaska

In the Canadian Arctic, the first biostratigraphic zonation 
for the Jurassic based on dinocysts was from the Sverdrup 
Basin (Johnson and Hills 1973). This landmark study com-
prised four range-zones, four range-subzones, one concur-
rent range-zone and one peak-zone, and was established on 
three sections of the Savik and Awingak formations on Axel 
Heiberg, Bjarnason and Ellesmere islands (Fig. 10). In gen-
eral, these sections were characterized by poor preservation 
and low species richness. This material was also described 
by Johnson (1974). Subsequently, Pocock (1976) presented 
a preliminary zonation for the uppermost Jurassic to Lower 
Cretaceous of the Canadian Arctic based on material from 
the Awingak and Deer Bay formations on Amund Ringnes 
Island (Fig. 10), and Tan and Hills (1978) documented the 
dinocyst succession of the Ringnes Formation (Oxfordian–
Kimmeridgian), calibrated with ammonite faunas.

A more comprehensive dinocyst zonation of the Jurassic 
and Lower Cretaceous successions in the Sverdrup Basin 
was defined by Davies (1983), who erected 17 Oppel zones. 
Twelve of these Oppel-zones (A–L) cover the Jurassic part 
of the succession. Comparisons of the zonations of Johnson 
and Hills (1973) and Davies (1983) were made by Davies 
(1983) and Smelror and Below (1992). The latest contribu-
tion on the dinocyst zonation of the Canadian Arctic was 
by Ingrams et al. (2021). These authors studied the Upper 
Jurassic and Lower Cretaceous (Oxfordian–lower Valangin-
ian) succession of the Rollrock section, northern Ellesmere 
Island, a largely complete and expanded section for which 
they established seven dinocyst biozones. Their zones H to 
L/M cover the Oxfordian to Tithonian interval and have 
substantial calibration to macrofossil biostratigraphy.

Several other publications have recorded Jurassic dino-
cysts from Arctic Canada, but no additional formal zo-
nations have been proposed. These works include Bride-
aux (1975, 1976), Brideaux and Myhr (1976), van Helden 
(1977), Pocock (1980), Poulton et al. (1982), Poulton 
(1989),and Pimpirev and Pavlishina (2005a, b)..

By contrast with the Canadian Arctic, the literature on 
Jurassic dinocysts from Alaska is relatively sparse. The most 
detailed publication, by Wiggins (1973), is a comprehensive 
systematic treatment of the family Pareodiniaceae from the 
Middle Jurassic to Early Cretaceous of northern and south- 

https://timescalecreator.org/index/index.php
https://timescalecreator.org/index/index.php
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ern Alaska. Albert et al. (1986) made a later taxonomic 
contribution, but other records in the public domain are ab-
stracts (e.g., Wharton 1988), doctoral dissertations (e.g., 
Albert 1988), and unpublished reports (e.g., Bjærke 1993; 
Witmer et al. 1981).

Jurassic dinocysts of northern Russia

In Russia, a Boreal Lower–Middle Jurassic dinocyst bio-
stratigraphy was published by Ilyina et al. (1994) and subse-
quently presented in Zakharov et al. (1997). This dinocyst 
zonation was later refined by Riding et al. (1999) and Shury-
gin et al. (2000), and the ages of some of the biostratigraphic 
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units have been revised in light of new data on index spe-
cies from sections in northern East Siberia (Nikitenko et al. 
2011; Goryacheva 2017).

The uppermost Pliensbachian to upper Toarcian of 
northern East Siberia was studied by Riding et al. (1999), 
who subdivided the interval into three dinocyst biozones, of 
which one is subdivided into two interval subbiozones. Lat-
er Ilyina et al. (2005) presented a Middle and Upper Jurassic 
dinocyst zonation comprising 11 interval zones for the Bo-
real zonal standard scheme in Zakharov et al. (1997), with 
new data on the dinocyst stratigraphic distributions for the 
Callovian to Volgian strata of West Siberia. The material for 
these studies was obtained from a study of the Tyumenska-
ya superdeep well (SDW-6; Ilyina et al. 2005). This zona-
tion was correlated to time-equivalent Callovian to Volgian 
dino cyst zonations of West Siberia, the Russian Platform 
and northwestern Europe by Ilyina et al. (2005).

Riding et al. (1999) also included a comprehensive record 
from the Jurassic and lowermost Cretaceous of the Russian 
Platform. In parts of the Jurassic, the dinocyst assemblages 
from northeast Siberia exhibit significant provincial differ-
ences from those of the Pechora Basin (Meledina et al. 1998; 
Riding et al. 1999); consequently, the assemblages from, 
and the zonation of, the Russian Platform are not further 
discussed herein. References to additional publications on 
Jurassic dinocysts from Siberia can be found in Riding et al. 
(1999), Ilyina et al. (2005) and Riding (2019).

Pestchevitskaya et al. (2011) identified a series of Volgian 
to Berriasian palynostratigraphic events based on a sub-
stantial database. The data comprises material from Nordvik 
on the Laptev Sea coast (Nikitenko et al. 2008; Nikitenko et 
al. 2011); the Severo-Vologochanskaya-18 well at the mouth 
of the Yenisei River and the Zapadno-Purpeiskaya-710 well 
in northwestern Siberia (Beisel et al. 2002); the River Yatriya 
in the Subarctic Urals (Lebedeva and Nikitenko 1998, 1999); 
and Kashpir located in the middle reaches of the River Vol-
ga (Riding et al. 1999; Harding et al. 2011). Of particular 
relevance herein are the data from the several outcrops on 
the Nordvik Peninsula (Nikitenko et al. 2008; Nikitenko 
et al. 2011; Pestchevitskaya et al. 2011). Pestchevitskaya et 
al. (2011) compared their results to existing palynological 
data from America, Antarctica, Australia and Europe using 
first and last appearances of selected key species and evolu-
tionary trends of dinocyst floras. They defined four correla-
tive horizons in the Volgian and Berriasian, thus providing  
interregional correlation of the dinocyst successions.

In an integrated study of the Jurassic and Cretaceous of 
the Anabar Bay area on the Laptev Sea coast, Nikitenko et al. 
(2013) provided a comprehensive review of the Jurassic and 
Cretaceous dinocyst zones of pan-northern Siberia correlat-
ed to the Boreal ammonite standard and to coeval belem-
nite, bivalve, ostracod and spore–pollen (miospore) zones. 
Due to lack of data, these authors defined no dinocyst zones 
for the Hettangian to Pliensbachian and Aalenian to Batho-
nian intervals. Later, Nikitenko et al. (2017, 2018a) made 
comprehensive studies of the Jurassic–Cretaceous paralic 
successions of the New Siberian Islands based on dinocysts, 

foraminifera, ostracods, and miospores.
Nikitenko et al. (2015a, b) described the dinocyst bio-

stratigraphy and paleoecology of the upper Oxfordian to 
middle Volgian interval of the Paksa section in Nordvik. 
These studies provided comprehensive information on the 
Upper Jurassic marine microfloras of the Laptev Sea region 
compared to previous works such as Ilyina (1986, 1988). Ni-
kitenko et al. (2018b) also studied rich dinocyst assemblages 
from the Volgian–Hauterivian of the River Olenek region 
of northern Siberia. The investigations of Nikitenko et al. 
(2015a, b; 2018b) included detailed biozonations based on 
the dinocyst assemblages, specifically FOs and LOs of key 
geographically widespread species that are also recorded 
from North America, northwest Europe and the Russian 
Platform. The dinocyst zones were all calibrated against bio-
stratigraphic scales based on ammonites and foraminifera.

Jurassic dinocysts of the Barents Sea and Svalbard

In the Barents Sea area and Svalbard, dinocyst zonations 
covering the whole or parts of the Jurassic include Bjærke 
(1977), Smelror and Below (1992), Dalseg et al. (2016) and 
Rismyhr et al. (2019). Bjærke (1977) introduced an infor-
mal palynomorph zonation scheme comprising associa-
tions A–F for the uppermost Triassic (Rhaetian) to Lower 
Cretaceous of Kong Karls Land. Smelror and Below (1992) 
proposed a dinocyst zonation for the Toarcian to lower Ox-
fordian of the Barents Sea region. This zonation comprises  
seven dinocyst zones and is based on the stratigraphic dis-
tribution of ninety Toarcian to early Oxfordian dinocyst 
species from outcrops from Svalbard and Franz Josef Land, 
as well as from boreholes in the Nordkapp and Hammerfest 
basins. Dalseg et al. (2016) introduced a scheme of informal 
dinocyst zones for the Upper Jurassic and Lower Cretaceous 
of central Spitsbergen. Rismyhr et al. (2019), a major work 
on the palynology and sedimentology of the Late Triassic 
(Carnian) to Middle Jurassic (Callovian) of west-central 
Spitsbergen, established ten composite assemblage zones 
based on palynomorphs, six of which are based on dinocysts 
(Rismyhr et al. 2019, fig. 3).

In addition to the works cited above, several other studies 
treat the dinocyst biostratigraphy of the Barents Sea region, 
most of which have ranges calibrated to ammonite zones, 
but lack formal palynological zonation schemes. These in-
clude Bjærke et al. (1976), Thusu (1978), Bjærke and Dyp-
vik (1977), Bjærke (1980a, b), Dypvik et al. (1985), Smelror 
(1988a, 1991, 1994), Wierzbowski and Århus (1990), Smelror 
et al. (1998, 2018), Wierzbowski et al. (2002), Smelror and 
Dypvik (2005), Koevoets et al. (2018), Olaussen et al. (2018) 
and Turner et al. (2019).

Jurassic dinocysts of Greenland

Jurassic marine faunas (e.g., ammonites and bivalves) and 
microfloras of Greenland are more similar in overall character  
to Boreal faunas, than to, for example, those of Sub-Bore-
al northern Europe. Several comprehensive palynological  
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In their comprehensive review of the Jurassic and Creta-
ceous stratigraphy of the Anabar Bay area on the Laptev Sea 
coast, Nikitenko et al. (2013) presented a review of the Ju-
rassic and Cretaceous miospore zones of Arctic Siberia cor-
related to the Boreal ammonite standard and to coeval bel-
emnite, bivalve, ostracod and dinocyst zones. Twenty-one 
zones were defined covering the Early and Middle Jurassic, 
and five zones were established for the Late Jurassic. No 
mio spore zones were erected for the middle Oxfordian and 
Kimmeridgian to middle Volgian (Nikitenko et al. 2013).

Further investigations have contributed to the miospore 
zonation of the Jurassic of northern Russia. Four miospore 
zones were proposed for the upper Oxfordian to middle 
Volgian of Arctic Siberia based on analysis of terrestrially 
derived palynomorphs from the Nordvik (Paksa) section by 
Nikitenko et al. (2015a, b). Two miospore zones were lat-
er defined for the Volgian to lowermost Berriasian of the 
Olenek River section (Nikitenko et al. 2018b). The bioevents 
used for the definition of the boundaries of Siberian mio-
spore zones are mainly applicable to local to sub-regional 
correlations.

Dzyuba et al. (2018) proposed the first formal biostra-
tigraphy for the upper Volgian to lower Ryazanian of the 
Northern Urals, defining two miospore zones. In addition 
to regional correlations, the key taxa from the upper Volgian 
interval enabled these authors to make a biostratigraphic 
comparison with coeval successions of terrestrially derived 
palynomorphs from Australia.

Jurassic miospores of the Arctic excluding Russia

No miospore zonations have been established for the Ju-
rassic of the Barents Sea. Lund and Pedersen (1985), Kop-
pelhus and Dam (2003) and Koppelhus and Hansen (2003) 
used pollen, spores and dinocysts, to subdivide the Lower 
and Middle Jurassic successions of northeast Greenland. 
In the most detailed of these studies, Koppelhus and Dam 
(2003) identified four assemblage zones (AZ1–4) for the 
Pliensbachian of Jameson Land.

There are several records, including some relatively com-
prehensive accounts, of Jurassic miospores from the Can-
adian Arctic (e.g., Davies 1983 and references therein). 
Detailed descriptions of various assemblages have been 
reported, but formal zonations are lacking. Galloway et 
al. (2013) applied a multivariate statistical approach to 
long-ranging miospore taxa from the Aalenian to the Albian, 
and defined four palynomorph assemblages in the Hoodoo 
Dome H-37 well drilled on southern Ellef Ringnes Island, 
near the centre of the Sverdrup Basin. They also 
characterized their as-semblages in terms of Middle Jurassic 
to Early Cretaceous pan-hemispherical paleoclimate events.

ARCTIC JURASSIC PALYNOEVENTS

   A summary of the following events in spreadsheet format 
is provided as Appendix B. All taxon names with authors are 

contributions from Greenland have been published (e.g., 
Sarjeant 1972; Fensome 1979), although not all of them 
include zonation schemes. Studies with biozonations in-
clude the unpublished doctoral thesis by Piasecki (1980) 
on Milne Land and his subsequent publication (Piasecki 
1996). Other publications on Jameson Land include those 
by Poulsen (1985), Smelror (1988b) and Milner and Piasec-
ki (1996). Smelror (1988b) defined six dinocyst zones and 
five subzones for the upper Bathonian to lower Oxford-
ian successions of East Greenland. The proposed dinocyst 
zones were all correlated to the ammonite zonation for this 
region (Callomon and Birkelund 1980). Contributions on 
Jurassic dinocysts from northeast Greenland include Pias-
ecki et al. (2004a) on Hold with Hope, Piasecki and Stem-
merik (2004) on Hochstetter Foreland, and Piasecki et al. 
(2004b) on Store Koldewey. These papers document the 
dinocyst distributions calibrated with relatively few Batho-
nian to Kimmeridgian ammonite records, but lack a unify-
ing palynological zonation scheme. Other relevant papers 
on the Jurassic dinocysts of Greenland include Pocock and 
Sarjeant (1972), Håkansson et al. (1981), Lund and Peders-
en (1985), Poulsen (1991), Piasecki (2001), Koppelhus and 
Dam (2003), Koppelhus and Hansen (2003), Kelly et al. 
(2015).

Jurassic miospores of northern Russia

Whereas dinocysts have proved to be reliable biostrati-
graphic markers for the marine Middle and Upper Juras-
sic throughout the Circum-Arctic, correlations and relative 
age assessments based on miospores are frequently used for 
Lower and Middle Jurassic non-marine strata. The Boreal 
standard presented by Zakharov et al. (1997) incorporated 
the Lower and Middle Jurassic (excluding Callovian) mio-
spore palynostratigraphic scheme for Siberia published by 
Ilyina (1985). This Boreal standard does not contain data 
on terrestrially derived palynomorphs for the Upper Juras-
sic (Zakharov et al. 1997). Subsequently, a palynozonation 
for the Lower and Middle Jurassic (excluding the Callovian) 
for Western Siberia was published by Gurari and Moguche-
va (2004). A succession of palynostratigraphic units for the 
uppermost Middle Jurassic (Callovian) and Upper Jurassic 
of northeastern Siberia based on the studies of key sections 
of Jurassic marine sediments was established by Shurygin 
et al. (2000). The study areas for that major work were the 
coast of Anabar Bay, the banks of the River Anabar, Bol’shoi 
Begichev Island, the lower reaches of the River Lena, and the 
Nordvik Peninsula.

Miospore palynostratigraphic units are well defined for 
the Callovian–Oxfordian and middle–upper Volgian, where-
as assemblages from the Kimmeridgian, lower Volgian,  
and part of the middle Volgian in northeastern Siberia have 
been barely studied. The Callovian to Volgian miospore 
units have been calibrated against local ammonite faunas. 
The proposed zonation by Ilyina (1985, 1988) and Shurygin 
et al. (2000) covers a virtually continuous succession of six 
palynostratigraphic units.
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listed in Appendix A. Events that occur at the Triassic/Juras-
sic boundary were defined in Mangerud et al. (2021) and are 
grouped below in the LO of Sverdrupiella mutabilis. Appen-
dix C includes the Beechey Point State 1 reference well plus 
three other reference wells reproduced from Mangerud et 
al. (2021): Fireweed 1 (offshore northern Alaska), Klondike 
OCS-Y-1482 (Chukchi Sea) and Romulus C-67 (Sverdrup 
Basin) as they include the Triassic/Jurassic boundary. All 
palynoevents are shown in Figures 1–9.

LO of Sverdrupiella mutabilis 
and other taxa listed below

Sverdrupiella mutabilis has a longer stratigraphic range 
than other species of Sverdrupiella. The LO is based on its 
occurrence relative to miospore LOs in the Fireweed 1 well, 
offshore northern Alaska, the Klondike OCS-Y-1482 well in 
the Chukchi Sea and the Romulus C-67 well in the Sverdrup 
Basin, plus outcrops and wells documented by Mangerud et 
al. (2021).

The LO of the spore genus Aratrisporites occurs at the 
Triassic/Jurassic transition, within the Heiberg Formation, 
in the Sverdrup Basin (Felix 1975; Suneby and Hills 1988) 
Vigran et al. (2014) also listed several species of Aratri
sporites with LOs at the top of the Triassic. Paterson and 
Mangerud (2015) recorded several Aratrisporites species 
in their uppermost samples from the Svenskøya Formation 
on Hopen, including Aratrisporites scabratus, Aratrisporites 
laevigatus, Aratrisporites macrocavatus and Aratrisporites 
tenuispinosus. Mangerud et al. (2021) commented that no 
records of Aratrisporites occur younger than Triassic in the 
circum-Arctic region.

Suneby and Hills (1988) reported the LO of common 
Limbosporites lundbladiae at the top of their Limbosporites 
lundbladiae–Ricciisporites tuberculatus Zone and tentatively 
suggested its age as latest Norian or early Rhaetian. Vigran et 
al. (2014) reported the LO of common Limbosporites lund
bladiae as an intra-Rhaetian event. Paterson and Mangerud 
(2015) defined their Limbosporites lundbladiae–Quadraecu
lina anellaeformis Assemblage from the Svenskøya Forma-
tion and recorded common Limbosporites lundbladiae in the 
uppermost part of this unit. Since Limbosporites lundbladiae 
has not been reported from the Jurassic, this LO is inferred 
to coincide with the base of the Jurassic.

The LO of taeniate bisaccate pollen has been reported 
from multiple localities in the Arctic. Vigran et al. (2014) 
used the LO of taeniate bisaccate pollen as a top Triassic 
event. Suneby and Hills (1988) stated that Lunatisporites 
rhaeticus (as Taeniasporites rhaeticus) extends to the top of 
the Triassic in the Sverdrup Basin. Lunatisporites rhaeticus 
was also recorded by Felix (1975) and Paterson and Man-
gerud (2015), the latter authors recording it as a single spec-
imen in their uppermost sample from the Norian–Rhaetian 
Svenskøya Formation on Hopen.

The LOs of Sverdrupiella mutabilis, Aratrisporites, com-
mon Limbosporites lundbladiae, and taeniate bisaccate pol-
len are taken as the base of the ammonite Psiloceras planor

bis Zone (i.e., at the base of the Hettangian).

LO of Dapcodinium priscum

The LO of Dapcodinium priscum occurs within the am-
monite Arnioceras semicostatum Zone in the Barents Sea 
and on Svalbard (Feist-Burkhardt 1994, based on 
Below 1987a, 1990).

The LO of Dapcodinium priscum is taken as the base of 
the ammonite Arnioceras semicostatum Zone (i.e., earliest 
Sinemurian).

FO of Mendicodinium reticulatum

The FO of Mendicodinium reticulatum occurs at the base 
of beds with Mendicodinium spp. in the Middle-Nakynskaya  
360 Borehole, northeastern Siberia, at the base of the am-
monite Asteroceras obtusum Zone and the foraminiferal 
Trochammina inusitata–Turritellella volubilis Zone (Ni-
kitenko 2009; Goryacheva and Nikitenko 2016).

The FO of Mendicodinium reticulatum is taken as the base 
of the ammonite Asteroceras obtusum Zone (i.e., the base of 
the upper Sinemurian).

FO of Valvaeodinium perpunctatum

The FO of V alvaeodinium p erpunctatum occurs at the 
base of the early Pliensbachian as extrapolated from a com-
pilation of Pliensbachian to early Toarcian dinocysts from 
the Tethyan and Boreal realms by Bucefalo Palliani and 
Riding (2003). These authors concluded that Valvaeodinium 
perpunctatum is confined to the early Pliensbachian in the 
Boreal Realm.

The FO of Valvaeodinium p erpunctatum is taken as the 
base of the ammonite Uptonia jamesoni Zone (i.e., the base 
of the early Pliensbachian).

LO of Valvaeodinium perpunctatum

The LO of V alvaeodinium p erpunctatum occurs at the 
base of the late Pliensbachian as extrapolated from a compi-
lation of Pliensbachian to early Toarcian dinocysts from the 
Tethyan and Boreal realms by Bucefalo Palliani and Riding 
(2003), who concluded that Valvaeodinium perpunctatum is 
confined to the early Pliensbachian in the Boreal Realm.

The LO of Valvaeodinium p erpunctatum is taken as the 
base of the ammonite Almaltheus margaritatus Zone (i.e., 
the base of the late Pliensbachian).

FO of Scriniocassis weberi

The FO of Scriniocassis weberi occurs at the base of the 
Toarcian in the Barents Sea area and on Svalbard (Feist-Bur-
khardt 1994, based on data from Below 1987a, b, 1990). 
However, this range base is of late Pliensbachian (ammo-
nite Amaltheus margaritatus Zone) age throughout the  
Sub-Boreal and Boreal relams according to, for example, 
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Dodekovia syzygia, Microdinium opacum and Valvaeodini
um cavum occur at base of Zone B of Davies (1983), which 
was assigned to the Toarcian of the Sverdrup Basin, inter-
preted here as the base of the ammonite Hildoceras bifrons 
Zone.

The FOs of Caligodinium aceras, Dingodinium minutum, 
Dodekovia syzygia, Microdinium opacum and Valvaeodini
um cavum are taken as the base of the ammonite Hildoceras 
bifrons Zone (i.e., the base of the middle Toarcian).

FO of Nannoceratopsis gracilis

The FO of Nannoceratopsis gracilis occurs in the lower 
parts of the ammonite Hildoceras bifrons Zone and the for-
aminiferal Ammobaculites lobus–Trochammina kisselmani 
Zone in the Kelimyar River area, northeastern Siberia (Ni-
kitenko et al. 2013).

The FO of Nannoceratopsis gracilis is taken as 17% up 
from the base of the ammonite Hildoceras bifrons Zone (i.e., 
middle Toarcian).

LOs of Andreedinium arcticum 
and other taxa listed below

The LOs of Andreedinium arcticum, Parvocysta bullu
la, Reutlingia nasuta and Susadinium faustum occur in the 
Toarcian ammonite Porpoceras polare–Pseudolioceras rosen
krantzi Zone on Svalbard (Feist-Burkhardt 1994, based on 
data from Below 1987a, 1990).

The LOs of Andreedinium arcticum, Parvocysta bullula, 
Reutlingia nasuta and Susadinium faustum are taken as 50% 
up from the base of the ammonite Hildoceras bifrons Zone 
(i.e., middle Toarcian).

FOs of Ovalicysta hiata and Scriniocassis priscus

The FOs of Ovalicysta hiata and Scriniocassis priscus oc-
cur in the Toarcian ammonite Porpoceras polare–Pseudolioc
eras rosenkrantzi Zone in the Barents Sea region (Feist-Bur-
khardt 1994, based on data from Below 1987a, 1990).

The FOs of Ovalicysta hiata and Scriniocassis priscus are 
taken as 50% up from the base of the ammonite Hildoceras 
bifrons Zone (i.e., middle Toarcian).

FO of Opaeopsomus wapellensis

The FO of Opaeopsomus wapellensis occurs within dino-
cyst Oppel-Zone B of Davies (1983), which was assigned to 
the Toarcian to early Bajocian in the Sverdrup Basin, inter-
preted here as the base of the ammonite Haugia variabilis 
Zone.

The FO of Opaeopsomus wapellensis is taken as the base 
of the ammonite Haugia variabilis Zone (i.e., the base of the 
late Toarcian).

Morgenroth (1970) and Riding and Thomas (1992).
The FO of Scriniocassis weberi is taken as 50% up from 

the base of the ammonite Amaltheus margaritatus Zone (i.e., 
late Pliensbachian).

FO of Freboldinium regulum

The FO of Freboldinium regulum occurs in the latest 
Pliensbachian ammonite Pleuroceras spinatum Zone on 
Svalbard (Feist-Burkhardt 1994, based on data from Below 
1987a, b, 1990).

The FO of Freboldinium regulum is taken as 50% up from 
the base of the ammonite Pleuroceras spinatum Zone (i.e., 
latest Pliensbachian).

FO of Susadinium scrofoides

The FO of Susadinium scrofoides occurs at the base of di-
nocyst Oppel Zone B of Davies (1983), which was assigned 
to the early Toarcian based on the presence of the marker 
ammonites Dactylioceras commune, Peronoceras spinatum, 
Peronoceras polare and Pseudoleoceras aff. compactile in the 
Sverdrup Basin (Davies 1983). The FO of Mancodinium sem
itabulatum also occurs within the Pliensbachian–Toarcian 
dinocyst Nannoceratopsis deflandrei Zone and the Pliensba-
chian–Toarcian dinocyst Nannoceratopsis deflandrei subsp. 
anabarensis Subzone defined in northern East Siberia by 
Riding et al. (1999), equivalent to the base of the ammonite 
Dactylioceras tenuicostatum Zone. However, van de Schoot-
brugge et al. (2020) reported Mancodinium semitabulatum 
from the upper Pliensbachian of northeast Russia.

The FO of Susadinium scrofoides is taken as the base of the 
ammonite Dactylioceras tenuicostatum Zone (i.e., the base 
of the early Toarcian).

FOs of Phallocysta eumekes 
and other taxa listed below

The FOs of Phallocysta eumekes and Valvaeodinium aq
uilonium occur at the base of the ammonite Harpoceras 
falciferum Zone at the Kelimyar River, northeastern Sibe-
ria. These biovents are within the foraminiferal Ammobac
ulites lobus–Trochammina kisselmani Zone (Nikitenko et al. 
2013). The FO of Rosswangia holotabulata is also placed, 
albeit tentatively, at the base of the ammonite Harpoceras 
falciferum Zone based on regional synthesis of Tethyan to 
Boreal dinocyst events by Goryacheva (2017, fig. 14). The 
latter work incorporated data from Davies (1983, 1985) 
from Arctic Canada.

The FOs of Phallocysta eumekes, Rosswangia holotabulata 
and Valvaeodinium aquilonium are taken as the base of the 
ammonite Harpoceras serpentinum Zone (i.e., early Toar-
cian).

FOs of Caligodinium aceras and other taxa listed below

The FOs of Caligodinium aceras, Dingodinium minutum, 
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LO of Nannoceratopsis deflandrei  
subsp. senex var. C sensu Davies 1983

The LO of Nannoceratopsis deflandrei subsp. senex var. C 
sensu Davies 1983 occurs at base of dinocyst Oppel-Zone C 
of Davies (1983) which was assigned to the Toarcian to Early 
Bajocian in the Sverdrup Basin.

The LO of Nannoceratopsis deflandrei subsp. senex var. 
C sensu Davies 1983 is taken as the base of the ammonite 
Grammoceras thouarsense Zone (i.e., late Toarcian).

FOs of Chytroeisphaeridia chytroeides 
and Valvaeodinium punctatum

The FOs of Chytroeisphaeridia chytroeides and Valvaeo
dinium punctatum occur at base of dinocyst Oppel-Zone C 
of Davies (1983) which was assigned to the Toarcian to early 
Bajocian in the Sverdrup Basin.

The FOs of Chytroeisphaeridia chytroeides and Valvaeo
dinium punctatum are taken as the base of the ammonite 
Grammoceras thouarsense Zone (i.e., late Toarcian).

LO of Phallocysta elongata

The LO of Phallocysta elongata occurs at the top of the 
Toarcian dinocyst Phallocysta eumekes Zone defined in 
northern East Siberia by Riding et al. (1999); this horizon is 
coeval with the top of the ammonite Dumortieria levesquei 
Zone and is overlain by an Aalenian to Bajocian interval in 
northern East Siberian sections devoid of dinocysts (Riding 
et al. 1999).

The LO of Phallocysta elongata is taken as the base of the 
ammonite Pleydellia aalensis Zone (i.e., latest Toarcian).

LO of Mikrocysta erugata

The LO of Mikrocysta erugata occurs close to the base of 
the Aalenian, based on its occurrence near the top of the 
dinocyst Mikrocysta erugata Zone of Smelror and Below 
(1992, fig. 4). This zone was assigned to the Toarcian in the 
Arctic Norway/Barents Sea region.

The LO of Mikrocysta erugata is taken as the base of the 
ammonite Leioceras opalinum Zone (i.e., the base of the 
Aalenian).

FO of Phallocysta thomasii

The FO of Phallocysta thomasii occurs at the base of the 
Aalenian, based on its occurrence close to the top of the 
dinocyst Mikrocysta erugata Zone of Smelror and Below 
(1992, fig. 4), which these authors assigned to the Toarcian 
in the Arctic Norway–Barents Sea region.

The FO of Phallocysta thomasii is taken as the the base of 
the ammonite Leioceras opalinum Zone (i.e., the base of the 
Aalenian).

LO of Ovalicysta hiata

The LO of Ovalicysta hiata occurs in the Toarcian ammo-
nite Porpoceras polare–Pseudolioceras rosenkrantzi Zone in 
the Barents Sea and on Svalbard (Bjærke 1980a).

The LO of Ovalicysta hiata is taken as at 50% up from the 
base of the ammonite Leioceras opalinum Zone (i.e., earliest 
Aalenian).

FO of Evansia granochagrinata

The FO of Evansia granochagrinata occurs in the latest 
Pliensbachian ammonite Pleuroceras spinatum Zone on 
Svalbard (Feist-Burkhardt 1994, based on data from Below 
1987a, 1990).

The FO of Evansia granochagrinata is taken as 50% up 
from the base of the ammonite Leioceras opalinum Zone 
(i.e., earliest Aalenian).

LOs of Freboldinium serrulatum 
and other taxa listed below

The LOs of Freboldinium serrulatum, Mancodinium coali
tum, Mancodinium semitabulatum, Opaeopsomus wapellen
sis, Scriniodinium dictyotum subsp. pyrum and Valvaeodini
um punctatum occur at the base of dinocyst Oppel-Zone D 
of Davies (1983), which was assigned to the early Bajocian. 
The age of this zone was calibrated to the early Bajocian by 
Davies (1983) due to the presence of the ammonite Leio
ceras opalinum near its base on Ellef Ringnes Island (Fig. 
10). This distinctive mollusk is the only age-diagnostic mac-
rofossil in this zone. Strata immediately above this zone at 
Vantage Point, Axel Heiberg Island, have yielded the middle 
Bajocian ammonite Arkelloceras mclearni (Davies 1983).

The LOs of Freboldinium serrulatum, Mancodinium co
alitum, Mancodinium semitabulatum, Opaeopsomus wapel
lensis, Scriniodinium dictyotum subsp. pyrum and Valvaeo
dinium punctatum are taken as the base of the ammonite 
Hyperlioceras discites Zone (i.e., the base of the Bajocian).

LO of Scriniocassis priscus

The LO of Scriniocassis priscus occurs in the Aalenian to 
early Bajocian ammonite Leioceras opalinum–Hyperlioceras 
discites Zone in the Barents Sea and on Svalbard (Feist-Bur-
khardt 1994, based on data from Below 1987a, 1990).

The LO of Scriniocassis priscus is taken as 50% up from 
the base of the ammonite Sonninia propinquans Zone (i.e., 
early Bajocian).

FO of Freboldinium arcticum

The FO of Freboldinium arcticum occurs in the Toarcian 
ammonite Porpoceras polare–Pseudolioceras rosenkrantzi 
Zone in the Barents Sea region and Svalbard (Feist-Bur-
khardt 1994, based on data from Below 1987a, 1990).

The FO of Freboldinium arcticum is taken as 50% up from 
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tallinum occur at the base of dinocyst Oppel-Zone F of 
Davies (1983), which was assigned to the late Bathonian in 
the Sverdrup Basin. No index macrofossils occur in strata 
correlative with Oppel-Zone F. This Oppel-Zone, however, 
is bracketed by the middle Bathonian ammonite Arctoceph
alites elegans in Oppel-Zone E and the early Callovian am-
monite Cadoceras bodylevski in Oppel-Zone G. The age of 
Oppel-Zone F is probably late Bathonian based on the am-
monites Arcticoceras ishmae and Arcticoceras kochi (Davies 
1983). The FOs occuring at this horizon are interpreted to 
occur at the base of the middle Bathonian ammonite Pro
cerites hodsoni Zone.

The FOs of Arkellea teichophera, Atopodinium prostatum, 
Paragonyaulacysta calloviensis, Paragonyaulacysta retiphrag
mata, Rhynchodiniopsis cladophora and Scriniodinium crys
tallinum are taken as the base of the ammonite Procerites 
hodsoni Zone (i.e., middle Bathonian).

LOs of Valvaeodinium aquilonium 
and Wanaea acollaris

The LO of Valvaeodinium aquilonium occurs at base of 
dinocyst Oppel-Zone F of Davies (1983) which was as-
signed to the late Bathonian in the Sverdrup Basin. The LO 
of Wanaea acollaris is coeval with the LO of Valvaeodinium 
aquilonium based on the co-occurrence of these species in 
northern Alaska and the Sverdrup Basin (see the Beechey 
Point State 1 reference well in Appendix C).

The LOs of Valvaeodinium aquilonium and Wanaea acol
laris are taken as the base of the ammonite Procerites hod
soni Zone (i.e., middle Bathonian).

LOs of Nannoceratopsis gracilis 
and Rosswangia holotabulata

The LOs of Nannoceratopsis gracilis and Rosswangia ho
lotabulata are correlated with the boundary between the 
dinocyst Nannoceratopsis gracilis and Sirmiodinium grossii 
zones of Smelror and Below (1992), at the base of the late 
Bathonian in the Barents Sea area. These two LOs are coeval 
based on data from northern Alaska and the Sverdrup Ba-
sin, including the Beechey Point State 1 reference well (Ap-
pendix C).

The LOs of Nannoceratopsis gracilis and Rosswangia ho
lotabulata are taken as 75% up from the base of the ammo-
nite Procerites hodsoni Zone (i.e., close to the middle/late 
Bathonian transition).

FOs of Lacrymodinium warrenii 
and Valensiella dictydia

The FOs of Lacrymodinium warrenii and Valensiella dic
tydia are assigned to the late Bathonian based on their oc-
currence at the boundary between the dinocyst Nannocera
topsis gracilis and Sirmiodinium grossii zones of Smelror and 
Below (1992) in the Barents Sea region.

The FOs of Lacrymodinium warrenii and Valensiella  

the base of the ammonite Sonninia propinquans Zone (i.e., 
early Bajocian).

LOs of Mendicodinium reticulatum 
and other taxa listed below

The LOs of Mendicodinium reticulatum and Phallocys
ta elongata occur at the base of dinocyst Oppel-Zone E of 
Davies (1983), which was dated as late Bajocian to middle 
Bathonian in the Sverdrup Basin. The presence of the am-
monite Arkelloceras mclearni at the base of Oppel-Zone E at 
Vantage Point, Axel Heiberg Island, indicates a middle Bajo-
cian age (Frebold in Tozer 1963; Frebold 1964; Frebold et al. 
1967; Davies 1983). Stratigraphically higher in Oppel-Zone 
E the ammonite Arctocephalites elegans is present and in-
dicates a middle Bathonian age (Davies 1983). The LOs of 
Nannoceratopsis deflandrei subsp. senex and Parvocysta bul
lula are correlated with the base of the late Bajocian based 
on its occurrence near the top of the dinocyst Dodekovia 
bullula–Nannoceratopsis senex Zone of Smelror and Below 
(1992, fig. 4), which they assigned to the Aalenian and early 
Bajocian in the Barents Sea region.

The LOs of Mendicodinium reticulatum, Nannoceratopsis 
deflandrei subsp. senex, Parvocysta bullula and Phallocysta 
elongata are taken as the base of the late Bajocian.

FOs of Evansia evittii and  
Protobatioladinium elatmaense

The FOs of Evansia evittii and Protobatioladinium elat
maense occur at the base of the Bathonian dinocyst Evansia 
evittii Zone defined in the Russian Platform by Riding et al. 
(1999). This is equivalent to the top of the ammonite Parkin
sonia parkinsoni Zone which is at the Bajocian–Bathonian 
transition. This interval is underlain by an Aalenian–Bajo-
cian interval in northeastern Siberia, which is devoid of di-
nocysts (Riding et al. 1999).

The FOs of Evansia evittii and Protobatioladinium elat
maense are taken as the base of the ammonite Zigzagiceras 
zigzag Zone (i.e., the base of the Bathonian).

FO of Dichadogonyaulax sellwoodii

The FO of Dichadogonyaulax sellwoodii occurs at the top 
of the Bathonian dinocyst Evansia evittii Zone defined in 
the Russian Platform by Riding et al. (1999), and thus within 
the earliest Bathonian ammonite Zigzagiceras zigzag Zone.

The FO of Dichadogonyaulax sellwoodii is taken as 75% 
above the base of the ammonite Zigzagiceras zigzag Zone 
(i.e., earliest Bathonian).

FOs of Arkellea teichophera 
and other taxa listed below

The FOs of Arkellea teichophera, Atopodinium prostatum, 
Paragonyaulacysta calloviensis, Paragonyaulacysta retiphrag
mata, Rhynchodiniopsis cladophora and Scriniodinium crys
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dictydia are taken as 75% up from the base of the ammonite 
Procerites hodsoni Zone (i.e., close to the middle/late Batho-
nian transition).

LOs of Valvaeodinium leneae  
and Valvaeodinium spinosum

The LO of Valvaeodinium leneae occurs in the latest 
Bath-onian ammonite Cadoceras apertum Zone in East 
Green-land (Piasecki 2001). However, the LO of 
Valvaeodinium spinosum is present in the late Bathonian 
ammonite Cadoceras calyx Zone in central Spitsbergen, 
Svalbard (Koevoets et al. 2018), which is coeval with the 
ammonite Oxycerites orbis Zone (Fig. 5).

The LOs of Valvaeodinium leneae and Valvaeodinium 
spin osum are taken as the base of the ammonite Oxycerites 
orbis Zone (i.e., late Bathonian).

FOs of Atopodinium haromense 
and other taxa listed below

The FO of Atopodinium haromense occurs in the late Ba-
thonian ammonite Cadoceras calyx Zone in central Spits-
bergen, Svalbard (Koevoets et al. 2018) and is interpreted to 
occur at the base of the ammonite Oxycerites orbis Zone. The 
FOs of Ellipsoidictyum cinctum, Evansia? opeasatos, Evansia 
zabra, Gonyaulacysta adecta, Lithodinia jurassica, Parago
nyaulacysta calloviensis, Paragonyaulacysta retiphragmata, 
Pareodinia ceratophora and Tubotuberella rhombiformis 
also occur within dinocyst Zone F of Davies (1983), in the 
late Bathonian of the Sverdrup Basin.

The FOs of Atopodinium haromense, Ellipsoidictyum 
cinctum, Evansia? opeasatos, Evansia zabra, Gonyaulacysta 
adecta, Lithodinia jurassica, Paragonyaulacysta calloviensis, 
Paragonyaulacysta retiphragmata, Pareodinia ceratophora 
and Tubotuberella rhombiformis are taken as the base of the 
ammonite Oxycerites orbis Zone (i.e., late Bathonian).

LOs of Protobatioladinium? elongatum 
and Susadinium scrofoides

The LO of Protobatioladinium? elongatum occurs at the 
top of the latest Bathonian dinocyst Protobatioladinium? 
elongatum Zone defined in the Russian Platform by Riding 
et al. (1999). Likewise, the LO of Susadinium scrofoides oc-
curs at the top of dinocyst Oppel-Zone F of Davies (1983), 
which was assigned to the late Bathonian. Evidence for the 
age of Oppel-Zone F is provided by the middle Bathonian 
ammonite Arctocephalites elegans in Oppel-Zone E below, 
and the early Callovian ammonite Cadoceras bodylevski in 
Oppel-Zone G.

The LOs of Protobatioladinium? elongatum and Susadini
um scrofoides are taken as the base of the ammonite Macro
cephalites herveyi Zone (i.e., at the base of the Callovian).

FO of Evansia dalei

The FO of Evansia dalei occurs at the base of the early 
Callovian Fromea tornatilis Zone defined by Ilyina et al. 
(2005) in the Tyumenskaya superdeep well-6, West Siberia. 
This bioevent lies at the base of the ammonite Macroceph
alites herveyi Zone and the foraminiferal Kutsevella mem
orabilis–Guttulina tatarensis Zone. Evansia dalei was also 
reported from the lowermost Callovian of the Russian Plat-
form by Riding et al. (1999).

The FO of Evansia dalei is taken as the base of the am-
monite Macrocephalites herveyi Zone (i.e., at the base of the 
Callovian).

FOs of Ambonosphaera calloviana 
and other taxa listed below

The FOs of Ambonosphaera calloviana and Meiourogon
yaulax planoseptata occur in the Barents Sea at the boundary 
of the dinocyst Sirmiodinium grossii Zone, and the dinocyst 
Meiourogonyaulax planoseptata–Chlamydophorella ectotab
ulata Zone of Smelror and Below (1992). These events were 
assigned to the earliest Callovian. The FOs of Pareo dinia 
prolongata and Stephanelytron callovianum occur in the 
Tyumenskaya superdeep well-6, West Siberia at the base of 
the Callovian dinocyst Impletosphaeridium spp.–Stephanely-
tron Zone; this horizon is equivalent to the bases of the 
earliest Callovian ammonite Proplanulites koenigi Zone and 
the foraminiferal Dorothia insperata–Trochammina 
rostovzevi Zone (Ilyina et al. 2005).

The FOs of Ambonosphaera calloviana, Meiourogonyau
lax planoseptata, Pareodinia prolongata and Stephanelytron 
callovianum are taken as the base of the ammonite Proplan
ulites koenigi Zone (i.e., earliest Callovian).

LOs of Ctenidodinium combazii 
and other taxa listed below

The LO of Ctenidodinium combazii occurs at the top of the 
early Callovian dinocyst Lagenadinium callovianum (now 
Stephanelytron callovianum) zone defined on the Russian 
Platform by Riding et al. (1999). The LOs of Paragonyau
lacysta calloviensis, Paragonyaulacysta retiphragmata and 
Valensiella ovulum are coeval with the LO of Ctenidodinium 
combazii based on their occurrences in northern Alaska and 
the Sverdrup Basin, for example the Beechey Point State 1 
reference well (Appendix C).

The LOs of Ctenidodinium combazii, Paragonyaulacysta 
calloviensis, Paragonyaulacysta retiphragmata and Valensiel
la ovulum are taken as the base of the ammonite Kosmoceras 
jason Zone (i.e., the base of the middle Callovian).

FOs of Cribroperidinium granulatum 
and the other taxa listed below

The FOs of Cribroperidinium granulatum, Cribroperidin
ium? perforans subsp. kunzeviense, Endoscrinium galeritum, 
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Hystrichodinium? lanceatum, Komewuia glabra, Meiourog
onyaulax valensii, Ovoidinium waltonii, Paragonyaulacysta? 
borealis, Rotosphaeropsis thule and Sentusidinium verru
cosum occur at base of dinocyst Oppel-Zone H of Davies 
(1983). This zone was assigned to the middle Callovian– 
Oxfordian in the Sverdrup Basin and the base of it is inter-
preted here to represent the base of the ammonite Kosmo
ceras jason Zone.

The FOs of Cribroperidinium granulatum, Cribroperidin
ium? perforans subsp. kunzeviense, Endoscrinium galeritum, 
Hystrichodinium? lanceatum, Komewuia glabra, Meiourog
onyaulax valensii, Ovoidinium waltonii, Paragonyaulacysta? 
borealis, Rotosphaeropsis thule and Sentusidinium verrucos
um are taken as the base of the ammonite Kosmoceras jason 
Zone (i.e., the base of the middle Callovian).

LO of Dichadogonyaulax sellwoodii

The LO of Dichadogonyaulax sellwoodii occurs within the 
middle Callovian dinocyst Kalyptea stegasta Zone defined 
in the Russian Platform by Riding et al. (1999) at the base of 
the ammonite Erymnoceras coronatum Zone.

The LO of Dichadogonyaulax sellwoodii is taken as the 
base of the ammonite Erymnoceras coronatum Zone (i.e., 
middle Callovian).

LO of Liesbergia liesbergensis

The LO of Liesbergia liesbergensis occurs in Tyumenskaya 
superdeep well-6, West Siberia, at the base of the Callovian 
dinocyst Gonyaulacysta jurassica subsp. adecta var. longicor
nis Zone (Ilyina et al. 2005). The datum corresponds to the 
base of the ammonite Peltoceras athleta Zone on the Russian 
Platform (Riding et al. 1999).

The LO of Liesbergia liesbergensis is taken as the base of 
the ammonite Peltoceras athleta Zone (i.e., close to the mid-
dle/late Callovian transition).

FOs of Evansia deflandrei  
and the other taxa listed below

The FO of Gonyaulacysta longicornis occurs at the base 
of the late Callovian dinocyst Gonyaulacysta jurassica sub-
sp. adecta var. longicornis Zone defined in the Tyumenskaya 
SDW-6 borehole of West Siberia by Ilyina et al. (2005) and 
calibrated by ammonites indicative of the ammonite Pelto
ceras athleta Zone. The base of the dinocyst Gonyaulacysta 
jurassica subsp. adecta var. longicornis Zone of Ilyina et al. 
(2005) is equivalent to the base of the late Callovian dino-
cyst Pareodinia prolongata Zone of Riding et al. (1999) of 
the Russian Platform. Similarly, this bioevent is coeval with 
the base of the dinocyst Liesbergia scarburghensis–Wanaea 
thysanota Zone of Smelror and Below (1992) in the Barents 
Sea. The FO of Evansia deflandrei occurs at top of the di-
nocyst Meiourogonyaulax planoseptata–Chlamydophorella 
ectotabulata Zone (= base of the dinocyst Liesbergia scar
burghensis – Wanaea thysanota Zone) of Smelror and Below 

(1992), which was assigned by the latter authors to the later 
early and middle Callovian in the Norwegian Barents Sea 
region.

The FOs of Evansia deflandrei, Gonyaulacysta longicornis 
and Wanaea thysanota are taken as the base of the ammo-
nite Peltoceras athleta Zone (i.e., close to the middle/late 
Callovian transition).

LO of Pareodinia prolongata

The LO of Pareodinia prolongata occurs at the top of the 
Callovian dinocyst Pareodinia prolongata Zone defined in 
the Russian Platform by Riding et al. (1999), equivalent to 
the top of the ammonite Peltoceras athleta Zone and the base 
of the ammonite Quenstedtoceras lamberti Zone.

The LO of Pareodinia prolongata is taken as the base of the 
ammonite Quenstedtoceras lamberti Zone (i.e., late Callovi-
an).

FO of Trichodinium scarburghense

The FO of Trichodinium scarburghense occurs at the base 
of latest Callovian dinocyst Trichodinium scarburghense 
Zone of Riding et al. (1999) on the Russian Platform, equat-
ing with the base of the ammonite Quenstedtoceras lamberti 
Zone.

The FO of Trichodinium scarburghense is taken as the 
base of the ammonite Quenstedtoceras lamberti Zone (i.e., 
late Callovian).

LOs of Ambonosphaera calloviana 
and other taxa listed below

The LOs of Ambonosphaera calloviana, Ctenidodinium 
continuum, Meiourogonyaulax planoseptata and Valensiel
la dictydia occur at the base of the early Oxfordian. This is 
based on their occurrences at the base of the dinocyst Crus
solia deflandrei–Wanaea fimbriata Zone of Smelror and Be-
low (1992) in the Barents Sea, and the base of the dinocyst 
Wanaea fimbriata Zone on the Russian Platform (Riding et 
al. 1999).

The LOs of Ambonosphaera calloviana, Ctenidodinium 
continuum, Meiourogonyaulax planoseptata and Valensiella 
dictydia are taken as the base of the ammonite Quenstedto
ceras mariae Zone (i.e., the base of the Oxfordian).

FOs of Gonyaulacysta desmos and Wanaea fimbriata

Gonyaulacysta desmos is a characteristically Arctic form 
which is confined to the early Oxfordian (Poulsen 1991; 
Riding et al. 2022). The FO of Wanaea fimbriata occurs in 
the Tyumenskaya superdeep well-6, West Siberia, is close 
to the base of the early Oxfordian dinocyst Wanaea fimbri
ata Zone in West Siberia (Ilyina et al. 2005). This event is 
also observed in the Barents Sea and the Russian Platform 
(Smelror and Below 1992; Riding et al. 1999).

The FOs of Gonyaulacysta desmos and Wanaea fimbriata 
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are taken as the base of the ammonite Quenstedtoceras mari
ae Zone (i.e., the base of the Oxfordian).

LOs of Limbodinium absidatum 
and other taxa listed below

The LO of the typically Arctic species Tubotuberella den
tata occurs within the ammonite Quenstedtoceras mariae 
Zone (Riding 2012a). The LOs of Limbodinium absidatum 
and Wanaea thysanota occur in the lower part of the Ox-
fordian dinocyst Wanaea fimbriata Zone defined in the Rus-
sian Platform by Riding et al. (1999), an interval also within 

the ammonite Quenstedtoceras mariae Zone.
The LOs of Limbodinium absidatum, Tubotuberella denta

ta and Wanaea thysanota are taken as 50% up from the base 
of the ammonite Quenstedtoceras mariae Zone (i.e., earliest 
Oxfordian).

FO of Leptodinium mirabile

The FO of Leptodinium mirabile occurs in the lower part 
of the Oxfordian dinocyst Wanaea fimbriata Zone defined 
in the Russian Platform by Riding et al. (1999), within the 
ammonite Quenstedtoceras mariae Zone.
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The FO of Leptodinium mirabile is taken as 50% above 
the base of the ammonite Quenstedtoceras mariae Zone (i.e., 
earliest Oxfordian).

FO of Gonyaulacysta jurassica

The FO of Gonyaulacysta jurassica occurs within the up-
per part of the dinocyst Wanaea fimbriata Zone established 
for the Russian Platform (Riding et al. 1999). This event is 
therefore within the ammonite Cardioceras cordatum Zone.

The FO of Gonyaulacysta jurassica is taken as 50% above 
the base of the ammonite Cardioceras cordatum Zone (i.e., 
early Oxfordian).

LOs of Gonyaulacysta desmos and Wanaea fimbriata

The extinction of Gonyaulacysta desmos occurs at the 
top of the early Oxfordian and has been reported from East 
Greenland (Poulsen 1991). The LO of Wanaea fimbriata 
occurs at the top of the early Oxfordian dinocyst Wanaea 
fimbriata Zone defined from the Russian Platform by Riding 
et al. (1999), equivalent to the top of the ammonite Cardio
ceras cordatum Zone. This event also occurs at the top of the 
dinocyst Wanaea fimbriata Zone of West Siberia (Ilyina et 
al. 2005), and at the top of the dinocyst Crussolia deflandrei–
Wanaea fimbriata Zone in the Barents Sea (Smelror and Be-
low 1992). The latter dinocyst zones are of early Oxfordian 
age.

The LOs of Gonyaulacysta desmos and Wanaea fimbriata 
are taken as the base of the ammonite Perisphinctes plicatilis 
Zone (i.e., the base of the middle Oxfordian).

LO of Trichodinium scarburghense

The LO of Trichodinium scarburghense occurs at the top 
of the middle Oxfordian dinocyst Endoscrinium galeritum 
subsp. reticulatum Zone defined in the Russian Platform by 
Riding et al. (1999). This zone is equivalent to the ammonite 
Perisphinctes plicatilis and Cardioceras densiplicatum zones.

The LO of Trichodinium scarburghense is taken as the base 
of the ammonite Cardioceras tenuiserratum Zone (i.e., mid-
dle Oxfordian).

FOs of Gonyaulacysta dualis and 
Sentusidinium ringnesiorum

Sentusidinium ringnesiorum was recorded by Davies 
(1983) as Chytroeisphaeridia? mantellii (subsequently Es
charisphaeridia mantellii), Escharisphaeridia pocockii and 
Escharisphaeridia rudis, all of which were considered to be 
taxonomic junior synonyms of Sentusidinium ringnesiorum 
by Wood et al. (2016). The FOs of Sentusidinium ringnesi
orum and Gonyaulacysta dualis occur within dinocyst zone 
H of Davies (1983) established in the Sverdrup Basin. Both 
events are interpreted here as representing the top of the 
ammonite Perisphinctes plicatilis Zone.

The FOs of Gonyaulacysta dualis and Sentusidinium ring

nesiorum are taken as the base of the ammonite Perisphinc
tites pumilis Zone (i.e., middle Oxfordian).

LOs of Gonyaulacysta longicornis 
and Rigaudella aemula

The LOs of Gonyaulacysta longicornis and Rigaudella ae
mula occur at the top of the Oxfordian dinocyst Gonyaula
cysta jurassica subsp. adecta var. longicornis Zone defined in 
the Russian Platform by Riding et al. (1999). These events 
are broadly coeval with the boundary between the ammo-
nite Perisphinctites pumilis and Perisphinctes cautisnigrae 
zones.

The LOs of Gonyaulacysta longicornis and Rigaudella ae
mula are taken as the base of the ammonite Perisphinctites 
cautisnigrae Zone (i.e., at the base of the late Oxfordian).

FO of Cribroperidinium globatum

The FO of Cribroperidinium globatum occurs at the top of 
the Oxfordian dinocyst Gonyaulacysta jurassica subsp. adec
ta var. longicornis Zone defined in the Russian Platform by 
Riding et al. (1999). This datum is approximately equivalent 
to the top of the ammonite ammonite Perisphinctites pumilis 
Zone.

The FO of Cribroperidinium globatum is taken as the base 
of the ammonite Perisphinctites cautisnigrae Zone (i.e., at 
the base of the late Oxfordian transition).

FO of Leptodinium subtile

The FO of Leptodinium subtile occurs in the late Ox-
fordian ammonite Amoeboceras serratum Zone in Jameson 
Land, East Greenland (Alsen and Pasecki 2018).

The FO of Leptodinium subtile is taken as 50% up from 
the base of the ammonite Perisphinctites cautisnigrae Zone 
(i.e., late Oxfordian).

LOs of Apteodinium bucculiatum 
and other taxa listed below

The LOs of Evansia deflandrei and Scriniodinium crystal
linum occur close to the top of the late Oxfordian dinocyst 
Cribroperidinium globatum Zone defined in the Russian 
Platform by Riding et al. (1999), equivalent to the top of 
the ammonite Amoeboceras rosenkrantzi Zone. LOs of the 
other species mentioned below occur at base of the early 
Kimmeridgian dinocyst Oppel-Zone I of Davies (1983) for 
the Sverdrup Basin. These datums are interpreted herein as 
representing the Oxfordian/Kimmeridgian transition.

The LOs of Apteodinium bucculiatum, Arkellea te
ichophera, Sentusidinium verrucosum, Egmontodinium? 
diminutum, Evansia deflandrei, Evansia evittii, Evansia? ope
asatos, Evansia zabra, Komewuia glabra, Meiourogonyaulax 
deflandrei, Scriniodinium crystallinum and Stephanelytron 
membranoideum are taken as the base of the ammonite Pic
tonia baylei Zone (i.e., at the base of the Kimmeridgian).
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FOs of Apteodinium granulatum 
and other taxa listed below

The FOs of Apteodinium granulatum, Cribroperidinium? 
ehrenbergii, Cribroperidinium? perforans subsp. perforans, 
Leptodinium? hyalodermopse, Lunatadinium dissolutum, 
Pareodinia groenlandica, Pyxidinopsis laminata, Sentusidini
um capillatum (including Pilosidinium filiatum, a taxonomic 
junior synonym according to Wood et al. 2016), Tubotuber
ella egemenii, Wallodinium krutzschii and Wrevittia heli
coidea occur at the base of dinocyst Oppel-Zone I of Davies 
(1983). This horizon is considered here to be coeval with the 
boundary between the Oxfordian and Kimmeridgian. The 
FOs of Glossodinium dimorphum, Perisseiasphaeridium pan
nosum and Scriniodinium anceps occur at the top of the late 
Oxfordian dinocyst Cribroperidinium globatum Zone de-
fined in the Russian Platform by Riding et al. (1999), again 
equivalent to the Oxfordian/Kimmeridgian transition.

The FOs of Apteodinium granulatum, Cribroperidinium? 
ehrenbergii, Cribroperidinium? perforans subsp. perforans, 
Glossodinium dimorphum, Leptodinium? hyalodermopse, 
Lunatadinium dissolutum, Pareodinia groenlandica, Perisse
iasphaeridium pannosum, Pyxidinopsis laminata, Scriniod
inium anceps, Sentusidinium capillatum, Tubotuberella ege
menii, Wallodinium krutzschii and Wrevittia helicoidea are 
taken as the base of the ammonite Pictonia baylei Zone (i.e., 
at the base of the Kimmeridgian).

LO of Nannoceratopsis pellucida

The LO of Nannoceratopsis pellucida was reported by Ily-
ina et al. (2005) in the earliest Kimmeridgian of West Si-
beria, specifically within the Boreal ammonite Amoeboceras 
kitchini Zone. By contrast, this event occurs in the strata as-
signed to the upper Oxfordian ammonite Amoeboceras reg
ulare Zone in the Barents Sea (MS personal observations).

The LO of Nannoceratopsis pellucida is taken as at 50% 
up from the base of the ammonite Pictonia baylei Zone (i.e., 
earliest Kimmeridgian).

FO of Apteodinium maculatum

The FO of Apteodinium maculatum occurs within dino-
cyst Oppel-Zone I of Davies (1983) in the Sverdrup Basin. 
This zone was dated using evidence from ammonites and bi-
valves; Davies (1983) interpreted Oppel-Zone I as including 
the transition of the ammonite Pictonia baylei and Rasenia 
cymodoce zones.

The FO of Apteodinium maculatum is taken as the base 
of the ammonite Rasenia cymodoce Zone (i.e., early Kim-
meridgian).

LOs of Cribroperidinium? perforans  
subsp. kunzeviense and other taxa listed below

The LOs of Cribroperidinium? perforans subsp. kunzevi
ense, Endoscrinium subvallare, Lanterna? cantrellii and 

Lithodinia jurassica occur at base of dinocyst Oppel-Zone 
J of Davies (1983) in the Sverdrup Basin. This intra-Kim-
meridgian age is consistent with the presence of the bivalve 
species Buchia mosquensis in the central Amund Ringnes 
Dome. Furthermore, due to the occurrence of Buchia jische
riana in the lowermost part of Oppel-Zone K, (Davies 1983) 
interpreted his J/K zonal boundary as “middle” Kimmeridg-
ian (top of the ammonite Rasenia cymodoce Zone).

The LOs of Cribroperidinium? perforans subsp. kunzevi
ense, Endoscrinium subvallare, Lanterna? cantrellii and 
Lithodinia jurassica are taken as the base of the ammonite 
Aulacostephanus mutabilis Zone (i.e., the base of the late 
Kimmeridgian).

FOs of Cribroperidinium jubaris 
and other taxa listed below

The FOs of Cribroperidinium jubaris, Epiplosphaera sat
urnalis and Paragonyaulacysta capillosa occur at the base 
of dinocyst Oppel-Zone J of Davies (1983) in the Sverdrup 
Basin. The Kimmeridgian age of this biozone is based on ev-
idence from the bivalve genus Buchia. The FOs of Dingodin
ium jurassicum, Gochteodinia mutabilis, Protobatioladinium 
westburiense and Stephanelytron membranoideum occur in 
the Tyumenskaya superdeep well-6, West Siberia, at the base 
of the Kimmeridgian dinocyst Rhynchodiniopsis cladopho
ra Zone defined by Ilyina et al. (2005). Lastly, the FOs of 
Egmontodinium polyplacophorum and Scriniodinium inriti
bile occur in the dinocyst Pareodinia nuda (= Pareodinia cer
atophora) Subzone of Fisher and Riley (1980), equivalent to 
the boundary between the ammonite Rasenia cymodoce and 
Aulacostephanus mutabilis zones.

The FOs of Cribroperidinium jubaris, Dingodinium juras
sicum, Egmontodinium polyplacophorum, Epiplosphaera sat
urnalis, Gochteodinia mutabilis, Paragonyaulacysta capillo
sa, Protobatioladinium westburiense, Scriniodinium inritibile 
and Stephanelytron membranoideum are taken as the base of 
the ammonite Aulacostephanus mutabilis Zone (i.e., the base 
of the late Kimmeridgian).

FOs of Cassiculosphaeridia magna 
and other taxa listed below

The FOs of Cassiculosphaeridia magna, Cribroperidini
um? perforans and Oligosphaeridium pulcherrimum occur at 
the base of the Boreal dinocyst Pareodinia nuda Subzone of 
Fisher and Riley (1980).

The FOs of Cassiculosphaeridia magna, Cribroperidini
um? perforans and Oligosphaeridium pulcherrimum are tak-
en as the base of the ammonite Aulacostephanus eudoxus 
Zone (i.e., late Kimmeridgian).

FO of Corculodinium inaffectum

The FO of Corculodinium inaffectum occurs at the top of 
the Kimmeridgian dinocyst Gonyaulacysta jurassica subsp. 
jurassica Zone defined in the Russian Platform by Riding et 
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al. (1999). This is equivalent to the boundary between the 
ammonite Aulacostephanus eudoxus and Aulacostephanus 
autissiodorensis zones.

The FO of Corculodinium inaffectum is taken as the base 
of the ammonite Aulacostephanus autissiodorensis Zone 
(i.e., latest Kimmeridgian).

FOs of Lanterna bulgarica  
and other taxa listed below

The FOs of Lanterna bulgarica, Leptodinium volgense and 
Pareodinia asperata occur at the base of the Boreal dinocyst 
Gonyaulacysta jurassica Subzone of Fisher and Riley (1980). 
The datum approximately correlates with the boundary be-
tween the ammonite Aulacostephanus autissiodorensis and 
Pectinatites elegans zones.

The LOs of Lanterna bulgarica, Leptodinium volgense and 
Pareodinia asperata are taken as the base of the ammonite 
Pectinatites elegans Zone (i.e., the base of the Tithonian).

LOs of Pyxidinopsis laminata  
and Sentusidinium ringnesiorum

The LOs of Pyxidinopsis laminata and Sentusidinium 
ringnesiorum occur at the base of dinocyst zone K of Davies 
(1983) which was assigned to the earliest Tithonian in the 
Sverdrup Basin. (Sentusidinium ringnesiorum was recorded 
by Davies as Chytroeisphaeridia? mantellii, Escharisphaerid
ia pocockii and Escharisphaeridia rudis, all of which were 
considered taxonomic junior synonyms of Sentusidinium 
ringnesiorum by Wood et al. 2016.) These events are inter-
preted herein as being at the transition of the ammonite 
Pectinatites elegans and Pectinatites scitulus zones.

The LOs of Pyxidinopsis laminata and Sentusidinium ring
nesiorum are taken as the base of the ammonite Pectinatites 
scitulus Zone (i.e., earliest Tithonian).

FOs of Dingodinium cerviculum 
and the other taxa listed below

The FOs of Dingodinium cerviculum, Exochosphaeridium 
scitulum, Leptodinium deflandrei, Rhynchodiniopsis penna
ta, Stiphrosphaeridium anthophorum, Tanyosphaeridium 
isocalamum and Tubotuberella apatela occur at the base of 
the dinocyst Gonyaulacysta pennata Subzone of Fisher and 
Riley (1980). These datums correlate roughly with the top of 
the ammonite Pectinatites elegans Zone and the base of the 
ammonite Pectinatites scitulus Zone in the Boreal Realm.

The FOs of Dingodinium cerviculum, Exochosphaeridium 
scitulum, Leptodinium deflandrei, Rhynchodiniopsis penna
ta, Stiphrosphaeridium anthophorum, Tanyosphaeridium 
isocalamum and Tubotuberella apatela are taken as the base 
of the ammonite Pectinatites scitulus Zone (i.e., earliest Ti-
thonian).

LOs of Gonyaulacysta dualis 
and other taxa listed below

The LOs of Gonyaulacysta dualis and Pareodinia asperata 
occur at the base of the dinocyst Muderongia simplex zone 
defined by Fisher and Riley (1980). These events correlate 
approximately with the transition between the ammonite 
Pectinatites pectinatus and Pavlovia pallasioides zones. Fur-
thermore, the LOs of Rhynchodiniopsis cladophora, Scrinio
dinium dictyotum subsp. dictyotum, Senoniasphaera juras
sica, Tubotuberella dangeardii and Tubotuberella egemenii 
are coeval with the range tops of Gonyaulacysta dualis and 
Pareodinia asperata based on their occurrences in northern 
Alaska and the Sverdrup Basin, including the Beechey Point 
State 1 reference well (Appendix C).

The LOs of Gonyaulacysta dualis, Pareodinia asperata, 
Rhynchodiniopsis cladophora, Scriniodinium dictyotum sub-
sp. dictyotum, Senoniasphaera jurassica, Tubotuberella dan
geardii and Tubotuberella egemenii are taken as the base of 
the ammonite Pavlovia pallasioides Zone (i.e., early Titho-
nian).

FO of Muderongia simplex

The FO of Muderongia simplex occurs in the Boreal Realm 
at the base of the dinocyst Muderongia simplex Zone of Fish-
er and Riley (1980). This horizon approximately correlates 
with the base of the ammonite Pavlovia pallasioides Zone.

The FO of Muderongia simplex is taken as the base of the 
ammonite Pavlovia pallasioides Zone (i.e., early Tithonian).

LOs of Cribroperidinium granulatum 
and other taxa listed below

The LOs of Cribroperidinium granulatum, Cribroperidin
ium nuciforme, Egmontodinium polyplacophorum, Imbato
dinim kondratjevii, Leptodinium deflandrei, Leptodinium 
volgense, Scriniodinium anceps, Scriniodinium inritibile and 
Systematophora? ovata occur at the base of the palyno-
morph Pterospermopsis aureolata Subzone defined in Cana-
da, Greenland and northwestern Europe by Fisher and Riley 
(1980).

The LOs of Cribroperidinium granulatum, Cribroperidin
ium nuciforme, Egmontodinium polyplacophorum, Imbato
dinim kondratjevii, Leptodinium deflandrei, Leptodinium 
volgense, Scriniodinium anceps, Scriniodinium inritibile and 
Systematophora? ovata are taken as the base of the ammo-
nite Progalbanites albani Zone (i.e., the base of the late Ti-
thonian).

LOs of Atopodinium prostatum 
and other taxa listed below

The LOs of Atopodinium prostatum, Cribroperidinium 
jubaris, Glossodinium dimorphum and Pareodinia groen
landica occur at the base of dinocyst Oppel-Zone L of Da-
vies (1983) in the late Tithonian in the Sverdrup Basin. This 
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horizon is interpreted here as equating with the top of the 
ammonite Progalbanites albani Zone. The LO of Glossodini
um dimorphum also occurs at the top of the dinocyst Glosso
dinium dimorphum Zone defined in the Russian Platform by 
Riding et al. (1999). This event is coeval with the transition 
between the ammonite Progalbanites albani and Glauco
lithites glaucolithus zones.

The LOs of Atopodinium prostatum, Cribroperidinium 
jubaris, Glossodinium dimorphum and Pareodinia groen
landica are taken as the base of the ammonite Glaucolithites 
glaucolithus Zone (i.e., late Tithonian).

FO of Prolixosphaeridiopsis spissa

The FO of the acritarch species Prolixosphaeridiopsis 
spissa occurs at base of dinocyst Oppel-Zone L of Davies 
(1983), within the late Tithonian in the Sverdrup Basin, in-
terpreted here as equating with the base of the ammonite 
Glaucolithites glaucolithus Zone.

The FO of Prolixosphaeridiopsis spissa is taken as the base 
of the ammonite Glaucolithites glaucolithus Zone (i.e., late 
Tithonian).

LO of Oligosphaeridium patulum

The LO of Oligosphaeridium patulum occurs in the late 
Tithonian, close to the base of the Boreal ammonite Cras
pidites okensis Zone in Andøya, Arctic Norway (MS, per-
sonal observations). Ilyina et al. (2005) also recorded this 
event at the base of the ammonite Craspedites okensis Zone 
in West Siberia, approximately coeval with the base of the 
ammonite Titanites anguiformis Zone (Fig. 9).

The LO of Oligosphaeridium patulum is taken as the base 
of the ammonite Titanites anguiformis Zone (i.e., late Titho-
nian).

FOs of Leptodinium mamilliferum 
and other taxa listed below

The FOs of Leptodinium mamilliferum, Moesiodinium 
raileanui and Trichodinium erinaceoides occur at the base 
of dinocyst Oppel-Zone M of Davies (1983) in the late Ti-
thonian of the Sverdrup Basin. This horizon is interpreted 
here as equating with the base of the ammonite Titanites 
anguiformis Zone. The stratigraphic range of Moesiodinium 
raileanui is early Toarcian to earliest Bajocian, i.e., substan-
tially older in northwestern Europe (e.g., Riding and Thom-
as 1992) than in northern Canada. The occurrences of Moe
siodinium raileanui reported by Davies (1983) may be either 
misidentified or reworked. The characteristic hexagonal ar-
chaeopyle with geniculate top and base is not visible in the 
single specimen illustrated by Davies (1983, pl. 6, fig. 23).

The FOs of Leptodinium mamilliferum, Moesiodinium 
raileanui and Trichodinium erinaceoides are taken as the 
base of the ammonite Titanites anguiformis Zone (i.e., late 
Tithonian).

LO of Prolixosphaeridium parvispinum

The LO of Prolixosphaeridium parvispinum occurs in the 
upper part of the dinocyst Senioniasphaera jurassica Zone 
defined in the Russian Platform by Riding et al. (1999). This 
event is coeval with the transition between the ammonite 
Titanites anguiformis and Paracraspedites oppressus zones.

The LO of Prolixosphaeridium parvispinum is taken as the 
base of the ammonite Paracraspedites oppressus Zone (i.e., 
late Tithonian).

LOs of Cribroperidinium? longicorne 
and other taxa listed below

The LOs of Cribroperidinium? longicorne, Lanterna bul
garica and Rhynchodiniopsis pennata occur at the base of the 
dinocyst Dichadogonyaulax culmula Subzone of Fisher and 
Riley (1980), which approximately correlates to the top of 
the ammonite Paracraspedites oppressus Zone.

The LOs of Cribroperidinium? longicorne, Lanterna bul
garica and Rhynchodiniopsis pennata are taken as the base 
of the ammonite Subcraspedites primitivus Zone (i.e., late 
Tithonian).

FOs of Ctenidodinium? schizoblatum 
and other taxa listed below

The FOs of Ctenidodinium? schizoblatum and Dichadog
onyaulax culmula occur in the late Tithonian, at the base of 
the dinocyst Dichadogonyaulax culmula Subzone of Fisher 
and Riley (1980), which is broadly coeval with the top of the 
ammonite Paracraspedites oppressus Zone. Furthermore, the 
FO of Gochteodinia villosa occurs at the top of the late Ti-
thonian dinocyst Senoniasphaera jurassica Zone defined in 
the Russian Platform by Riding et al. (1999). This event also 
equates to the boundary between the ammonite Paracras
pedites oppressus and Subcraspedites primitivus zones.

The FOs of Ctenidodinium? schizoblatum, Dichadogo
nyaulax culmula and Gochteodinia villosa are taken as the 
base of the ammonite Subcraspedites primitivus Zone (i.e., 
late Tithonian).

DISCUSSION AND CONCLUSIONS

In this contribution we summarize the Jurassic paly-
nostratigraphy of the circum-Arctic region (i.e., northern 
North America and Greenland in the west, and arctic Nor-
way, the Barents Sea and northern Russia in the east) with 
the principal emphasis on dinocyst bioevents. The literature 
on the marine palynology of the Arctic is mainly centred 
on the eastern Arctic (Svalbard and northern Russia), with 
substantially fewer papers on the western Arctic (Canadi-
an Arctic and Greenland). There is relatively little relevant 
information in the public domain on Alaska. In terms  
of stratigraphic coverage, most data are from the Upper Ju-
rassic with markedly fewer contributons on Middle Jurassic 
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successions. The palynology of the Arctic Lower Jurassic 
has not been extensively researched, and this overall pattern 
closely follows the global trend in terms of the research ef-
fort on Jurassic dinocysts (Riding 2012b).

We document herein a succession of 214 bioevents (FOs 
and LOs), calibrated to ammonite zones, from the Hettang-
ian to the Tithonian. These biohorizons have been selected 
to provide a practical succession of datums based on com-
mon and easy to recognize taxa that give a high resolution 
biostratigraphic coverage of the entire Jurassic System in the 
Arctic. This reflects the typically highly diverse floras during 
the Jurassic at high northern latitudes, which appear to have 
been an evolutionary “hotspot” (Mantle et al. 2020; van de 
Schootbrugge et al. 2020; Correia et al. 2021). The main 
Arctic Jurassic palynozonations such as those by Johnson 
and Hills (1973), Fisher and Riley (1980), Davies (1983), 
Smelror and Below (1992), Riding et al. (1999) and Ilyina et 
al. (2005) are referenced extensively.

The parent cells of dinocysts are largely motile and plank-
tonic, and therefore they typically have extensive geographi-
cal distributions (Riding and Lucas-Clark 2016). Substantial 
numbers of cosmopolitan Jurassic taxa occur generally, and 
many were present in the Boreal, sub-Boreal and Tethyan 
realms in the northern hemisphere (Riding et al. 2010; Man-
tle and Riding 2012). However, some provincialism did oc-
cur and the intensity of this endemism fluctuated during the 
Jurassic. The diversity of Early Jurassic dinocysts is relatively 
low compared to the post-Bajocian interval (e.g., Riding and 
Thomas 1992). Bucefalo Palliani and Riding (2003) demon-
strated that Boreal Pliensbachian and Toarcian dinocysts 
were markedly more species-rich than their Tethyan coun-
terparts. The Bathonian during the Middle Jurassic was a 
time of relatively high levels of eustatic-driven endemism, 
prior to substantially more cosmopolitan and diverse flor-
as in the Callovian and onwards (Riding et al. 1985, 1991). 
The latest Jurassic was characterized by very high levels of 
provincialism largely due to land barriers and low sea lev-
els (e.g., Abbink et al. 2001). The provincialism of Lower, 
Middle and Late Jurassic floras was discussed by, for exam-
ple, Riding (1984), Smelror (1993), Riding and Ioannides 
(1996), Riding and Hubbard (1999), Riding et al. (1999) 
and Harding et al. (2011). These studies confirm that genera 
such as Evansia and Paragonyaulacysta and species such as 
Gonyaulacysta dualis are typically Arctic (Riding et al. 1999; 
Riding and Lucas-Clark 2016; Riding et al. 2022). More spe-
cifically, Riding and Michoux (2013) discussed the migra-
tion southward of Boreal forms such as Evansia deflandrei, 
Mendicodinium groenlandicum, Rigaudella aemula, Tricho
dinium scarburghensis, Tubotuberella dentata and Wanaea 
fimbriata at the Callovian–Oxfordian transition. These taxa 
are envisaged as being cold water forms, however it should 
be borne in mind that seasonality and thermal latitudinal 
gradients during the Mesozoic greenhouse were generally 
considerably less than those in today’s Quaternary Icehouse 
(Valdes and Sellwood 1992; Alberti et al. 2017).
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APPENDIX A: TAXON NAMES WITH AUTHOR CITATIONS
Note that the references for the dinocyst author citations may be found in Fensome et al. (2019).

Acritarchs and Algae

Fromea tornatilis  (Drugg 1978) Lentin and Williams 1981
Prolixosphaeridiopsis spissa (McIntyre and Brideaux 1980) Hogg and Bailey 1997
Pterospermopsis aureolata  (Cookson and Eisenack 1958) Eisenack 1972

Dinocysts

Ambonosphaera calloviana Fensome 1979
Andreedinium arcticum Below 1987a (now Phallocysta arctica )
Apteodinium bucculiatum Davies 1983
Apteodinium granulatum Eisenack 1958
Apteodinium maculatum Eisenack and   Cookson 1960
Arkellea teichophera (Sarjeant 1961) Below 1990        
Atopodinium haromense Thomas and Cox 1988
Atopodinium prostatum Drugg 1978
Caligodinium aceras (Manum and Cookson 1964) Lentin and Williams 1973
Cassiculosphaeridia magna Davey 1974
Chlamydophorella ectotabulata Smelror 1989
Chytroeisphaeridia chytroeides (Sarjeant 1962) Downie and Sarjeant 1965
Chytroeisphaeridia? mantellii Gitmez and Sarjeant 1972 (now considered a taxonomic junior synonym of Sentusidinium ringnesiorum) 
Corculodinium inaffectum (Drugg 1978) Courtinat 2000
Cribroperidinium? ehrenbergii (Gitmez 1970) Helenes 1984
Cribroperidinium globatum (Gitmez and Sarjeant 1972) Helenes 1984
Cribroperidinium granulatum (Klement 1960) Stover and Evitt 1978
Cribroperidinium? longicorne (Downie 1957) Lentin and   Williams 1985
Cribroperidinium jubaris (Davies 1983) Lentin and Williams 1985
Cribroperidinium nuciforme (Deflandre 1962) Courtinat 1989
Cribroperidinium? perforans (Cookson and     Eisenack 1958) Morgan 1980
Cribroperidinium? perforans subsp. kunzeviense (Vozzhennikova 1967) Lentin and                                                                  Williams 1989 
Cribroperidinium ? perforans subsp. perforans (Cookson and Eisenack 1958) Morgan 1980
Crussolia deflandrei Wolfard and Van Erve 1981 (now Evansia deflandrei )
Ctenidodinium combazii Dupin 1968
Ctenidodinium continuum Gocht 1970
Ctenidodinium? schizoblatum (Norris 1965) Lentin and Williams 1973
Dapcodinium priscum Evitt 1961
Dichadogonyaulax culmula (Norris 1965) Loeblich Jr. and Loeblich III 1968
Dichadogonyaulax sellwoodii Sarjeant 1975
Dingodinium cerviculum Cookson and         Eisenack 1958
Dingodinium jurassicum Cookson and         Eisenack 1958
Dingodinium minutum Dodekova 1975
Dodekovia bullula (Bjærke 1980) Below 1987a (now Parvocysta bullula )
Dodekovia syzygia Dörhöfer and Davies 1980
Egmontodinium? diminutum Davies 1983
Egmontodinium polyplacophorum Gitmez and Sarjeant 1972
Ellipsoidictyum cinctum Klement 1960
Endoscrinium galeritum (Deflandre 1939) Vozzhennikova 1967
Endoscrinium galeritum subsp. reticulatum (Klement 1960) Górka 1970
Endoscrinium subvallare (Sarjeant 1962) Lentin and   Williams 1973
Epiplosphaera saturnalis (Brideaux and Fisher 1976) Dodekova 1994
Escharisphaeridia mantellii (Gitmez and Sarjeant 1972) Courtinat 1989 (now considered a taxonomic junior 

  synonym of Sentusidinium ringnesiorum)
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APPENDIX A: continued.
Escharisphaeridia pocockii (Sarjeant 1968) Erkmen and Sarjeant 1980 (now considered a taxonomic junior synonym of

 Sentusidinium ringnesiorum)
Escharisphaeridia rudis Davies 1983 (now considered a taxonomic junior synonym of Sentusidinium ringnesiorum ) 
Evansia Pocock 1972
Evansia dalei Smelror and   Århus 1989
Evansia deflandrei (Wolfard and Van Erve 1981) Below 1990
Evansia evittii (Pocock 1972) Jansonius      1986
Evansia granochagrinata Below 1990
Evansia? opeasatos (Davies 1983) Jansonius 1986
Evansia zabra (Davies 1983) Jansonius 1986
Exochosphaeridium scitulum Singh 1971
Freboldinium arcticum Below 1990
Freboldinium regulum Below 1990
Freboldinium serrulatum (Davies 1983) Below 1990
Glossodinium dimorphum Ioannides et al. 1977
Gochteodinia mutabilis (Riley in Fisher and Riley 1980) Fisher and Riley 1982
Gochteodinia villosa (Vozzhennikova 1967) Norris   1978
Gonyaulacysta adecta (Sarjeant 1982) Riding   et al. 2022
Gonyaulacysta desmos (Poulsen 1991) Riding et al. 2022
Gonyaulacysta dualis (Brideaux and Fisher 1976) Stover and Evitt 1978
Gonyaulacysta jurassica (Deflandre 1939) Norris and Sarjeant 1965
Gonyaulacysta jurassica subsp. adecta var. longicornis (Deflandre 1938) Downie and Sarjeant 1965 (now Gonyaulacysta longicornis) 
Gonyaulacysta jurassica subsp. jurassica (autonym, now      redundant)
Gonyaulacysta longicornis (Deflandre 1939) Riding et al. 2022
Hystrichodinium? lanceatum Davies 1983
Imbatodinim kondratjevii Vozzhennikova 1967
Impletosphaeridium Morgenroth 1966a
Kalyptea stegasta (Sarjeant 1961a) Wiggins  1975
Komewuia glabra Cookson and             Eisenack 1960
Lacrymodinium warrenii Albert et al. 1986
Lagenadinium callovianum Piel 1985 (now Stephanelytron callovianum )
Lanterna bulgarica Dodekova 1969
Lanterna? cantrellii (Sarjeant 1972) Williams  et al. 1993
Leptodinium deflandrei (Riley in Fisher and Riley 1980) Lentin and Williams 1981 
Leptodinium? hyalodermopse (Cookson and  Eisenack 1958) Stover and Evitt 1978 
Leptodinium mamilliferum (Deflandre 1939) Helenes 1984
Leptodinium mirabile Klement 1960
Leptodinium subtile Klement 1960
Leptodinium volgense Lentin and  Williams 1981
Liesbergia liesbergensis Berger 1986 Liesbergia scarburghensis (Sarjeant 1964b) Berger 1986 (now Trichodinium scarburghense ) 
Limbodinium absidatum (Drugg 1978) Riding 1987
Lithodinia jurassica Eisenack 1935
Lunatadinium dissolutum Brideaux and McIntyre 1973
Mancodinium coalitum Morgenroth 1970
Mancodinium semitabulatum Morgenroth 1970
Meiourogonyaulax deflandrei Sarjeant 1968
Meiourogonyaulax planoseptata Riding 1987
Meiourogonyaulax valensii Sarjeant 1966
Mendicodinium Morgenroth 1970
Mendicodinium groenlandicum (Pocock and Sarjeant 1972) Davey 1979
Mendicodinium reticulatum Morgenroth 1970
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APPENDIX A: continued.
Microdinium opacum Brideaux 1971
Mikrocysta erugata Bjærke 1980
Moesiodinium raileanui Antonesçu 1974
Muderongia simplex Alberti 1961
Nannoceratopsis deflandrei Evitt 1961b
Nannoceratopsis deflandrei subsp. anabarensis Ilyina in             Ilyina et al. 1994
Nannoceratopsis deflandrei subsp. senex (van Helden 1977) Ilyina in     Ilyina et al. 1994
Nannoceratopsis deflandrei subsp. senex var. C sensu Davies 1983 
Nannoceratopsis gracilis Alberti 1961
Nannoceratopsis pellucida Deflandre 1939
Nannoceratopsis senex van Helden, 1977 (now Nannoceratopsis deflandrei subsp. senex )
Oligosphaeridium patulum Riding and Thomas 1988
Oligosphaeridium pulcherrimum (Deflandre and Cookson 1955) Davey and Williams 1966
Opaeopsomus wapellensis Pocock 1972
Ovalicysta hiata Bjærke 1980
Ovoidinium waltonii (Pocock 1972) Lentin and   Williams 1976
Paragonyaulacysta Johnson and Hills 1973
Paragonyaulacysta? borealis (Brideaux and Fisher 1976) Stover and Evitt 1978
Paragonyaulacysta calloviensis Johnson and Hills 1973
Paragonyaulacysta capillosa (Brideaux and Fisher 1976) Stover and Evitt 1978
Paragonyaulacysta retiphragmata Dörhöfer and Davies 1980
Pareodinia asperata Riley in Fisher and Riley 1980
Pareodinia ceratophora Deflandre 1947
Pareodinia groenlandica Sarjeant 1972
Pareodinia prolongata Sarjeant 1959
Parvocysta bullula Bjærke 1980
Perisseiasphaeridium pannosum Davey and Williams 1966
Phallocysta arctica (Below 1987a) Riding 1994
Phallocysta elongata (Beju 1971) Riding 1994
Phallocysta eumekes Dörhöfer and Davies 1980
Phallocysta thomasii Smelror 1991
Pilosidinium filiatum (Davies, 1983) Courtinat 1989 (now considered a taxonomic junior synonym of Sentusidinium capillatum ) 
Prolixosphaeridium parvispinum (Deflandre 1937) Davey et al. 1969
Protobatioladinium elatmaense Riding and Ilyina 1996
Protobatioladinium? elongatum Riding and Ilyina 1998
Protobatioladinium westburiense Nøhr-Hansen 1986
Pyxidinopsis laminata (Davies 1983) Lentin and Williams 1985
Reutlingia cracens (Bjærke 1980) Prauss 1989
Rhynchodiniopsis cladophora (Deflandre 1939) Below 1981
Rhynchodiniopsis pennata (Riley in Fisher and Riley 1980) Jan du Chêne et al. 1985
Rigaudella aemula (Deflandre 1939) Below 1982
Rosswangia holotabulata (Davies 1983) Below 1987b
Rotosphaeropsis thule (Davey 1982) Riding and Davey 1989
Scriniocassis priscus (Gocht 1979) Below 1990
Scriniocassis weberi Gocht 1964
Scriniodinium anceps (Raynaud 1978) Jan du Chêne et al. 1986
Scriniodinium crystallinum (Deflandre 1939) Klement 1960
Scriniodinium dictyotum subsp. dictyotum Cookson and       Eisenack 1960
Scriniodinium dictyotum subsp. pyrum Gitmez 1970
Scriniodinium inritibile Fisher and Riley 1980
Senoniasphaera jurassica (Gitmez and Sarjeant 1972) Lentin and Williams 1976
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APPENDIX A: continued.
Sentusidinium capillatum (Davies 1983) Courtinat 1989
Sentusidinium ringnesiorum (Manum and Cookson 1964) Wood et al. 2016
Sentusidinium verrucosum (Sarjeant 1968) Sarjeant and     Stover 1978
Sirmiodinium grossii Alberti 1961
Stephanelytron Sarjeant 1961a
Stephanelytron callovianum (Piel 1985) Courtinat 1999
Stephanelytron membranoideum (Vozzhennikova 1967) Courtinat 1999 
Stiphrosphaeridium anthophorum ( Cookson and Eisenack 1958) Lentin and Williams 
1985 Susadinium faustum (Bjærke 1980) Lentin and     Williams 1985
Susadinium scrofoides Dörhöfer and Davies 1980
Sverdrupiella Bujak and Fisher 1976
Sverdrupiella mutabilis Bujak and Fisher 1976
Systematophora? ovata Gitmez and Sarjeant 1972
Tanyosphaeridium isocalamum (Deflandre and Cookson 1955) Davey and Williams 1969 
Trichodinium erinaceoides Davies 1983
Trichodinium scarburghense (Sarjeant 1964) Williams   et al . 1993
Tubotuberella apatela (Cookson and Eisenack 1960) Ioannides et al . 1977 Tubotuberella 
dangeardii (Sarjeant 1968) Stover and    Evitt 1978
Tubotuberella dentata Raynaud 1978
Tubotuberella egemenii (Gitmez 1970) Stover and Evitt 1978
Tubotuberella rhombiformis Vozzhennikova 1967
Valensiella dictydia (Sarjeant 1972) Lentin and    Williams 1993
Valensiella ovulum (Deflandre 1947) Eisenack 1963
Valvaeodinium aquilonium (Dörhöfer and Davies 1980) Below 1987b
Valvaeodinium cavum (Davies 1983) Below 1987b
Valvaeodinium leneae Piasecki 2001
Valvaeodinium perpunctatum (Wille and Gocht 1979) Below 1987b
Valvaeodinium punctatum (Wille and Gocht 1979) Below 1987b
Valvaeodinium spinosum (Fenton et al. 1980) Below 1987b
Wallodinium krutzschii (Alberti 1961) Habib   1972
Wanaea acollaris Dodekova 1975
Wanaea fimbriata Sarjeant 1961
Wanaea thysanota Woollam 1982
Wrevittia helicoidea (Eisenack and Cookson 1960) Helenes and Lucas-Clark 1997

Miospores

Aratrisporites Leschik 1956
Aratrisporites laevigatus Bjærke and Manum 1977
Aratrisporites macrocavatus Bjærke and Manum 1977
Aratrisporites scabratus Klaus 1960
Aratrisporites tenuispinosus Playford 1965
Limbosporites lundbladiae  Nilsson 1958
Lunatisporites rhaeticus  (Schulz 1967) Warrington 1974
Quadraeculina anellaeformis  Malyavkina 1949
Ricciisporites tuberculatus  Lundblad 1954
Taeniasporites rhaeticus  (Schulz 1967) Warrington 1974
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APPENDIX B: SPREADSHEET SUMMARIZING PALYNOEVENTS
All mentions of ammonite zones refer to the Sub-Boreal ammonite zonation. 

Event Calibration

LO of Aratrisporites Base of the ammonite Psiloceras planorbis  Zone
LO of Common Limbosporites lundbladiae Base of the ammonite Psiloceras planorbis  Zone
LO of Sverdrupiella mutabilis Base of the ammonite Psiloceras planorbis  Zone
LO of Taeniate bisaccate pollen Base of the ammonite Psiloceras planorbis  Zone
LO of Dapcodinium priscum
FO of Mendicodinium reticulatum
FO of Valvaeodinium perpunctatum
LO of Valvaeodinium perpunctatum
FO of Scriniocassis weberi
FO of Freboldinium regulum
FO of Susadinium scrofoides
FO of Phallocysta eumekes
FO of Rosswangia holotabulata
FO of Valvaeodinium aquilonium
FO of Caligodinium aceras
FO of Dingodinium minutum
FO of Dodekovia syzygia
FO of Microdinium opacum
FO of Valvaeodinium cavum
FO of Nannoceratopsis gracilis
FO of Ovalicysta hiata
FO of Scriniocassis priscus
LO of Andreedinium arcticum
LO of Parvocysta bullula
LO of Reutlingia nasuta
LO of Susadinium faustum
FO of Opaeopsomus wapellensis
FO of Susadinium scrofoides
FO of Chytroeisphaeridia chytroeides
FO of Valvaeodinium punctatum
LO of Nannoceratopsis deflandrei  subsp. senex  var C sensu Davies 1983
LO of Phallocysta elongata
FO of Phallocysta thomasii
LO of Mikrocysta erugata
FO of Evansia granochagrinata
LO of Ovalicysta hiata
LO of Freboldinium serrulatum
LO of Mancodinium coalitum
LO of Mancodinium semitabulatum
LO of Opaeopsomus wapellensis
LO of Scriniodinium dictyotum  subsp. pyrum
LO of Valvaeodinium punctatum
FO of Freboldinium arcticum
LO of Scriniocassis priscus

Base of the ammonite Arnioceras semicostatum Zone 
Base of the ammonite Asteroceras obtusum Zone
Base of the ammonite Uptonia jamesoni Zone
Base of the ammonite Almaltheus margaritatus Zone 
50% up the ammonite Amaltheus margaritatus Zone 
50% up the ammonite Pleuroceras spinatum Zone 
Base of the ammonite Dactylioceras tenuicostatum Zone 
Base of the ammonite Harpoceras serpentinum Zone 
Base of the ammonite Harpoceras serpentinum Zone 
Base of the ammonite Harpoceras serpentinum Zone 
Base of the ammonite Hildoceras bifrons Zone
Base of the ammonite Hildoceras bifrons Zone
Base of the ammonite Hildoceras bifrons Zone
Base of the ammonite Hildoceras bifrons Zone
Base of the ammonite Hildoceras bifrons Zone
17% up the ammonite Hildoceras bifrons Zone
50% up the ammonite Hildoceras bifrons Zone
50% up the ammonite Hildoceras bifrons Zone
50% up the ammonite Hildoceras bifrons Zone
50% up the ammonite Hildoceras bifrons Zone
50% up the ammonite Hildoceras bifrons Zone
50% up the ammonite Hildoceras bifrons Zone
Base of the ammonite Haugia variabilis Zone
Base of the ammonite Haugia variabilis Zone
Base of the ammonite Grammoceras thouarsense Zone 
Base of the ammonite Grammoceras thouarsense Zone 
Base of the ammonite Grammoceras thouarsense Zone 
Base of the ammonite Pleydellia aalensis Zone
Base of the ammonite Leioceras opalinum Zone
Base of the ammonite Leioceras opalinum Zone
50% up the ammonite Leioceras opalinum Zone
50% up the ammonite Leioceras opalinum Zone
Base of the ammonite Hyperlioceras discites Zone 
Base of the ammonite Hyperlioceras discites Zone 
Base of the ammonite Hyperlioceras discites Zone 
Base of the ammonite Hyperlioceras discites Zone 
Base of the ammonite Hyperlioceras discites Zone 
Base of the ammonite Hyperlioceras discites Zone 
50% up the ammonite Sonninia propinquans Zone 
50% up the ammonite Sonninia propinquans Zone

LO of Mendicodinium reticulatum Base of the late Bajocian
LO of Nannoceratopsis deflandrei  subsp. senex Base of the late Bajocian
LO of Parvocysta bullula Base of the late Bajocian
LO of Phallocysta elongata Base of the late Bajocian
FO of Evansia evittii Base of the ammonite Zigzagiceras zigzag  Zone
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APPENDIX B: Continued.
Base of the ammonite Zigzagiceras zigzag  Zone
75% up the ammonite Zigzagiceras zigzag  Zone
Base of the ammonite Procerites hodsoni  Zone
Base of the ammonite Procerites hodsoni  Zone
Base of the ammonite Procerites hodsoni  Zone
Base of the ammonite Procerites hodsoni  Zone
Base of the ammonite Procerites hodsoni  Zone
Base of the ammonite Procerites hodsoni  Zone
Base of the ammonite Procerites hodsoni  Zone
Base of the ammonite Procerites hodsoni  Zone
75% up the ammonite Procerites hodsoni  Zone
75% up the ammonite Procerites hodsoni  Zone
75% up the ammonite Procerites hodsoni  Zone
75% up the ammonite Procerites hodsoni  Zone
Base of the ammonite Oxycerites orbis  Zone
Base of the ammonite Oxycerites orbis  Zone
Base of the ammonite Oxycerites orbis  Zone
Base of the ammonite Oxycerites orbis  Zone
Base of the ammonite Oxycerites orbis  Zone
Base of the ammonite Oxycerites orbis  Zone
Base of the ammonite Oxycerites orbis  Zone
Base of the ammonite Oxycerites orbis  Zone
Base of the ammonite Oxycerites orbis  Zone
Base of the ammonite Oxycerites orbis  Zone
Base of the ammonite Oxycerites orbis  Zone
Base of the ammonite Oxycerites orbis  Zone
Base of the ammonite Macrocephalites herveyi  Zone
Base of the ammonite Macrocephalites herveyi  Zone
Base of the ammonite Macrocephalites herveyi  Zone
Base of the ammonite Proplanulites koenigi  Zone
Base of the ammonite Proplanulites koenigi  Zone
Base of the ammonite Proplanulites koenigi  Zone
Base of the ammonite Proplanulites koenigi  Zone
Base of the ammonite Kosmoceras jason  Zone
Base of the ammonite Kosmoceras jason  Zone
Base of the ammonite Kosmoceras jason  Zone
Base of the ammonite Kosmoceras jason  Zone
Base of the ammonite Kosmoceras jason  Zone
Base of the ammonite Kosmoceras jason  Zone
Base of the ammonite Kosmoceras jason  Zone
Base of the ammonite Kosmoceras jason  Zone
Base of the ammonite Kosmoceras jason  Zone
Base of the ammonite Kosmoceras jason  Zone
Base of the ammonite Kosmoceras jason  Zone
Base of the ammonite Kosmoceras jason  Zone
Base of the ammonite Kosmoceras jason  Zone
Base of the ammonite Kosmoceras jason  Zone
Base of the ammonite Erymnoceras coronatum  Zone
Base of the ammonite Peltoceras athleta  Zone
Base of the ammonite Peltoceras athleta  Zone

FO of Protobatioladinium elatmaense
FO of Dichadogonyaulax sellwoodii
FO of Arkellea teichophera
FO of Atopodinium prostatum
FO of Paragonyaulacysta calloviensis
FO of Paragonyaulacysta retiphragmata
FO of Rhynchodiniopsis cladophora
FO of Scriniodinium crystallinum
LO of Valvaeodinium aquilonium
LO of Wanaea acollaris
FO of Lacrymodinium warrenii
FO of Valensiella dictydia
LO of Nannoceratopsis gracilis
LO of Rosswangia holotabulata
FO of Atopodinium haromense
FO of Ellipsoidictyum cinctum
FO of Evansia zabra
FO of Evansia? opeasatos
FO of Gonyaulacysta jurassica
FO of Lithodinia jurassica
FO of Paragonyaulacysta calloviensis
FO of Paragonyaulacysta retiphragmata
FO of Pareodinia ceratophora
FO of Tubotuberella rhombiformis
LO of Valvaeodinium leneae
LO of Valvaeodinium spinosum
FO of Evansia dalei
LO of Protobatioladinium? elongatum
LO of Susadinium scrofoides
FO of Ambonosphaera calloviana
FO of Meiourogonyaulax planoseptata
FO of Pareodinia prolongata
FO of Stephanelytron callovianum
FO of Cribroperidinium granulatum
FO of Cribroperidinium? perforans subsp. kunzeviense 
FO of Endoscrinium galeritum
FO of Hystrichodinium? lanceatum
FO of Komewuia glabra
FO of Meiourogonyaulax valensii
FO of Ovoidinium waltonii
FO of Paragonyaulacysta? borealis
FO of Rotosphaeropsis thule
FO of Sentusidinium verrucosum
LO of Ctenidodinium combazii
LO of Paragonyaulacysta calloviensis
LO of Paragonyaulacysta retiphragmata
LO of Valensiella ovulum
LO of Dichadogonyaulax sellwoodii
FO of Evansia deflandrei
FO of Gonyaulacysta jurassica var. longicornis
FO of Wanaea thysanota Base of the ammonite Peltoceras athleta  Zone
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APPENDIX B: Continued.
Base of the ammonite Peltoceras athleta  Zone
Base of the ammonite Quenstedtoceras lamberti  Zone
Base of the ammonite Quenstedtoceras lamberti  Zone
Base of the ammonite Quenstedtoceras mariae  Zone
Base of the ammonite Quenstedtoceras mariae  Zone
Base of the ammonite Quenstedtoceras mariae  Zone
Base of the ammonite Quenstedtoceras mariae  Zone
Base of the ammonite Quenstedtoceras mariae  Zone
Base of the ammonite Quenstedtoceras mariae  Zone
50% up the ammonite Quenstedtoceras mariae  Zone
50% up the ammonite Quenstedtoceras mariae  Zone
50% up the ammonite Quenstedtoceras mariae  Zone
50% up the ammonite Quenstedtoceras mariae  Zone
50% up the ammonite Cardioceras cordatum  Zone 
Base of the ammonite Perisphinctes plicatilis  Zone
Base of the ammonite Perisphinctes plicatilis  Zone
Base of the ammonite Perisphinctes pumilus  Zone
Base of the ammonite Perisphinctes pumilus  Zone
Base of the ammonite Perisphinctes pumilus  Zone
Base of the ammonite Perisphinctes cautisnigrae  Zone
Base of the ammonite Perisphinctes cautisnigrae  Zone
Base of the ammonite Perisphinctes cautisnigrae  Zone
50% up the ammonite Perisphinctites cautisnigrae  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
Base of the ammonite Pictonia baylei  Zone
50% up the ammonite Pictonia baylei  Zone

LO of Liesbergia liesbergensis
FO of Trichodinium scarburghense
LO of Pareodinia prolongata
FO of Gonyaulacysta jurassica subsp. desmos
FO of Wanaea fimbriata
LO of Ambonosphaera calloviana
LO of Ctenidodinium continuum
LO of Meiourogonyaulax planoseptata
LO of Valensiella dictydia
FO of Leptodinium mirabile
LO of Gonyaulacysta dentata
LO of Limbodinium absidatum
LO of Wanaea thysanota
FO of Gonyaulacysta jurassica subsp. jurassica 
LO of Gonyaulacysta jurassica subsp. desmos
LO of Wanaea fimbriata
FO of Gonyaulacysta dualis
FO of Sentusidinium ringnesiorum
LO of Trichodinium scarburghense
FO of Cribroperidinium globatum
LO of Gonyaulacysta jurassica var. longicornis 
LO of Rigaudella aemula
FO of Leptodinium subtile
FO of Apteodinium granulatum
FO of Cribroperidinium? ehrenbergii
FO of Cribroperidinium? perforans subsp. perforans 
FO of Glossodinium dimorphum
FO of Leptodinium? hyalodermopse
FO of Lunatadinium dissolutum
FO of Pareodinia groenlandica
FO of Perisseiasphaeridium pannosum
FO of Pyxidinopsis laminata
FO of Scriniodinium anceps
FO of Sentusidinium capillatum
FO of Tubotuberella egemenii
FO of Wallodinium krutzschii
FO of Wrevittia helicoidea
LO of Apteodinium bucculiatum
LO of Arkellea teichophera
LO of Egmontodinium? diminutum
LO of Evansia deflandrei
LO of Evansia evittii
LO of Evansia zabra
LO of Evansia? opeasatos
LO of Komewuia glabra
LO of Meiourogonyaulax deflandrei
LO of Scriniodinium crystallinum
LO of Sentusidinium verrucosum
LO of Stephanelytron membranoideum
LO of Nannoceratopsis pellucida
FO of Apteodinium maculatum Base of the ammonite Rasenia cymodoce  Zone



Copyright © Atlantic Geoscience, 2022Bujak et al. – Jurassic palynoevents in the circum-Arctic region

ATLANTIC GEOSCIENCE · VOLUME 58 · 2022 93

APPENDIX B: Continued.
Base of the ammonite Aulacostephanus mutabilis  Zone
Base of the ammonite Aulacostephanus mutabilis  Zone
Base of the ammonite Aulacostephanus mutabilis  Zone
Base of the ammonite Aulacostephanus mutabilis  Zone
Base of the ammonite Aulacostephanus mutabilis  Zone
Base of the ammonite Aulacostephanus mutabilis  Zone
Base of the ammonite Aulacostephanus mutabilis  Zone
Base of the ammonite Aulacostephanus mutabilis  Zone
Base of the ammonite Aulacostephanus mutabilis  Zone
Base of the ammonite Aulacostephanus mutabilis  Zone
Base of the ammonite Aulacostephanus mutabilis  Zone
Base of the ammonite Aulacostephanus mutabilis  Zone
Base of the ammonite Aulacostephanus mutabilis  Zone
Base of the ammonite Aulacostephanus eudoxus  Zone
Base of the ammonite Aulacostephanus eudoxus  Zone
Base of the ammonite Aulacostephanus eudoxus  Zone
Base of the ammonite Aulacostephanus autissiodorensis  Zone
Base of the ammonite Pectinatites elegans  Zone
Base of the ammonite Pectinatites elegans  Zone
Base of the ammonite Pectinatites elegans  Zone
Base of the ammonite Pectinatites scitulus Zone 
Base of the ammonite Pectinatites scitulus Zone 
Base of the ammonite Pectinatites scitulus Zone 
Base of the ammonite Pectinatites scitulus Zone 
Base of the ammonite Pectinatites scitulus Zone 
Base of the ammonite Pectinatites scitulus Zone 
Base of the ammonite Pectinatites scitulus Zone 
Base of the ammonite Pectinatites scitulus  Zone
Base of the ammonite Pectinatites scitulus  Zone
Base of the ammonite Pavlovia pallasioides  Zone
Base of the ammonite Pavlovia pallasioides  Zone
Base of the ammonite Pavlovia pallasioides  Zone
Base of the ammonite Pavlovia pallasioides  Zone
Base of the ammonite Pavlovia pallasioides  Zone
Base of the ammonite Pavlovia pallasioides  Zone
Base of the ammonite Pavlovia pallasioides  Zone
Base of the ammonite Pavlovia pallasioides  Zone
Base of the ammonite Progalbanites albani  Zone
Base of the ammonite Progalbanites albani  Zone
Base of the ammonite Progalbanites albani  Zone
Base of the ammonite Progalbanites albani  Zone
Base of the ammonite Progalbanites albani  Zone
Base of the ammonite Progalbanites albani  Zone
Base of the ammonite Progalbanites albani  Zone
Base of the ammonite Progalbanites albani  Zone
Base of the ammonite Progalbanites albani  Zone
Base of the ammonite Glaucolithites glaucolithus  Zone
Base of the ammonite Glaucolithites glaucolithus  Zone
Base of the ammonite Glaucolithites glaucolithus  Zone
Base of the ammonite Glaucolithites glaucolithus  Zone

FO of Cribroperidinium jubaris
FO of Dingodinium jurassicum
FO of Egmontodinium polyplacophorum
FO of Epiplosphaera saturnalis
FO of Gochteodinia mutabilis
FO of Paragonyaulacysta capillosa
FO of Protobatioladinium westburiense
FO of Scriniodinium inritibile
FO of Stephanelytron membranoideum
LO of Cribroperidinium? perforans subsp. kunzeviense 
LO of Endoscrinium subvallare
LO of Lanterna? cantrellii
LO of Lithodinia jurassica
FO of Cassiculosphaeridia magna
FO of Cribroperidinium? perforans
FO of Oligosphaeridium pulcherrimum
FO of Corculodinium inaffectum
FO of Lanterna bulgarica
FO of Leptodinium volgense
FO of Pareodinia asperata
FO of Dingodinium cerviculum
FO of Exochosphaeridium scitulum
FO of Leptodinium deflandrei
FO of Rhynchodiniopsis pennata
FO of Stiphrosphaeridium anthophorum
FO of Tanyosphaeridium isocalamum
FO of Tubotuberella apatela
LO of Pyxidinopsis laminata
LO of Sentusidinium ringnesiorum
FO of Muderongia simplex
LO of Gonyaulacysta dualis
LO of Pareodinia asperata
LO of Rhynchodiniopsis cladophora
LO of Scriniodinium dictyotum subsp. dictyotum 
LO of Senoniasphaera jurassica
LO of Tubotuberella dangeardii
LO of Tubotuberella egemenii
LO of Cribroperidinium granulatum
LO of Cribroperidinium nuciforme
LO of Egmontodinium polyplacophorum
LO of Imbatodinim kondratjevii
LO of Leptodinium deflandrei
LO of Leptodinium volgense
LO of Scriniodinium anceps
LO of Scriniodinium inritibile
LO of Systematophora? ovata
FO of Prolixosphaeridiopsis spissa
LO of Atopodinium prostatum
LO of Cribroperidinium jubaris
LO of Glossodinium dimorphum
LO of Pareodinia groenlandica Base of the ammonite Glaucolithites glaucolithus  Zone



Copyright © Atlantic Geoscience, 2022Bujak et al. – Jurassic palynoevents in the circum-Arctic region

ATLANTIC GEOSCIENCE · VOLUME 58 · 2022 94

APPENDIX B: Continued.
FO of Leptodinium mamilliferum 
FO of Moesiodinium raileanui
FO of Trichodinium erinaceoides 
LO of Oligosphaeridium patulum 
LO of Prolixosphaeridium parvispinum 
FO of Ctenidodinium? schizoblatum 
FO of Dichadogonyaulax culmula 
FO of Gochteodinia villosa
LO of Cribroperidinium? longicorne LO 
of Lanterna bulgarica
LO of Rhynchodiniopsis pennata

Base of the ammonite Titanites anguiformis Zone 
Base of the ammonite Titanites anguiformis Zone 
Base of the ammonite Titanites anguiformis Zone 
Base of the ammonite Titanites anguiformis Zone 
Base of the ammonite Paracraspedites oppressus Zone 
Base of the ammonite Subcraspedites primitivus Zone 
Base of the ammonite Subcraspedites primitivus Zone 
Base of the ammonite Subcraspedites primitivus Zone 
Base of the ammonite Subcraspedites primitivus Zone 
Base of the ammonite Subcraspedites primitivus Zone
Base of the ammonite Subcraspedites primitivus Zone
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APPENDIX C: REFERENCE WELLS.

Charts showing palynological analyses of Beechey Point 
State 1 reference well (onshore northern Alaska) which 
provides supporting evidence for palynoevent events. The 

following pages includes three relevant wells that are repro-
duced from Mangerud et al. (2021) which also provide sup-
porting evidence for palynoevent events: Fireweed 1 (off-
shore northern Alaska), Klondike OCS-Y-1482 (Chukchi 
Sea), and Romulus C-67 (Sverdrup Basin).
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The integration of aeromagnetic, LiDAR, and previously acquired seismic-reflection data and surficial geologic 
maps supports the existence of the East Coast fault system (ECFS) and faults associated with its 12° Summerville 
restraining bend beneath the South Carolina Coastal Plain. Aeromagnetic data revealed a 10- to 15-km-wide 
zone of subtle, 22- to 35-km-long linear magnetic anomalies trending ~N10°E across the southern meizoseismal 
area of the 1886 Charleston earthquake that we postulate are associated with Cenozoic low-displacement brittle 
faults in the crystalline basement west of Charleston. We hypothesize that lineaments ML4 and ML5 represent the 
principal displacement zone along the southern end of the ECFS because they coincide with steeply dipping, west-
side-up buried faults interpreted from previously acquired seismic-reflection profiles and dextral offset of ~320 m 
in the Brownsville Pleistocene beach ridge deposit. The alignment of the NNE-SSW-oriented Edisto dome, uplift 
along releveling line 9, gently upwarped longitudinal profiles along the Caw Caw and Horse Savanna swamps, 
local incision along the Ashley River, and exposures of the early Oligocene Ashley Formation near the incised 
part of the Ashley River support Quaternary uplift along the southern ECFS. The 12° change in trend formed by 
lineaments ML4 and ML5 supports the existence of the Summerville restraining bend along the ECFS, east of 
which are numerous ENE-WSW- to NW-SE-oriented LiDAR lineaments that we postulate are surface 
expressions of faults that formed to compensate for the increased compression produced by dextral motion 
along the bend. Sinistral displacement along one of these proposed faults associated with the ~40-km-long, 
east-west-oriented Deer Park lineament may have produced the main shock of the 1886 Charleston earthquake.

RÉSUMÉ

L’intégration de données aéromagnétiques, de données lidar et de données de réflexion sismique récemment 
obtenues ainsi que de cartes géologiques de surface appuie l’existence du système de failles de la Côte est (SFCE) et 
des failles associées à son inflexion de restriction de 12 degrés de Summerville au-dessous de la plaine côtière de la 
Caroline du Sud. Les données aéromagnétiques ont révélé une zone de 10 à 15 kilomètres de largeur d’anomalies 
magnétiques linéaires subtiles sur une longueur de 22 à 35 kilomètres, orientées approximativement vers le 
nord à 10 degrés est à travers l’aire pléistoséiste méridionale du séisme de Charleston de 1886 qui, postulons-
nous, sont associés à des failles cassantes de faible déplacement, cénozoïques, dans le socle cristallin à l’ouest de 
Charleston. Nous supposons que les linéaments ML4 et ML5 représentent la principale zone de déplacement le 
long de l’extrémité méridionale du SFCE parce qu’ils coïncident avec des failles enfouies dont le toit est à l’ouest 
et qui s’inclinent profondément, interprétées à partir de profils de réflexion sismique précédemment obtenus 
et du mouvement dextre d’environ 320 mètres dans le dépôt de la levée de plage du Pléistocène de Brownsville. 
L’alignement du dôme Edisto orienté du nord-nord-est au sud-sud-ouest, le soulèvement le long de la ligne du 
levé d’appoint 9, les profils longitudinaux doucement bombés le long des marécages Caw Caw et Horse Savanna, 
l’incision locale longeant la rivière Ashley et les affleurements de la Formation de l’Oligocène précoce d’Ashley 
près de la partie enfoncée de la rivière Ashley appuient l’hypothèse d’un soulèvement quaternaire le long du SFCE 
méridional. La variation de 12 degrés de l’orientation créée par les linéaments ML4 et ML5 appuie l’existence de 
l’inflexion de restriction de Summerville dans le SFCE, à l’est des nombreux linéaments lidar orientés de l’est-
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INTRODUCTION

The main shock of the August 31, 1886 earthquake oc-
curred northwest of Charleston, South Carolina, near 
Woodstock at ~9:51 PM, followed 8–10 minutes later by a 
smaller earthquake west of Rantowles to the south (Dutton 
1889, pp. 215 and 273) (Fig. 1). Moment magnitude, Mw, 
estimates of the main shock range from 6.9 (Bakun and 
Hopper 2004) to 7.3 (Johnston 1996). Based on Wells and 
Coppersmith’s (1994) study of earthquake magnitude ver-
sus fault rupture length, the fault rupture that produced the 
main shock was likely at least 25 km long.

Contemporary reports suggest that two epicenters were 
associated with the Charleston earthquake (Woodstock and 
Rantowles) (Dutton 1889) and possibly a third one near 
Middleton Place (McKinley 1887) (Fig. 1). The location 
of the Rantowles epicenter is less certain because of fewer 
anthropogenic structures and swampier conditions in the 
southern meizoseismal area (Dutton 1889). The complex 
shape of Earle Sloan’s isoseismal contours (Dutton 1889, 
plate XXVII) (Fig. 1) and the 8–10 minute separation be-
tween the two earthquakes suggest that at least two faults 
ruptured August 31, 1886: one trending east-west north of 
the Ashley River and the other trending NNE-SSW in the 
southern meizoseismal area. The right-lateral displacement 
of the Charleston & Savannah Railroad near Rantowles 
(Dutton 1889, plate XXV) (Fig. 2) suggests that the sec-
ond earthquake west of Rantowles was produced by dextral 
strike-slip displacement on a NNE-SSW-oriented fault.

Despite numerous investigations of the meizoseismal 
area (e.g., Rankin 1977; Gohn 1983), the location and ori-
entation of the causative faults have remained elusive for 
several reasons. First, the modern seismicity in the area 
has been sparse and clustered (e.g., Chapman et al. 2016), 
rather than along well-defined trends. Furthermore, little 
seismicity has been recorded in the areas of greatest inten-
sity near Woodstock and Rantowles (Fig. 2). Thus, the Mid-

dleton Place-Summerville seismic zone (MPSSZ) may not 
accurately reflect the locations of the faults that ruptured 
August 31, 1886. Second, fault plane solutions from the 
MPSSZ show a wide variety of fault types and orientations 
(Shedlock 1988; Madabhushi and Talwani 1993; Chapman 
et al. 2016) that are from displacements along several faults 
with different orientations. Third, faulting beneath the 700- 
to 1100-m-thick, southeast-dipping wedge of Cretaceous 
and Cenozoic unlithified sediments and weakly lithified to 
indurated sedimentary rocks beneath the Charleston re-
gion (Gohn 1988) would likely fold rather than fracture the 
overlying strata (Stein and Yeats 1989). Fourth, the swampy, 
densely forested area throughout much of the meizoseismal 
area makes it difficult to identify surface evidence of fault-
ing. Fifth, the humid climate, easily eroded surface sedi-
ments, and the rapid urbanization of the Charleston region 
in modern time have erased much of the evidence of ground 
rupture that may have once existed. Finally, low Cenozoic 
fault slip rates in the eastern United States (Prowell 1988, 
0.3–1.5 m/myr) result in small cumulative displacements, 
thus making it difficult to identify Cenozoic faults in the 
landscape and on regional aeromagnetic and gravity maps.

Because of these factors, numerous hypotheses have been 
presented to explain the 1886 Charleston earthquake and 
MPSSZ. Seeber and Armbruster (1981), for example, pro-
posed that backslip on the Appalachian décollement caused 
the main shock. Talwani (1982) postulated that the Charles-
ton earthquake and MPSSZ are from stresses produced 
by the intersection of the NNE-SSW-oriented Woodstock 
fault and the NW-SE-oriented Ashley River fault. Behrendt 
(1983) proposed that displacement on a NE-SW-oriented 
listric fault along the southeastern edge of the Triassic Jed-
burg basin near Summerville may have caused the Charles-
ton earthquake. Using a digital elevation model and river 
morphology, Rhea (1989) interpreted a topographically 
high area in the northwestern part of the Charleston re-
gion that she postulated is from uplift, although she did not 

nord-est/ouest-sud-ouest au nord-ouest/sud-est que nous supposons des expressions en surface de failles qui se 
sont formées pour compenser la compression accrue produite par le mouvement dextre le long de l’inflexion. 
Le mouvement senestre le long des failles proposées associé au linéament d’une quarantaine de kilomètres de 
longueur orienté d’est en ouest de Deer Park pourrait avoir produit la principale secousse du séisme de Charleston 
de 1886.

[Traduit par la redaction]

Figure 1. (next page) Summary map showing structural domes (bold contours), buried faults interpreted from seismic- 
reflection profiles (solid triangles, U on upthrown side), and linear magnetic anomalies ML1–ML5 (green lines). Abbrevi-
ations of faults (black lines), LiDAR lineaments (blue lines), and scarps are shown in Tables 1 and 2. The thick red parallel 
lines represent the interpreted uplift along the ZRA and ECFS. Red dots are epicenters of small modern earthquakes east of 
Adams Run (U.S. Geological Survey 2021). The incised part of the Ashley River is highlighted with thick red contour. Red 
contours labeled 1–3 are LiDAR-derived elevation profiles along the Caw Caw and Horse Savanna swamps and along the 
Ashley River valley and Cypress Swamp (uplifted parts are dashed). Orange patterns along the lower Ashley River valley 
are Pleistocene fluvial terraces from Marple and Hurd (2020). Lines labeled 4–8 are elevation profiles across the Ashley 
River valley and Cypress Swamp. The dashed contour is the outer isoseismal contour of Sloan (Dutton 1889). Index map 
in the upper left shows the location of the study area with the Modified Mercalli Intensity contours of the 1886 Charleston 
earthquake from Bollinger (1977) overlain.
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Table 1. Fault name abbreviations.

Abbreviation                      Fault 

ARFZ 
BF 
LF
MPF
SBF
SF

Ashley River fault zone
Berkeley fault
Lincolnville fault
Middleton Place fault
Sawmill Branch fault
Summerville fault

Abbreviation Lineament or scarp

ARL
BHL
CL
DL
DPL
EL
FQL
LBL
LVL
MS
MGL
MHL
OTL
SS
SWS
WL

Ashley River lineament
Boone Hill lineament
Coosaw Creek lineament
Dawkins lineament
Deer Park lineament
Eagle Creek lineament
French Quarter lineament zone
Lambs lineament
Lincolnville lineament
McChune scarp
Magnolia Gardens lineament
Mount Holly lineament
Otranto lineament
Summerville scarp
Summerwood scarp
Waring lineament

Table 2. Abbreviations for names of lineaments and scarps.

Figure 2. (next page) Summary map showing seismicity recorded between 1974 and 2021 (yellow dots) (U.S. Geological 
Survey 2021), seismic-reflection profiles with locations of interpreted faults (black ticks, U on upthrown side), and linear 
magnetic anomalies ML1-ML5 (green lines). Previous interpretations of faults are grey and red lines. Light grey area in the 
northwest part of the area is the topographically higher area interpreted from the LiDAR data of Marple and Hurd 
(2020, fig. 2). The pre-Pliocene high near Summerville is shown by the thick grey contour. The incised part of the Ashley 
River is highlighted with thick red contour. Tables 1 and 2 show the abbreviations of faults, LiDAR lineaments (blue lines), 
and scarps (contours with ticks). Red dots are epicenters of small modern earthquakes east of Adams Run. Isoseismal 
contours of Sloan (Dutton 1889) are dashed. S1 is the location of the “ridges or permanent waves” along the Northeastern 
Railroad described in Dutton (1889, pp. 291). S2 is the location along the South Carolina Railroad where the direction of 
compressions reversed direction during the 1886 Charleston earthquake (Dutton 1889, pp. 287, 288, and 295). S3 is the 
location of significant S-shaped deformation of the Northeastern Railroad caused by the seismic waves during the 1886 
Charleston earthquake (Dutton 1889, pp. 290).

attribute it to any known subsurface structures. Figure 2 
(shaded area) shows this topographically high area 
interpreted from a LiDAR image of the Charleston region 
shown in figure 2 of Marple and Hurd (2020). Talwani 
(1999) modified his 1982 model in which he hypothesized 
that the Woodstock fault is offset 3–4 km to the southeast by 
the NW-SE-oriented Ashley River fault. Based on 
geological and geophysical data and anomalous changes in 
river morphology, Marple and Talwani (2000) postulated 
that the main shock of the Charleston earthquake occurred 
along the southern end of the ECFS, locally known as the

Woodstock fault. Using shallow drill-hole data, Weems and 
Lewis (2002) hypothesized that scissors-like compression on 
a crustal block between a north-south-oriented Adams Run 
fault and the NW-SE-oriented Charleston fault causes co-
seismic displacements on the Woodstock, Summerville, and 
Ashley River faults (Fig. 2). Marple and Miller (2006), in 
contrast, postulated that the 1886 Charleston earthquake was 
associated with a 12° restraining bend in the ECFS south of 
Summerville and that the MPSSZ is from displacements 
along the ECFS and smaller faults east of the fault bend (Fig. 
1). Based on fracture data from colonial Fort Dorchester near 
the Ashley River, Bartholomew and Rich (2007) attributed the 
main shock of the Charleston earthquake to reverse dis-
placement on a NW-SE-oriented, near-vertical Dorchester 
fault. Durá-Gómez and Talwani (2009) and Talwani and 
Durá-Gómez (2009) modified Talwani’s (1999) model in 
which they postulated that the Woodstock fault (WF) is offset 
~6 km to the southeast along the Ashley River valley and that 
the northern and southern segments−WF(N) and WF(S)−dip 
≥ 50° to the northwest. They also postulated that the main 
shock of the 1886 Charleston earthquake occurred on the 
~13-km-long, NW-SE-oriented, southwest-dipping Lincoln-
ville reverse fault between WF(N) and WF(S) and that the 
second smaller earthquake west of Rantowles occurred on 
WF(S). Marple (2011) argued against an offset in the 
Woodstock fault based on the lack of evidence for uplift 
within the proposed restraining offset where a compressional 
pop-up between WF(N) and WF(S) would be expected. Based 
on seismic-reflection, seismicity, aeromagnetic, and gravity 
data, Chapman and Beale (2010) hypothesized that the 
Charleston earthquake was caused by compressional 
reactivation of a NE-SW-oriented early Mesozoic extensional 
fault. Using the results of a one-year portable seismic network 
that was deployed near Summerville in 2011 and 2012, 
Chapman et al. (2016) postulated that the main shock of the 
1886 earthquake occurred on a ~22-km-long, N6°E-oriented 
reverse fault dipping ~43°W and that the MPSSZ represents 
aftershocks from 1886 (Fig. 2). Based on LiDAR, seismic-
reflection, and surficial geologic data, Marple and Hurd 
(2020) postulated that the main shock in 1886 was caused by 
sinistral strike-slip displacement on an east-west-oriented 
fault associated with the ~40-km-long Deer Park lineament1

1 Deer Park lineament was incorrectly referred to as the Deer Creek 
lineament on page 86 of Marple and Hurd (2020).
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near Woodstock (Fig. 1). They further concluded that this 
fault is one of several that formed to compensate for the in-
creased compression caused by dextral displacement along 
a 12° restraining bend in the ECFS, referred to herein as 
the Summerville restraining bend (Fig. 2). Based on repro-
cessed seismic-reflection and aeromagnetic data and 
recently acquired ground penetrating radar (GPR) profiles, 
Pratt et al. (in press) interpreted several NE-SW-oriented 
faults deforming the Cretaceous and younger Coastal Plain 

strata in the epicentral area of the Charleston earthquake.
   A major weakness of most of these hypotheses is that they 
attributed the 1886 Charleston earthquake to a single fault 
rupture, despite the evidence for at least two fault ruptures 
as previously discussed. Our goal was to reevaluate legacy 
aeromagnetic, LiDAR, and seismic-reflection data and 
surficial geologic maps to evaluate evidence for and against 
the existence of the ECFS and faults associated with the 
Summerville restraining bend. 
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Initial aeromagnetic studies of the Charleston region

Initial aeromagnetic studies of the Charleston 
region (Popenoe and Zietz 1977; Phillips 1977, 1988; 
Daniels et al. 1983), combined with other geophysical 
and deep corehole data (Rankin 1977; Gohn 1983), 
revealed that the thick sedimentary wedge beneath the 
South Carolina Coastal Plain is underlain by the South 
Georgia Triassic rift basin, several early Mesozoic mafic 
and ultramafic plutons, and numerous N-S- and NW-SE-
oriented early Mesozoic diabase dikes. Phillips (1988) 
used edge-enhanced grey-scale aeromagnetic images 
illuminated from the northwest to map buried early 
Mesozoic border faults and diabase intrusions. Figure 3 is a 
portion of his aeromagnetic image in the Charleston 
region that he digitally enhanced in 1988 (J.D. Phillips 
2020 written communication). He interpreted a ~50-km-
long, NNE-SSW-oriented aeromagnetic lineament 
between Summerville and the Santee River (Fig. 2, ML5) 
that Marple and Talwani (2000) postulated is associated 
with the ECFS. The aeromagnetic data of Daniels (2005) 
used in this study are discussed later in the Methods 
section.

Previously mapped faults in the Charleston region

Seismic-reflection studies of the Charleston region have 
revealed a number of buried faults offsetting Cretaceous and 
younger strata beneath the outer Coastal Plain. Using Vi-
broseis seismic-reflection data, Hamilton et al. (1983) inter-
preted the west-dipping Gants fault on United States Geo-
logical Survey (USGS) profile SC6 northeast of Summerville 
and the west-dipping Cooke and Drayton faults on 
profiles SC4, SC5, and SC10 southwest of Summerville 
(Figs. 2 and 4). Marple and Talwani (2000) later reinter-
preted the Gants and Cooke faults on lines SC6 and SC10 
to be associated with the ECFS. Hamilton et al. (1983) 
also interpreted a ~7-km-wide “zone of missing J” on 
profiles SC4 and SC10 in which the J reflection 
(Jurassic basalt layer) is weak or missing. Marple and 
Miller (2006, fig. 13) interpreted a small,~10 ms (two-way 
travel time, TWTT) west-side-up offset of the J horizon 
along the western edge of this zone at CDP 285 on 
seismic line USC4 and concluded that the J horizon 
continues ~1.5 km farther to the east than on profile 
SC4. Farther east, the reflector amplitudes on line USC4 
are much weaker like those on profile SC4. One 
possible explanation for the weaker amplitudes is that 
a change in surficial sediments across this zone could 
have dampened the signal strength during data 
acquisition. However, surficial geologic maps of this area 
(e.g., Weems et al. 2014) do not show such a change 
above this zone. Alternatively, the weak reflections to the 
east could be from minor fracturing in this zone. 
Diffractions near the east end of line SC4 (Hamilton et 
al. 1983) support minor faulting within this 
zone. Reprocessing of seismic-reflection profile SEISDATA4, 

Figure 3. (a) Grey-scale aeromagnetic image of the Sum-
merville, South Carolina, area digitally enhanced and illu-
minated from the northwest by J.D. Phillips (2020 
written communication). Brighter areas indicate greater 
magnetic intensities. (b) Map for image (a). Green lines 
are linear aeromagnetic anomalies (e.g., ML5). SF is 
the Summerville fault.

an industry line that overlaps profile SC4, also 
supports minor faulting of the J horizon across the 
zone of missing J (Buckner 2011).
  The Kansas Geological Survey, in collaboration with 
the University of South Carolina, acquired four other 
seismic- reflection profiles (denoted USC) across the pro-
posed ECFS using the Mini-Sosie and 8-gauge shotgun
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Figure 4. Part of USGS seismic-reflection profile SC4 
showing the Drayton fault of Hamilton et al. (1983) and 
the uplifted J horizon. CDP is central depth point. 
Modified from Hamilton et al. (1983). Interpreted 
horizons: K – Upper Cretaceous, J – Jurassic basalt layer. 
Location of profile is shown in Figure 2.

methods (Marple and Miller 2006) (Figs. 1 and 2, locations 
1, 3, 4, 9, and 10). Most of these profiles show buried 
steeply-dipping, west-side-up faults along the ECFS, 
commonly with folding of the overlying Cretaceous 
and Cenozoic strata (Figs. 5 and 6). Marple and Miller 
(2006) also interpreted a strike-slip fault along profile 
VT2 (Fig. 1, location 8, CDP 485) that was acquired 
by Virginia Polytechnic Institute and State University 
(Virginia Tech, denoted VT) where it crosses the ECFS 
south of the Ashley River. Although no vertical dis-
placement was observed at this location, they interpreted 
a steep, west-dipping fault based on a narrow zone of 
low coherence that diverges upward into a positive 
flower structure in the overlying Cretaceous and younger 
strata. Two other seismic-reflection profiles in 
northeastern South Carolina also show buried faults 
where they cross the ECFS (Marple and Talwani 2000, 
figs. 20 and 21).

Near the northern end of COCORP (Consortium for 
Continental Reflection Profiling) seismic-reflection profile 
C3 north of the Ashley River is a buried, south-dipping, 
~700-m-wide Cenozoic graben in which the horizons 
across the graben are offset down to the south (Schilt et 
al. 1983) (Figs. 1 and 2, location 12, and Fig. 7). This 
normal-style structure is anomalous in the eastern USA 
where reverse and transpressional strike-slip faulting 
have dominated the Cenozoic. The J horizon near the 
southwest end of profile C3 is offset up to the southwest 
~100 m across a gap in this profile at the Ashley River 
valley (Schilt et al. 1983, fig. 9), which could be ass-
ociated with the Ashley River fault of Talwani (1982). 
Vibroseis seismic-reflection profiles acquired by Virginia 
Tech near Summerville in the early 1980s revealed 
several other buried faults offsetting Cretaceous and 
younger strata (Costain and Glover 1983; Chapman and 
Beale 2008) (Fig. 2).

Figure 5. Interpreted seismic-reflection profile USC1 
across the interpreted East Coast fault system (ECFS). 
CDP is the central depth point. Figure 4 caption defines J 
and K reflectors. Note the ~4-km-wide uplift of the hori-
zons across the ECFS. Modified from Marple and Miller 
(2006). Unlabeled dashed lines are arbitrarily chosen 
Cenozoic horizons.  Location of profile is shown in Figure 2.

Figure 6. Interpreted seismic-reflection profile USC5 across 
the interpreted East Coast fault system (ECFS). CDP is the 
central depth point. Figure 4 caption defines J and K 
reflectors. Note the 3- to 4-km-wide uplift of the horizons 
across the ECFS. Modified from Marple and Miller (2006). 
Unlabeled dashed lines are arbitrarily chosen Cenozoic 
horizons. Location of profile is shown in Figure 2. Also note 
the low coherency of the reflectors approximately between 
CDPs 230 and 290.

  Other Cenozoic faults have been mapped in the Charleston 
region using seismicity, aeromagnetic, shallow drill-hole, and 
other seismic-reflection data, including the Adams Run, 
Ashley River, Berkeley, Charleston, Lincolnville, Middleton 
Place, Sawmill Branch, and Summerville faults (Weems and 
Lewis 2002; Marple and Miller 2006; Talwani and Durá-
Gómez 2009; Marple and Hurd 2020) (Figs. 1 and 2).
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Figure 7. Part of the COCORP seismic-reflection profile C3 showing south-side-down offsets of the B (crystalline base-
ment) and J horizons and the Cenozoic graben along the proposed McChune fault. VP is vibration point. The topographic 
profiles above the seismic sections are from Marple and Hurd (2020, fig. 5, profile 18). Modified from Schilt et al. (1983). 
Location of profile is shown in Figure 2.

East Coast fault system (ECFS)

Marple and Talwani (1993) interpreted a ~200-km-long 
buried dextral strike-slip fault system, locally known as the 
Woodstock fault near Summerville, in the Coastal Plain of 
South Carolina based on a “zone of river anomalies” (ZRA) 
that coincides with upwarped strata, steeply-dipping bur-
ied faults interpreted from seismic-reflection profiles, a 
~50-km-long aeromagnetic lineament near Summerville 
(lineament ML5 in this study), and focal mechanisms of 
microearthquakes near Summerville that indicate dex-
tral strike-slip motion. Marple (1994) identified a second 
~200-km-long ZRA crossing the inner part of the North 
Carolina Coastal Plain that coincides with Cenozoic surface 
faults to the northeast near the Fall Line. Marple and Talwani 
(2000) continued this fault system into southeastern Virgin-
ia and named it the East Coast fault system (ECFS) (Fig. 1). 
They divided the ECFS into southern, central, and northern 
segments that are separated by ~10-km-wide right-step off-
sets. Marple and Hurd (2021) redefined the location of the 

central segment in southern North Carolina, thus making 
it continuous with the ECFS in northeastern South 
Carolina where it forms the 15° Cape Fear re-
straining bend. Uplifted Pliocene-Pleistocene fluvial 
terraces in the lower Cape Fear River valley in 
southern North Carolina (Markewich 1985; Soller 1988) 
and the dextral offset in the Brownsville Pleistocene 
beach ridge northeast of Summerville (Marple and 
Hurd 2020) (Fig. 8) suggest that deformation along the 
ECFS may have begun during the Pleistocene.

One of the most studied areas along the ECFS lies between 
the Ashley River and Lake Moultrie. Quaternary uplift 
along this part of the ECFS, combined with depositional 
and erosional processes associated with Pleistocene 
paleoshorelines, caused this area to be topographically 
higher than the surrounding areas (Marple and Hurd 
2020) (Fig. 2). Pleistocene beach ridges that cross this 
area have been uplifted at least 4 m (Marple and Hurd 
2020, figs. 12b and 13, profile 26) and the pre-Pliocene 
horizon at depth has been uplifted 10–15 m across the ZRA
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Figure 8. (a) LiDAR image of the ~320-m dextral offset in 
the Pleistocene Brownsville beach ridge deposit. Figure 1 
shows the location of this offset. (b) Interpretation of im-
age (a).

(McCartan et al. 1984, cross-section B-B’; Weems and 
Obermeier 1989). Changes in the age and nature of the 
sediments along a ~10-km-long section of the Ashley River 
valley floor near the southern edge of this topographic 
high indicate that it too has been gently uplifted during 
late Pleistocene or Holocene time (Marple and Talwani 1993, 
2000). Here, the channel is incised 2–3 m below a late 
Pleistocene fluvial terrace that is underlain by sediments of 
the Silver Bluff and Wando formations (units Qsbc and Qwc 
of Weems et al. 2014). In contrast to this part of the 
river valley, the valley floor upstream is an anastomosing 
swamp pattern without a discrete channel and is underlain 
by Holocene alluvium (Cypress Swamp, unit Qal of Weems 
et al. 2014). Downstream from the incised part of the river 
the valley floor consists of Holocene tidal marsh deposits 
(unit Qht of Weems et al. 2014). Figure 9 is a mosaic 
of NAPP (National Aerial Photography Program) colour 
infrared photos that show this change in floodplain type 
along the lower Ashley River valley and Cypress Swamp. 
This area of interpreted uplift between Lake Moultrie and 
the Ashley River coincides with the ZRA (Fig. 1). Our 
results suggest that deformation along the ECFS and the 
McChune fault proposed herein may have produced this 
uplift.

Proposed faults associated with the 
Summerville 12° restraining bend

Using primarily LiDAR data, Marple and Hurd (2020) 
mapped a 30-km-wide area of WSW-ENE- to NW-SE- 
oriented lineaments and scarps east of the Summerville re-
straining bend (Fig. 1), which they concluded are surface 
expressions of faults that formed to compensate for the in-
creased compression caused by dextral displacements along the 
restraining bend, including the Canter Hill, French Quarter, 
Mount Holly, Deer Park, Middleton Place, and Otranto 
lineaments. They postulated that sinistral strike-slip 
displacement on the ~40-km-long Deer Park lineament 
northeast  of  the bend (Fig. 1) produced the main shock of the 
1886 Charleston earthquake. They based their hypothesis on 
the proximity of the Deer Park lineament to the Woodstock 
epicenter and the location along the South Carolina Railroad 
where compressions during the main shock reversed direction2 
(Dutton 1889, pp. 295) (Figs. 2 and 10). Marple and Hurd 
(2020) also noted the presence of topographic scarps that cross 
the ECFS just north of the restraining bend—the east-west-
oriented Summerton and Bethera-McChune3 (BMS) scarps 
(Fig. 2). Marple and Hurd (2020) referred to the east-west-
oriented, south-facing scarp north of the incised part of the

2 The location, S2, where the direction of compressions rever-
sed direction along the South Carolina Railroad during the 
main shock of 1886 was incorrectly located along the North-
eastern Railroad by Weems and Lemon (1988) and Marple 
and Hurd (2020).
3 The Bethera-McChune scarp was previously referred to as the 
Summerville-McChune scarp by Marple and Hurd (2020). 
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lineaments (Figs. 2, 11, and 12).

GEOLOGIC AND SEISMOTECTONIC SETTING

The 1886 Charleston earthquake occurred within the 
swampy, heavily forested outer Coastal Plain where sea-
level  changes during the Pliocene and Pleistocene have 
produced a series of terraces underlain by emergent marine

Ashley River as the Summerville scarp, which is actually the 
Bethera scarp, whereas the Summerville scarp crosses the 
area 1–1.5 km to the north (Doar 2014) (Fig. 1). We, 
therefore, collectively refer to the two topographic 
scarps north of the Ashley River and McChune Branch of 
the Bluehouse Swamp as the Bethera-McChune scarp 
(BMS). Small-displacement buried faults along seismic-
reflection profiles SC10 and VT3b coincide with the 
Middleton Place, Otranto, Eagle Creek, and Coosaw Creek

Figure 9. (a) Mosaic of NAPP colour infrared photographs acquired by the USGS in 1989 along the Ashley River valley and 
Cypress Swamp that shows the change in floodplain environment along the river valley where it crosses the ECFS. The 
Cypress Swamp upstream is dominated by an anastomosing swamp pattern whereas the floodplain to the southeast is an 
estuarine marsh. Between these two areas the floodplain is dominated by forested, late Pleistocene terraces. (b) IHS-en-
hanced subset of the mosaic along the western part of the Ashley River showing the man-made river channel and aban-
doned meandering channels. Location is shown in diagram (a). (c) Interpreted version of diagram (b). Location map in the 
upper right is from Figure 16.
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micity has been recorded near the Woodstock or Ran-
towles epicenters, the MPSSZ may not accurately reflect 
the faults that ruptured in 1886.

Cenozoic structural domes in the Charleston region

Several Cenozoic structural domes have been mapped in 
the Charleston region using shallow drill-hole data (Fig. 
1). Weems and Lewis (2002, fig. 14), for example, 
interpreted two such domes west of Charleston that they 
combined into a ~70-km-long, NNW-SSE-oriented Park-
ers Ferry-Edisto dome (based on structure contours of 
the base of the Ashley Formation) that is bounded along 
its eastern side by a west-dipping Adams Run fault 
(Figs. 1 and 2). Marple (2011) postulated that the ~20-
km-long Edisto dome is a separate dome that was 
produced by Cenozoic uplift along the ECFS. Weems and 
Lewis (2002) also interpreted the Mount Holly and 
Mount Pleasant domes that they attributed to uplift along 
the upthrown (northeast) side of the Charleston fault 
(Colquhoun et al. 1983; Lennon 1985) (Fig. 1). Southeast 
of Summerville are the NW-SE-oriented Fort Bull bulge 
and dome (Weems and Lewis 2002) that are associated 
with uplift along the southwest-dipping, NW-SE-oriented 
Ashley River reverse fault (Talwani 1982; Weems and 
Lemon 1988) (Fig. 1). Other structural domes in the 
Charleston region include the Stono and Bonneau domes 
(Weems and Lewis 2002) (Fig. 1).

METHODS AND DATA USED

The aeromagnetic data that we used for this study 
were acquired from the digital aeromagnetic data of 
South Carolina (Daniels 2005) (Fig. 13). This map con-
sists of eleven separate aeromagnetic surveys flown be-
tween 1958 and 1978 at 500 ft (~150 m) above ground 
and at a 1-mile (~1600 m) flight line separation (Daniels 
2005). Flight line directions were north-south in the 
central part of the study area and east-west in the rest of 
the area. The data were reduced to the pole in order to 
center the anomalies over their sources (Daniels 2005). 
Daniels (2005) performed strike filtering in the direction 
of the flight lines to reduce edge effects. He then re-
gridded the data to an interval of 400 m using a minimum 
curvature gridding algorithm and continued the data upward 
to 1000 feet (~305 m) above ground.

We used the Hillshade tool of ArcGIS to generate shaded 
relief images of Daniels’ (2005) aeromagnetic data using 
various illumination directions, an elevation angle of 35°, and 
a vertical exaggeration of 30×. The data were colorized based 
on variations in magnetic intensities. Basic contrast en-
hancement routines of Adobe Photoshop were used to 
further enhance the aeromagnetic images, including the 
intensity-hue-saturation (IHS) routine. Magnetic intensity 
scales were not generated for the IHS-enhanced images 
because the IHS enhancement significantly changed their

Figure 10. Location of the Deer Park lineament compared 
with the intensity curve of Dutton (1889) along the South 
Carolina Railroad that he derived for the main shock of 
the 1886 Charleston earthquake.

landforms, including estuarine plains, back-barrier marshes, 
lagoonal deposits, and sandy barrier-island ridges (Colqu-
houn et al. 1991; Weems et al. 2014). The terraces are 
bounded on the seaward (southeast) side by Pleistocene 
paleoshoreline scarps, including the Summerville, Macbeth, 
and Bethera scarps near the southern and eastern edges of 
the Penholoway or Wicomico terrace near Summerville 
(Weems et al. 2014; Doar 2014). Pliocene-Pleistocene uplift 
along the ECFS caused some of the paleoshorelines in the 
outer Coastal Plain to develop along and just east of 
the ECFS between the Ashley and Lynches rivers (Marple 
and Talwani 2000, fig. 12).
  Nine of the near surface formations in the Charleston 
region are described in Table 3 because they are integrated 
later with some of the geomorphic observations. Exposures 
of the older, pre-Pleistocene sediments in fluvial valleys 
crossing the Charleston region could indicate Quaternary 
uplift. The late Eocene Parkers Ferry Formation, for exam-
ple, is commonly 50–150 ft (15–50 m) beneath many areas 
of the Coastal Plain (e.g., Weems et al. 2014). Beneath 
the Coastal Plain sediments is a coastward-thickening, 
700- to 1100-m-thick wedge of Cretaceous and Cenozoic,
mostly unlithified sediments interbedded with weakly
lithified to indurated sedimentary rocks that unconformably
onlap and bury early Mesozoic rift basins and pre-
Mesozoic terranes (Daniels et al. 1983; Gohn et al. 1983).

Modern seismicity in the Charleston region

   Hypocentral depths of microearthquakes in the MPPSZ 
(Fig. 2) range from 1 to 12 km (Madabhushi and Talwani 
1993; Chapman et al. 2016). Studies of focal mechanisms 
from the MPSSZ show a wide variety of fault types and 
orientations (Madabhushi and Talwani 1993; Chapman et 
al. 2016) that Marple and Hurd (2020, fig. 14) postulated is 
from small displacements along several faults east of the 
Summerville restraining bend. Chapman et al. (2016), in 
contrast, attributed the MPSSZ to aftershocks from the 1886 
Charleston earthquake. However, because little modern seis-

Chris White
Highlight
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Figure 11. (a) Part of the USGS seismic-reflection profile SC10 of Hamilton et al. (1983) showing offsets in Cenozoic strata 
along the interpreted Middleton Place fault. CDP is central depth point. (b) Interpreted version of profile in diagram (a). 
Modified from Hamilton et al. (1983). Note the diffraction projecting from the fault plane just below 1.0 sec TWTT. Loca-
tion of profile is shown in Figure 2.

Figure 12. (a) Part of the Virginia Tech seismic-reflection profile VT3b showing offsets in the Cenozoic strata along the 
Otranto lineament of Marple and Hurd (2020). CDP is central depth point. (b) Interpreted version of profile in diagram 
(a). Modified from Chapman and Beale (2008). Location of profile is shown in Figure 2.
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First, there is no consistent river channel upstream along 
Cypress Swamp due to its anastomosing pattern (Fig. 9). 
Second, the floodplain environment along the Ashley River 
valley changes from a dry forested terrace along the incised 
part of the Ashley River to a salt marsh downstream with a 
much larger channel affected by tides. Finally, recent field 
reconnaissance of the Ashley River channel near the western 
side of the incised part of the river revealed that the channel 
was straightened and deepened presumably during Colonial 
times to drain this part of the floodplain for rice farming. Old 
rice levees < 1 m high crossing this part of the floodplain are 
still preserved in this area and spoil from  excavating the new 
channel is piled up along the edges of the artificial channel. 
The old meandering channels are easily observed south of 
the artificially straightened channel in Figure 9c.

OBSERVATIONS

Linear aeromagnetic anomalies 
southwest of the Ashley River

   Illumination of Daniels’ (2005) aeromagnetic data from 
various directions revealed a ~10-km-wide zone of several 
subtle 600- to 700-m-wide, 22- to 32-km-long, linear 
aeromagnetic anomalies trending ~N10°E west of Charleston 
that are formed mainly by a slight decrease in magnetization

Table 3. Surficial deposits in the Charleston region discussed in the text.

Unit name Unit age Unit description and depositional environment

Late Eocene (~36 Ma)

Early Oligocene (~29 Ma)

Late Oligocene (~27 Ma)

Late Pliocene (~3.0 Ma)

Stiff to plastic, dense and sticky calcilutite to fine-grained calcarenite that 
formed in a soft-bottomed, shallow-marine-shelf environment.

Dense, erosion-resistant, weakly cemented, light-olive-brown, phosphatic 
and quartzose calcarenite that accumulated in an open-marine-shelf 
environment.

Soft and easily eroded, medium-gray to dusky-green quartz phosphate 
sands that accumulated in a shallow-marine-shelf environment.

Bluish-grey, shelly, clayey, and silty quartz sand that accumulated in a 
shallow-marine-shelf environment.

Early Pleistocene (Penholoway: 730–970 ka; 

Parkers Ferry 
Formation1,2

Ashley Formation3

Chandler Bridge 
Formation4

Raysor Formation3

Penholoway or 
Wicomico Formation2

Ladson Formation2

Ten Mile Hill beds2

Wando Formation2

Silver Bluff beds2

Sand, clayey sand, and clay deposited in barrier, open lagoonal, and 
shallow-shelf-marine environments, especially the barrier and back-
barrier complex near Summerville.

Barrier sand and clayey sand and clay facies deposited in fluvial, estuarine, 
and lagoonal environments.

Poorly consolidated, easily eroded clays and clayey sands deposited in 
back-barrier and shallow shelf environments.

Poorly consolidated, easily eroded sand, clayey sand, and clay that were 
deposited in fluvial, barrier, back-barrier, and estuarine marsh 
environments.
Clayey sand and clay facies that form the fluvial terrace along the incised 
part of the Ashley River valley.

Unit descriptions from the references: 1Weems and Lemon (1984); 2Weems et al . (2014); 3Weems et al . (1997); 4Weems and Lemon (1988).

colour schemes. Magnetic lineaments were spatially 
compared with previously acquired seismic-reflection 
profiles to determine if they spatially coincide with faults 
(Fig. 1).

We also examined surficial geologic maps in the Charles-
ton region (e.g., Weems et al. 2014) to search for evidence 
of uplift along the magnetic lineaments and the LiDAR 
lineaments of Marple and Hurd (2020). Local exposures of 
older pre-Pleistocene strata, like the Parkers Ferry, Ashley, 
Chandler Bridge, and Raysor formations, along stream 
valleys could indicate areas of Quaternary uplift since 
they are normally buried beneath the younger Coastal 
Plain sediments.
    Because anomalous changes in river morphology 
can reveal areas of Quaternary uplift (Schumm 1986), we 
examined topographic profiles constructed across the Ashley 
River valley and Cypress Swamp using LiDAR data to eval-
uate evidence for and against late Quaternary uplift across 
the ECFS in the southern meizoseismal area of the 
Charleston earthquake. We also sought possible evidence 
for late Quaternary uplift along the southern ECFS using 
longitudinal profiles constructed along the Horse Savanna 
and Caw Caw swamps and along the Ashley River valley 
and Cypress Swamp.
   Although channel sinuosities can also be used to infer 
tectonic uplift (Schumm 1986), we did not construct a 
sinuosity profile along the Ashley River for three reasons.
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Figure 13. (a) Colour aeromagnetic image of 
the Charleston, South Carolina, region modified 
from Daniels (2005). Illumination direction is from 
the east. (b) Map of image (a) overlain with 
mafic plutons (patterned areas) in the pre-
Cretaceous basement interpreted from the positive 
aeromagnetic anomalies in image (a).

(Figs. 1, 13, and 14, ML1-ML4). The two most prominent 
lineaments, ML3 and ML4, were enhanced further 
using the IHS enhancement and by illuminating the data 
from 110° (Figs. 14b–14d). The easternmost lineament, 
ML4, is located 1–1.5 km west of and parallels the 
trend formed by the buried faults along seismic-reflec-
tion profiles VT2, USC4, and USC5 (Fig. 1, locations 
8–10) that define the location of the ECFS. Approx-
imately 3 km west of ML4 is magnetic lineament ML3 
that crosses the area of instrumentally-recorded earth-
quakes east of Adams Run (Fig. 1). Lineaments ML3 and 
ML4 coincide with the Edisto dome to the south and 
the interpreted uplifts along Caw Caw Swamp and 
releveling line 9 (denoted R9 in Figs. 1 and 15).

Magnetic lineaments ML1 and ML2 (Fig. 1) were optim-
ally enhanced using the IHS enhancement and a 180° 
illumination azimuth. Unlike magnetic lineaments ML2-
ML4, ML1 is curved (Figs. 14c and 14e). The northward 
projection of ML2 coincides approximately with the west-
side-up Drayton fault along USGS seismic-reflection pro-
file SC4 (Fig. 1, location 11, and Fig. 4, CDP 127). The 
upwarped reflectors west of this fault between CDPs 97 
and 126 and at ~1 sec TWTT also coincide with the 
Parkers Ferry dome (Fig. 1). The northward projections of 
ML1 and ML3 also coincide with the east side of Parkers 
Ferry dome (Fig. 1).

Linear aeromagnetic anomaly ML5
along the ECFS near Summerville

Aeromagnetic lineament ML5 trends ~N22°E near 
Summerville (Figs. 1, 2, 3, and 13) and is located near the 
trend formed by several buried, steeply-dipping, west-side-
up faults (Fig. 1, locations 1–7) and the ~320 m dextral 
offset in the Pleistocene Brownsville beach ridge deposit 
(Fig. 8). ML5 coincides with the ZRA (between thick red 
lines in Fig. 1) and crosses the MPSSZ, the incised part of 
the Ashley River (Fig. 9), and an area where the early 
Oligocene Ashley Formation is exposed beneath the middle 
Pleistocene Ten Mile Hill beds (next section) ( Figs. 1, 

Figure 14. (next page) (a) Enlarged image of magnetic lineaments (arrows) west of Charleston taken from Daniels 
(2005), which he illuminated from the east. Figure 13a shows the location of image (a). (b) IHS-enhanced version of image 
(a) illuminated from 110°. (c) IHS-enhanced version of image (a) illuminated from 180°. (d) Image (b) enhanced further
with additional IHS enhancements. (e) Summary of lineaments interpreted from images (a)–(d).
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Figure 15. LiDAR-derived longitudinal profiles 1–3 along the Caw Caw and Horse Savanna swamps and the Ashley River. 
Red line is an arbitrary reference datum. Profiles 4–8 are LiDAR-derived profiles across the Ashley River valley and Cypress 
Swamp. Locations of profiles are shown in Figure 1.
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formations are exposed along the BMS along the south 
side of McChune ridge, yet are absent to the south (Fig. 
17a). This change in elevation of the Ashley Formation also 
coincides with the 15- to 20-m drop in elevation south 
of the BMS. Beneath the McChune Branch of Bluehouse 
Swamp and the BMS is the ~700-m-wide, south-side-down, 
south-dipping Cenozoic graben on seismic-reflection profile 
C3 (Schilt et al. 1983) (Fig. 2, location 12, and Fig. 7). 
Between McChune Branch and Goose Creek valley to 
the east is a small tributary of Goose Creek that is 
collinear with McChune Branch. The Chandler Bridge 
Formation is locally exposed along this tributary (Fig. 17a). 
Seismic-reflection profiles VT3b and VT4 also cross the 
scarp trend along the 3- to 4-km-wide gap along the BMS 
(Fig. 1). However, profile VT3b bends ~90° to the east 
near the scarp and profile VT4 crosses the scarp trend at a 
low angle (Fig. 2) and are therefore not ideal for inter-
preting faults along this trend. Some fault plane solutions 
of microearthquakes near the BMS trend east-west where 
it crosses the MPSSZ (Marple and Hurd 2020, fig. 1).

Crossing the ZRA just north of the Ashley River is a dis-
continuous, ~20-km-long, low-lying east-west-oriented ridge, 
referred to herein as the Summerwood ridge, and the south-
facing Summerwood scarp that cross various geologic units 
(Fig. 17a). They are also nearly collinear with the Deer Park 
lineament to the east (Fig. 17a). The western end of 
Summerwood ridge is capped by late Pleistocene (70–130 
ka) Ladson barrier sediments (Weems et al. 2014) (Fig. 17a). 
Several horizons near the northwestern end of seismic- 
reflection profile VT3b are gently upwarped beneath Sum-
merwood ridge (Chapman and Beale 2008, figs. 4 and 5, 
CDPs 30-150) (Fig. 2, dashed part of profile VT3b). 

Anomalous outcrops of the Parkers Ferry, Ashley, 
Chandler Bridge, and Raysor formations  

in the northern Charleston region

Several of the older pre-Pleistocene formations that are 
normally buried beneath the younger Coastal Plain sedi-
ments are anomalously exposed in numerous fluvial valleys 
in the northern part of the Charleston region where the ter-
rain is higher (Fig. 16). Between the ECFS to the west, the 
Canterhill lineament (surface expression of the Charleston 
fault) to the east, and the BMS to the south (Figs. 16 and 17b) 
is a NNE-oriented area where the late Eocene to Oligocene 
Parkers Ferry, Ashley, and Chandler Bridge formations 
are exposed along numerous stream valleys. This area is 
also 5–10 m higher than the areas to the east and south 
(Marple and Hurd 2020, fig. 5, profiles 1 and 2) and 
parallels the ECFS to the west (Fig. 16). The oldest 
geologic unit exposed in the Charleston region, the late 
Eocene Parkers Ferry Formation, outcrops along several 
stream valleys (Weems et al. 2014) where they cross the 
northwestern end of the Mount Holly dome and the 
Canterhill lineament along the Charleston fault (Figs. 16 
and 17b). Near Woodstock, the Ashley Formation is 
locally exposed along the anomalous horse-shoe-shaped Blue-

16, and 17a). The trends of ML4 and ML5 intersect south 
of the Ashley River where they form the 12° Summerville 
restraining bend along the interpreted ECFS (Fig. 1).

The longitudinal profile constructed along the 
Ashley River valley and Cypress Swamp reveals a ~15-km-
wide area that is gently upwarped upstream from the late 
Pleistocene terraces associated with the incised part of the 
Ashley River (Fig. 15, profile 1). Cross-valley elevation 
profiles revealed that magnetic lineament ML5 
crosses the area of greatest incision, which is up to 2 m 
deeper than upstream or downstream (Fig. 15, profile 
6). The cross-valley profile upstream across Cypress 
Swamp (Fig. 15, profile 4) shows that the valley floor 
lacks a channel, which is consistent with its anastomosing 
swamp pattern. Downstream, the longitudinal profile is 
slightly upwarped ~1 m where it crosses the Fort Bull 
dome (Fig. 15, profile 1).

New geomorphic and stratigraphic anomalies 
interpreted along the ZRA and ECFS

Investigation of LiDAR data and recently published geo-
logic maps of the Charleston region (e.g., Weems et al. 
2014) revealed new geomorphic and stratigraphic 
anomalies along the ZRA that support the existence of 
the ECFS. Near the coast the ZRA and ECFS coincide 
with the Edisto dome of Weems and Lewis (2002) 
(Fig. 1). North of this dome and near the Rantowles 
epicenter of the Charleston earthquake, the longitudinal 
profile along Caw Caw Swamp is gently upwarped where 
it crosses the ECFS and ZRA (Fig. 15b, profile 3). The 
valley along this part of Caw Caw Swamp is also the most 
deeply entrenched, up to 12 m (Marple 1994, fig. 3.4). About 6 
km north of Caw Caw Swamp and near the interpreted 
fault along seismic-reflection profile VT2 is a ~2-km-long 
gently upwarped part of a longitudinal profile along Horse 
Savanna Swamp (Fig. 15, profile 2). Just south of the 
incised part of the Ashley River, the early Oligocene 
Ashley Formation is locally exposed beneath the middle 
Pleistocene Ten Mile Hill beds, yet is absent to the east and 
west (Weems et al. 2014) (Figs. 16 and 17a). The Ashley 
Formation is also exposed in the bed of the incised Ashley 
River. West of this area the LiDAR image in figure 2 of 
Marple and Hurd (2020) reveals that the Horse Savanna and 
Caddin Bridge swamps are continuous with the north-south- 
oriented part of the Edisto River valley to the west (Fig. 1).

New geomorphic and stratigraphic anomalies 
along the Bethera-McChune scarp (BMS)

The top of the early Oligocene Ashley Formation is ~14 
feet (4.3 m) higher along the south-facing BMS north of the  
incised segment of the Ashley River than that to the 
south (Fig. 17a) (Weems et al. 2014, cross-section A-A’). 
Eastward, the Ashley and late Oligocene Chandler Bridge 
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house and Goose Creek swamps where they intersect the 
Deer Park lineament (Fig. 17a).

Along some of the tributaries of the East Branch of the 
Cooper River and ~7 km northeast of Bonneau dome are 
other anomalous exposures of the late Eocene Parkers 
Ferry Formation (Fig. 16). The early Oligocene Ashley 
Formation is also locally exposed along an ~5 km long 
reach of the North Branch of the Cooper River valley 
where it coincides with the NW-SE-oriented French 
Quarter lineament (Fig. 17b). North of the BMS and west 
of the ZRA are exposures of the Ashley and late Pliocene 
Raysor formations along the Edisto River valley and the 
Four Hole and Cypress swamps (Figs. 16 and 17b).

Outcrops of the Ashley Formation along the 
Ashley River valley south of the BMS

The early Oligocene Ashley Formation outcrops 
along various segments of the Ashley River valley south 
of the BMS where they coincide with the NW-SE-oriented 
Ashley River, Dawkins, and Lambs lineaments of Marple 
and Hurd (2020, fig. 14). For example, northwest of 
Middleton Place and along the Ashley River lineament 
(ARL) of Marple and Hurd (2020) are exposures of the 
Ashley Formation that are absent on the opposite side of the 
valley (Figs. 16 and 17a). The ARL also crosses the greatest 
concentration of micro-seismicity in the MPSSZ (Marple 
and Hurd 2020, fig. 14) (Figs. 1 and 2).

The Ashley Formation also outcrops southeast of Middle-
ton Place along the southwest side of the Ashley River valley 
for ~2 km (Weems et al. 2014) (Fig. 16). These outcrops 
coincide with the Dawkins lineament4 where it crosses the 
Fort Bull dome (Fig. 16). The J horizon on seismic-
reflection profile C3 beneath this part of the river valley is 
~100 m higher to the southwest (Schilt et al. 1983, fig. 9).

Southeast of the NNE-SSW-oriented Magnolia Gardens 
lineament are exposures of the Ashley Formation along 
both sides of the Ashley River valley that coincide with the 
Pleistocene terraces of Marple and Hurd (2020, fig. 3) 
(Figs. 1 and 16). The outctrops along the northeast side of 
this part of the valley coincide with the Lambs lineament of 
Marple and Hurd (2020). This part of the Ashley River 
valley also coincides with the Fort Bull dome and is just 
northeast of the Fort Bull bulge (Fig. 16).

4  The Dawkins lineament was incorrectly referred to as the 
Dawson lineament by Marple and Hurd (2020).

Figure 16. (previous page) Summary map showing area of oldest outcrops of pre-Pleistocene sediments and the ECFS, 
LiDAR lineaments of Marple and Hurd (2020, blue lines), Cenozoic structural domes of Weems and Lewis (2002, bold 
contours), plutons interpreted from Figure 13 (thick orange contours surrounding patterns composed of +s), magnetic lin-
eaments interpreted from Figure 14, and the outer contour of Sloan’s isoseismals of the 1886 Charleston 
earthquake (Dutton 1889). Thick red parallel lines represent the area of uplift interpreted along the ZRA and ECFS.  Light 
grey area in the northwest part of the area is the topographically higher area interpreted from the LiDAR image in figure 
2 of Marple and Hurd (2020). The small red dots are small earthquakes of the Adams Run seismic zone. The orange 
patterns along the lower Ashley River valley are Pleistocene fluvial terraces from Marple and Hurd (2020, fig. 3b). 
CCU is the Clubhouse Crossroads uplift interpreted herein.

DISCUSSION

Origin of the linear aeromagnetic anomalies

Although aeromagnetic lineaments ML3 and ML4 are 
conspicuously linear (Fig. 14b), it is unlikely that they are 
edge effects between flight paths because they trend N10°E 
whereas edge effects from the north-south flight paths 
would trend N0°E. Edge effects would also produce sharp 
linear boundaries between flight paths whereas the 
lineaments are 300–600 m wide (Fig. 14b). Furthermore, 
lineaments ML1 and ML2 are curved (Figs. 14c and 14e). It 
is also unlikely that the magnetic lineaments are associated 
with early Mesozoic dikes in the pre-Cretaceous basement 
because the nearest early Mesozoic dikes to the northwest 
are associated with NW-SE-oriented positive magnetic 
anomalies (Daniels 2005).

Despite the subtle nature of the magnetic lineaments, 
other observations suggest that they are associated with 
low-displacement brittle faults in the pre-Cretaceous crys-
talline basement. First, previous aeromagnetic studies of 
brittle faults elsewhere (e.g., Sims 2009; Yang et al. 2016) 
suggest that the subtle decrease in magnetization along these 
lineaments could be from brittle faulting in the crystalline 
basement beneath the 700- to 1100-m-thick sedimentary 
wedge in the Charleston region. Yang et al. (2016), for exam-
ple, concluded that brittle deformation and fluid infiltration 
along the Yingxiu-Beichuan fault in China caused hydro-
thermal alteration of magnetite along the fault zone, thus 
decreasing the magnetization along the fault trend. Second, 
the proximity of ML4 to the buried faults along seismic- 
reflection profiles USC4 and USC5 (Fig. 1, locations 9 
and 10), the parallelism of the zone of magnetic lineaments 
with the ZRA (Fig. 1), and the coincidence of ML3 and 
ML4 with the Edisto dome (Fig. 1) suggest that late 
Cenozoic compressional deformation and displacements 
along the interpreted basement faults associated with 
lineaments ML4 and possibly ML3 locally uplifted the 
overlying Coastal Plain sediments, thus producing the 
Edisto dome and the gentle uplifts along releveling line 9 
(Fig. 1) and the Caw Caw and Horse Savanna swamps (Fig. 
15, profiles 2 and 3). The parallelism between ML4 and the 
southern part of Sloan’s isoseismals of the Charleston 
earthquake (Fig. 1) suggests that it may represent the fault 
along which the second large earthquake occurred west of 
Rantowles in 1886. The alignment of Drayton fault on seis-
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mic-reflection profile SC4 (Figs. 1 and 4) with the 
north-northeast projection of lineament ML2 (Fig. 1, 
location 11) suggests that ML2 may also be associated with a 
NNE-SSW-oriented fault in the pre-Cretaceous base-
ment, uplift along which may have produced the 
Parkers Ferry dome (Fig. 1). The proximity of ML3 to the 
instrumentally recorded microearthquakes east of Adams 
Run (Fig. 1) suggests that it too may be a Cenozoic brittle 
fault in the pre-Cretaceous basement.

The continuity of magnetic lineaments ML4 and ML5 
and their proximity to several buried faults interpreted 
from seismic-reflection profiles and the dextral offset in the 
Brownsville beach ridge deposit (Figs. 1 and 8) suggests 
that they represent the principal displacement zone 
along the ECFS. Because of the parallelism between 
lineaments ML1–ML4, we postulate that the southern end 
of the ECFS (Fig. 1) is associated with a broad fault zone at 
least 10 km wide. Thus, it is possible that the second 
earthquake on 31 August 1886 west of Rantowles could 
have been produced by dextral strike-slip displacement 
along the ECFS or a secondary fault east of and parallel to 
the ECFS.

Origin of the stratigraphic and geomorphic 
anomalies along the ECFS and ZRA

The anomalously thick exposures of Ashley Formation 
sediments along the BMS just north of the incised part of 
the Ashley River (Weems et al. 2014) (Fig. 17a) suggest that 
the outcrops north of the Ashley River have been exposed 
by late Quaternary uplift along the ECFS. The exposures of 
the Ashley Formation along and south of the incised part of 
the Ashley River valley and their absence to the east and west 
(Figs. 16 and 17a) suggests that this area has also been uplifted 
at least 3–4 m since the mid Pleistocene because of 
transpressional deformation along the interpreted ECFS, 
albeit less than that north of the river. We, therefore, refer to 
this area south of the Ashley River as the Clubhouse 
Crossroads uplift (Fig. 17a). We also considered the possibility 
that these outcrops are associated with buried topographic 
highs that were produced by differential erosion. Various 
observations, however, argue against this scenario. First, the 
incised part of the nearby Ashley River, which is interpreted to 
be from gentle uplift along the ECFS, crosses this area (Figs. 9, 
15, profile 1, and 17a). Second, the Pleistocene fluvial deposits 
between the Clubhouse Crossroads area and the Edisto River 
(McCartan et al. 1984) and the continuity of the Horse Savanna

Figure 17. (previous page) (a) Interpreted part of surficial geologic map of Weems et al. (2014) showing anomalous expo-
sures of the pre-Pliocene Ashley and Chandler Bridge formations. Striped pattern is the ZRA. Abbreviations of faults (solid 
lines) and lineaments (dashed lines) are shown in Tables 1 and 2. Short-dashed pattern along the Ashley River valley 
shows the interpreted uplifted part of the river valley. DR, MR, and SR are the interpreted Dorchester, McChune, and 
Summerton ridges (thick black contours). BSW and CCU are Bluehouse Swamp and the Clubhouse Crossroads uplift. (b) 
Interpreted part of surficial geologic map of Weems et al. (2014) showing anomalous exposures of the pre-Pliocene 
Parkers Ferry, Ashley, and Chandler Bridge formations. Mt. Holly dome of Weems and Lewis (2002) is shown by thick 
black contour. The colors of the Chandler Bridge and Parkers Ferry formations were changed from Weems et al. (2014) to 
make them more visible on both maps.

Swamp with the Edisto River valley to the west (Fig. 1) 
suggests that the Edisto River once flowed southeast-
ward along these swamps during the Pleistocene. Further-
more, the abrupt narrowing of the Edisto River’s Holocene 
valley south of its intersection with the Horse Savanna 
Swamp (Fig. 1) and the Wando-age (70–130 ka) terraces 
along the edge of the lower Holocene valley (Weems et 
al. 2014) suggests that the Edisto River changed direction 
to the south during the late Pleistocene. We, therefore, postu-
late that late Pleistocene uplift across the Clubhouse Cross-
roads uplift and the Parkers Ferry dome (Figs. 1 and 16) 
diverted the Edisto River southward away from its earlier 
course down the Horse Savanna Swamp. Another implication 
of the Clubhouse Crossroads uplift is that it suggests that 
the ECFS continues southward beneath the Ashley River valley, 
rather than being offset to the southeast as previously pro-
posed by Talwani and Durá-Gómez (2009).

The alignment of the Edisto dome, uplift along releveling 
line 9, and the Clubhouse Crossroads uplift (Figs. 1 and 
16) with the gently upwarped longitudinal profiles along the
Caw Caw and Horse Savanna swamps (Figs. 1 and 15)
suggests that they are also likely from late Pleistocene to
Holocene uplift along the ECFS (Figs. 1 and 16, between the
red parallel lines). These upwarped profiles are not likely
from differential erosion because there are no changes in
the surficial geology along these swamps (Weems et al.
2014).

Origin of stratigraphic anomalies
in the northern Charleston region

The higher terrain and anomalous exposures of the pre-
Pleistocene Parkers Ferry, Ashley, Chandler Bridge, and 
Raysor formations in the stream valleys north of the BMS and 
between Four Hole Swamp to the west and the Canterhill 
lineament (surface expression of the Charleston fault) to the 
east (Figs. 16 and 17) suggest that this area has been gently 
uplifted during the Quaternary. Because of the more 
widespread pre-Pliocene outcrops along the east side of this 
topographically high area and because the Parkers Ferry 
Formation is exposed only along the east side of the ZRA (Fig. 
16), we propose that the main source of this uplift is from 
compressional deformation along the ECFS and up-to-the-
north (or down-to-the-south) displacements along the east-
west-oriented McChune fault to the south (Fig. 16). The south-
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terranes beneath the thick sedimentary wedge in the 
Charleston region prevents detection of linear magnetic 
anomalies associated with pre-Mesozoic faults in the deep 
crust beneath the allochthonous terranes. If true, 
reactivation of such a deep crustal fault during Cenozoic 
time could have fractured through the overlying 
allochthonous terranes, Triassic basins, and the 
sedimentary wedge beneath the Coastal Plain to produce the 
ECFS. However, because of the low Cenozoic fault slip rate 
in the eastern USA (Prowell 1988, 0.3–1.5 m/myr), the 
accumulated strike-slip displacement along the ECFS during 
Cenozoic time is likely too small to be easily detected on 
regional gravity and aeromagnetic maps.

Summerville restraining bend

The 12° change in trend between magnetic lineaments 
ML5 near Summerville and ML4 to the south (Fig. 1) and 
their close proximity to the dextral offset in the Brownsville 
beach ridge deposit and buried faults along several seismic-
reflection profiles (Figs. 1 and 2) support Marple and Hurd’s 
(2020) hypothesis that the interpreted faults east of the 
Summerville restraining bend formed to compensate for the 
increased compression produced by dextral motion along 
the restraining bend and that displacements along the faults 
near the bend are responsible for the MPSSZ. Studies of 
fault bends have shown that secondary faults commonly 
develop along restraining bends in strike-slip faults (e.g., 
King and Nábělek 1985).

Possible relationship of the Deer Park lineament 
to the 1886 Charleston earthquake

The location of the Deer Park lineament in the northern 
meizoseismal area where the greatest intensities occurred in 
an east-west direction (Dutton 1889, pp. 301–302) supports 
our hypothesis that the main shock of the 1886 Charleston 
earthquake occurred along a fault associated with this linea-
ment. The effects of the main shock in 1886 were nearly as 
intense near the eastern end of this area as those near 
Woodstock (Dutton 1889, pp. 301). Earle Sloan, for exam-
ple, noted that pine trees two miles (~3.2 km) east of the 
Northeastern Railroad swayed violently during the main 
shock because dried sap had been thrown far from their 
trunks, the bark of which had been stripped to collect sap to 
make turpentine (Dutton 1889, pp. 301–302; Peters and 
Hermann 1986, pp. 58). Other dramatic examples of earth-
quake damage between Woodstock and the Cooper River 
are described in Dutton (1889, pp. 301–302). The Deer 
Park lineament also coincides approximately with the 
location along the old South Carolina Railroad where the 
direction of compressions reversed direction during the 
main shock in 1886 (Fig. 2, site S2, and Fig. 10), which 
Dutton (1889, pp. 295) emphasized in the following quote:

“Is it not a significant fact that every flexure contiguous 
to trestles or other points of rigid resistance, from the 15-
mile post to the 27-mile post, was found to be at the south

dipping Cenozoic graben on seismic-reflection profile C3 
(Fig. 7) suggests that the higher terrain north of this 
part of the BMS is from down-to-the-south displacement 
along the proposed McChune fault.

The alignment of the exposed Parkers Ferry sediments 
along tributaries of the East Branch of the Cooper River with 
the Bonneau dome to the southwest (Fig. 16) suggests that 
there may also be an area of uplift along a NE-SW-oriented 
buried fault. The anomalously straight Bethera paleo-barrier 
deposit just northwest of this trend (Fig. 16) suggests that the 
location of this paleo-barrier could have been influenced by 
uplift associated with NW-side-up displacement along this 
proposed buried fault.

Origin of the Cenozoic structural domes 
in the Charleston region

Besides uplift along Cenozoic faults, we evaluated 
other mechanisms to explain the interpreted Cenozoic 
structural domes in the Charleston region. One such 
mechanism is uplift along faults associated with the edges 
of buried Paleozoic and early Mesozoic plutons. 
Stevenson et al. (2006), for example, postulated that the 
edges of buried plutons in the pre-Cretaceous basement 
are areas of weakness where faults can form when 
favorably oriented relative to the direction of SHmax. 
However, very few of the Cenozoic domes overlie buried 
plutons (Fig. 16). Nor is doming of the Cenozoic strata 
in the Charleston region likely to fracture these uplifted 
strata because the deformation is too gentle. Instead, we 
postulate that the Cenozoic structural domes in the 
Charleston region are from late Cenozoic uplift along 
the ECFS and other buried Cenozoic faults like the 
Charleston fault near the southwestern edge of the 
Mount Holly and Mount Pleasant domes and the Ashley 
River fault zone beneath the Fort Bull bulge and dome (Fig. 
16).

Cenozoic reactivation of a deep-seated
basement fault along the ECFS

Because the ECFS crosses the Alleghanian Eastern Pied-
mont fault system and the early Mesozoic Florence and 
South Georgia rift basins, Marple and Talwani (2000) postu-
lated that the ECFS is a Cenozoic fault system, possibly from 
reactivation of a pre-Alleghanian, deep-crustal fault system 
that was overthrust during the Alleghanian orogeny by the 
northwest transport of allochthonous terranes. This hypoth-
esis is analogous to the ~1600-km-long New York-Alabama 
aeromagnetic lineament that is associated with a Precambri-
an to Cambrian right-lateral strike-slip fault system in the 
crystalline basement beneath the allochthonous terranes of 
the Allegheny Plateau and Valley and Ridge provinces (King 
and Zietz 1978; Steltenpohl et al. 2010; Powell and 
Thomas 2015). However, unlike the low magnetization of the 
terranes of the Appalachian Plateau and Valley and Ridge 
provinces, the higher magnetization of the allochthonous
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end of such resistance; whereas preceding southerly from 
the 15-mile post, the flexures are found at the northerly 
extremities of points of resistance?”
   The implication of this statement is that the main shock of 
the 1886 earthquake occurred on a fault that crossed the 
area beneath this part of the South Carolina Railroad, which 
we postulate is along the Deer Park lineament. The seismic 
waves traveling outward from the fault rupture would have 
produced compressional deformation in opposite directions 
north and south of the rupture at depth.
    The alignment of the east-west-oriented part of the horse-
shoe-shaped Bluehouse Swamp (Fig. 17a), the “ridges or 
permanent waves” trending ~N80°E that Earle Sloan noted 
east of the old Northeastern Railroad and north of Goose 
Creek (Dutton 1889, pp. 291; Peters and Hermann 1986, pp. 
57) (Fig. 2, site S1), the 90° eastward bend in Foster Creek 
(Marple and Hurd 2020, fig. 3a), and the rectangular shape 
of the Foster Creek depression (Marple and Hurd 2020, figs. 
3a and 6a) (Fig. 17b) suggest that the proposed fault along 
the Deer Park lineament is associated with a broad zone of 
deformation and fracturing of the near surface sediments. 
The exposures of the Ashley Formation along the east side of 
the horseshoe-shaped Bluehouse and Goose Creek swamps 
where they cross the Deer Park lineament (Fig. 17a) suggest 
that uplift along the lineament exposed these older and 
normally buried sediments.

Possible relationship between the ECFS and Deer 
Park lineament and the cause of the second  

1886 earthquake west of Rantowles

    Studies of rupture nucleation on faults of various orienta-
tions relative to SHmax (Sibson 1990) suggest that strike-slip 
faults oriented 12° to 42° relative to SHmax are favorably 
oriented for reactivation. Thus, the 41° difference between 
the ~N21°E trend of the ECFS northeast of the Summerville 
restraining bend (ECFS(N)) and the ~N60°E orientation of 
SHmax (Fig. 1) favors dextral reactivation of the ECFS(N) 
whereas the 50° difference between this orientation of SHmax 
and the N10°E-oriented ECFS south of the bend (ECFS(S)) 
(Fig. 1) does not. However, dextral displacement along the 
more favorably oriented ECFS(N) would have added a 
south-directed horizontal stress on the crustal block east of 
ECFS(S) (Fig. 18). Moreover, if the direction of SHmax is 
closer to N50°E as proposed by Chapman et al. ( 2016), 
then dextral motion would also be favored on the ECFS(S).
    Another mechanism that could favor dextral displace-
ment along the ECFS(S) in 1886 is displacement on an 
intersecting fault, such as the interpreted fault along the Deer 
Park lineament. For example, the eastward motion of the 
crust south of the proposed Deer Park fault during the 
proposed sinistral-style strike-slip rupture could have 
decreased the normal stress on the ECFS(S) (Fig. 18), thus 
allowing it to slip dextrally to produce the second earth-
quake 8-10 minutes later west of Rantowles. An example of  
this mechanism is the 1987 Superstition Hills earthquake in 
southern California (Hudnut et al. 1989). During this earth-

quake, sinistral displacement on the NE-SW-oriented El-
more Ranch cross-fault decreased the normal stress on the 
NW-SE-oriented Superstitition Hills fault, thus causing it to 
rupture right-laterally over 11 hours later.

Conceptual model of the Summerville 
restraining fault bend

The interpreted deformation associated with the Sum-
merville restraining bend is complex, as indicated by the 
numerous interpreted faults near the bend (Fig. 2). In gen-
eral, dextral displacement across this bend would cause the 
area to the east to undergo compression whereas the area to 
the west would undergo extension (Fig. 18a). The compres-
sion to the east is accommodated by reverse and strike-slip 
faulting while down-to-the-south displacements along the 
proposed McChune fault west of the bend would accommo-
date extension to the west (Fig. 18a). However, this scenario 
changes when either the ECFS(N) or the ECFS(S) ruptures 
independently of the adjacent ECFS segment. For example, if 
only the ECFS(S) ruptures dextrally, as proposed herein in 
1886, the southward movement of the crust east of ECFS(S) 
would favor extension, rather than compression, east of the 
Summerville bend (Fig. 18b), which is supported by the 
Cenozoic graben on seismic-reflection profile C3 that indi-
cates normal-style faulting along the interpreted McChune 
fault (Fig. 7). In contrast to this scenario, the northward 
displacement of the crust west of the ECFS(S) would cause 
compression west of the Summerville bend (Fig. 18c). Other 
scenarios could explain the complexity of the interpreted 
faults associated with the Summerville bend, but are 
beyond the scope of this paper.

Favorable versus unfavorable orientation of faults 
associated with the Summerville restraining bend

  Most of the interpreted faults associated with the Sum-
merville restraining bend (Fig. 1) are favorably oriented for 
reactivation. The ENE-WSW orientations of the proposed 
faults along the Mount Holly, Middleton Place, Otranto, and 
Deer Park lineaments and the WNW-ESE orientation of the 
BMS relative to SHmax favor sinistral strike-slip displacement 
while the NW-SE orientations of the Charleston fault 
(Canterhill lineament) and the interpreted fault along the 
French Quarter lineament zone favor reverse-style 
displacement. In contrast to the ECFS and other interpreted 
faults east of the Summerville bend, the N57°E orientation of 
the Summerville fault west of the Summerville bend and 
other similarly oriented faults in the Charleston region are 
not favorably oriented for reactivation because they are 
nearly parallel to the N50-60°E orientation of SHmax (Fig. 1).
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Figure 18. (a) General conceptual model showing the 12° Summerville restraining bend in the ECFS. Dextral motion along 
the ECFS causes compression (green pattern) east of the bend and extension (blue pattern) west of the bend. (b) Conceptual 
model in which the crust southeast of the restraining bend and east of the southern ECFS (ECFS(S)) moves independent-
ly of the crust east of the northern ECFS (ECFS(N)), causing extension (blue pattern) east of the Summerville bend. (c) 
Conceptual model in which the southwestern crust moves to the northeast, causing compression (green pattern) west of 
the bend. (d) Conceptual model in which sinistral motion on the Deer Park lineament (DPL) during the main shock of the 
1886 Charleston earthquake decreases the normal stress (Sn) on the ECFS(S), causing it to rupture. The yellow and orange 
patterns to the north represent the topographically high area shown in Figures 2 and 16.

Origin and implications of the dextral offset
in the Brownsville beach ridge deposit

  The alignment of the dextral offset in the Pleistocene 
Brownsville beach ridge deposit northeast of Summerville 
(Fig. 8) with magnetic lineament ML5 and several buried 
faults interpreted from seismic-reflection profiles that cross 
the Summerville area (Fig. 1) strongly suggests that the 
beach ridge offset is from cumulative dextral strike-slip 
displacements along the ECFS. This offset, therefore, has

several implications regarding the seismotectonics in the 
Charleston region. First, the ~320 m of dextral offset and the 
970–730 ka age (Weems et al. 1997) of the Summerville 
barrier island complex of the Penholoway Formation yields a 
minimum average fault slip rate of 0.33 to 0.44 mm per year 
along this part of the ECFS. If, however, the Summerville 
barrier is part of the older Wicomico Formation (1.8–2.12 
Ma, Weems et al. 1997) as proposed by Doar (2014), the slip 
rate would be smaller, 0.15–0.18 mm per year. We, therefore, 
postulate that the ECFS is a Cenozoic fault that has under-
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gone ≤ 320 m of cumulative displacement near Summerville. 
Such a low amount of slip along the ECFS could explain why 
it is not easily identified in the landscape and on regional 
aeromagnetic and gravity maps of the South Carolina 
Coastal Plain. Another implication of the beach ridge offset 
relates to the orientation of SHmax in the Charleston region. 
Although most studies of seismicity, borehole breakouts, and 
GPS data suggest that the orientation of SHmax in the 
Charleston region is ~N50-60° E (Zoback and Zoback 1989; 
Madabhushi and Talwani 1993; Talwani et al. 1997; 
Chapman et al. 2016; Lund Snee and Zoback 2020), other 
recent studies (e.g., Levandowski et al. 2018) have suggested 
that SHmax is oriented nearly east-west. However, the dextral 
offset in the beach ridge deposit indicates that the ECFS near 
Summerville has undergone repeated dextral displacements 
since the middle Pleistocene. Thus, the direction of SHmax 
must be favorably oriented relative to the ~N22°E 
orientation of the ECFS near Summerville to cause dex-tral 
strike-slip displacements along the ECFS. Thus, based on 
Sibson’s (1990) study of fault orientation relative to the 
horizontal compressive stress field, it is unlikely that the 
orientation of SHmax in the Charleston region is greater than 
N60°E.

The beach ridge offset also demonstrates that Cenozoic 
faults beneath the Coastal Plain can locally fracture the 
near surface sediments, albeit too minor to be easily 
recognized at the surface. Similarly, Marple and Hurd 
(2020) suggested that linear drainages along some of the 
LiDAR lineaments east of the Summerville restraining 
bend (Fig. 1) are also likely associated with minor faulting of 
the near surface sediments, thereby causing increased 
erosion and the development of linear drainages along 
these interpreted faults in the Charleston region.

Origin of geomorphic and stratigraphic anomalies  
along the Bethera-McChune scarp (BMS)

The higher elevation of the early Oligocene Ashley For-
mation north of the incised part of the Ashley River, the 
presence of the Ashley and late Oligocene Chandler Bridge 
formations along the south side of McChune ridge to the 
east (Figs. 16 and 17), and the south-dipping Cenozoic gra-
ben on seismic-reflection profile C3 (Fig. 7) suggest that 
the BMS is associated with north-side-up (or south-side-
down) displacements along the proposed east-west-
oriented Mc-Chune fault. The mid-Pleistocene Ladson 
barrier deposits along the tops of the Dorchester and 
McChune ridges (Weems et al. 2014, unit Qls) (Fig. 16a) 
suggest that north-side-up Pleistocene uplift along these 
ridges caused these barrier sediments to be deposited along 
these two ridges when sea level rose to this area 240–730 
ka. Such a process was proposed by Marple et al. (2018) 
along the Merrimack ridge above the Newburyport thrust 
fault in northeastern Massachusetts and by Marple and 
Hurd (2021) along the Sloan and Jarmantown topographic 
highs above the interpreted Faison and Neuse faults beneath

the North Carolina Coastal Plain. Thus, it is likely that the 
Dorchester and McChune ridges represent areas of uplift 
along which the Ladson barrier sediments were deposited 
during the mid-Pleistocene. Likewise, because the 
Summerwood ridge crosses various surficial sedi-
ments and because it is capped to the west by Ladson 
barrier sediments (Fig. 17a), it too is possibly related to 
Pleistocene uplift along the north side of an east-west-
oriented buried fault. The alignment of the ESE-WSW-
oriented tributary of Goose Creek to the southeast with 
the McChune Branch of Bluehouse Swamp and the 
anomalous exposure of late Oligocene Chandler Bridge 
sediments along this tributary (Fig. 17a) suggests that the 
proposed McChune fault continues east-southeast to the 
Goose Creek valley.

Origin of stratigraphic anomalies
along the Ashley River fault zone

Several observations suggest that the LiDAR lineaments 
along the lower Ashley River represent relatively short faults 
of a segmented Ashley River fault zone. For example, the 
exposures of the Ashley Formation along the anomalously 
straight northeastern valley wall that defines the Ashley 
River lineament (ARL) and their absence along the opposite 
side of the valley suggests that the northeast side of this part 
of the valley (Fig. 17a) has been uplifted a few metres to the 
northeast along a fault associated with the ARL. Fracturing 
of the near-surface sediments near this proposed fault could 
have produced the fissure along the northern bank of the 
Ashley River valley during the 1886 earthquake shown in 
plate XXIII of Dutton (1889). The coincidence of the ARL 
with the MPSSZ suggests that this proposed fault is present-
ly active. 

Exposures of the Ashley Formation along the unnamed 
swamp that defines the northwestern end of the Dawkins 
lineament (Fig. 17a) support uplift along this lineament. 
Farther downstream near Middleton Gardens, the coinci-
dence of the Dawkins lineament with outcrops of the Ash-
ley Formation along the southwestern wall of the Ashley 
River valley (Fig. 16) also supports uplift along this linea-
ment, which is consistent with the southwest-side-up fault 
near the southwest end of seismic-reflection profile C3 and 
suggests that the Dawkins lineament may be the surface ex-
pression of this fault. Exposures of the Ashley Formation 
and the Pleistocene terraces downstream from the Magnolia 
Gardens lineament (Fig. 1) and along both sides of the 
Ashley River valley where they cross the Fort Bull dome 
(Figs. 16 and 17a) suggest that this part of the valley has un-
dergone late Quaternary uplift. The linear, northeast side of 
the Ashley River valley along the Lambs lineament suggests 
that it may be associated with uplift along a fault. Based on 
these observations, we postulate that Quaternary fault dis-
placements along the Ashley River, Dawkins, Lambs, and 
Magnolia Gardens lineaments have produced the uplift that 
formed the Fort Bull dome.
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Reevaluation of the ECFS

Among the most conspicuous geomorphic anomalies 
that define the ZRA and ECFS are the north-northeast-con-
vex curves in the Santee, Black, and Lynches rivers in South 
Carolina and the Nottoway River in southeastern Virginia, 
which Marple and Talwani (2000) postulated were 
produced by a gentle, down-to-the-NNE tilt along nearby 
segments of the buried ECFS. Bartholomew and Rich 
(2012), in contrast, argued against the existence of the ECFS. 
Instead of a tectonic origin, they postulated that the river 
curves in South Carolina were produced by an early to 
middle Pleistocene northeastward migration of these rivers 
because of down-to-the-SW displacements along a NW-SE-
oriented Cape Fear fault near the South Carolina/North 
Carolina border. Marple and Hurd (2021, pp. 317), 
however, argued against Bartholomew and Rich’s (2012) 
down-to-the-NE tilt in northeastern South Carolina and the 
existence of the Cape Fear fault. Thus, down-to-the-NNE 
tilting along nearby segments of the buried ECFS remains 
our preferred explanation for the origin of the river curves.

Pratt et al. (in press) also argued against the existence 
of the ECFS due to the lack of conspicuous uplift along 
the proposed fault system. However, some seismic-
reflection profiles that cross the ECFS show uplifted 
Cenozoic strata within a 3- to 5-km-wide zone associated 
with buried, up-to-the-west fault displacements (e.g., 
Figs. 5 and 6), although some profiles, like USC4 and 
USC5 (Marple and Miller 2006, figs. 12 and 13), do not 
show any significant vertical displacement along the trend 
of the ECFS. However, in these areas the predominant fault 
motion could be dextral strike-slip and, therefore, may 
not produce significant vertical offsets of the overlying 
strata. Moreover, the coincidence of the Edisto dome 
and the pre-Pliocene uplift near Summerville (Figs. 1 
and 2) with the proposed ECFS shows that Oligocene 
strata has been gently uplifted along parts of the ECFS 
in the Charleston region. Pratt et al. (in press) also 
argued that the Summerville scarp (Figs. 1 and 2) 
should be located above the buried ECFS. This scarp, 
however, is a paleoshoreline scarp (e.g., Doar 2014), not a 
tectonic scarp. Furthermore, uplift above a steep, 
buried transpressional strike-slip fault like the 
proposed ECFS would likely produce gentle uplift of 
the overlying strata east and west of the fault, not just 
above the fault itself (e.g., Figs. 5 and 6). Lastly, several 
other lines of evidence support the existence of the ECFS 
and uplift along it, including the exposures of pre-
Pleistocene strata in the northwest part of the 
Charleston region (Figs. 16 and 17), the uplift along 
releveling profile 9 (Fig. 1), the aeromagnetic lineaments 
presented herein (Figs. 3, 13, and 14), the dextrally offset 
beach ridge deposit (Fig. 8), and the local incision of the 
Ashley River (Figs. 1, 2, and 9).

Lack of seismicity along the ECFS

Although the orientation of the ECFS relative to the 
direction of SHmax favors its reactivation, recent 
seismicity along most of the ECFS has been low level. This 
observation is likely the result of the low strain rate along 
the Atlantic margin (10-9 to 10-10 yr-1, Johnston 1989), 
which could cause recurrence intervals between large 
earthquakes along the ECFS to range from hundreds to 
tens of thousands of years. Numerous studies elsewhere in 
intraplate settings have documented evidence for 
Pleistocene to Holocene earthquakes along faults that 
currently exhibit little or no seismicity, including the 
Bootheel fault in southeastern Missouri (Marple and 
Schweig 1992; Guccione et al. 2005), the Saline River 
fault zone in southeastern Arkansas (Cox et al. 2012), 
the Newburyport fault in northeastern Massachusetts 
(Marple et al. 2018), the Faison and Neuse faults that 
cross the Cape Fear arch in North Carolina (Marple and 
Hurd 2021), the Tennant Creek earthquakes of Australia 
(Crone et al. 1997), and the proposed southwest 
continuation of the Norumbega fault system in 
southern New England where several Pleistocene 
drumlins are vertically offset (Marple and Hurd 2019, figs. 
9 and 25).

CONCLUSIONS

   In conclusion, we postulate that the NNE-SSW-oriented 
linear magnetic anomalies in the southern meizoseismal area 
of the 1886 Charleston, South Carolina, earthquake are as-
sociated with low-displacement brittle faults in the pre-Cre-
taceous crystalline basement and that magnetic lineaments 
ML4 and ML5 represent the principal displacement zone 
along the southern end of the ECFS. The N50-60°E orienta-
tion of SHmax relative to the ECFS in South Carolina favors its 
right-lateral reactivation. Evidence for Cenozoic uplift 
along the ECFS includes the Summerville and Clubhouse 
Crossroads uplifts, the zone of incision along the Ashley 
River, the Edisto dome near the coast, uplift along releveling 
profile 9, and locally upwarped longitudinal profiles along 
the Caw Caw and Horse Savanna swamps and along the 
Ashley River valley. This uplift is more pronounced north of 
the Ashley River.
    The 12° change in trend between ML4 and ML5 supports 
the existence of the Summerville restraining bend along the 
ECFS south of the Ashley River. We postulate that the 
interpreted faults east of this restraining bend formed to 
compensate for the increased compression produced by 
dextral motion along the bend. We also postulate that 
sinistral strike-slip displacement on one of these faults as-
sociated with the ~40-km-long, east-west-oriented Deer 
Park lineament may have produced the main shock of the 
1886 Charleston, South Carolina, earthquake. Sinistral dis-
placement on this interpreted fault may have decreased the 
normal stress along the ECFS to the south, thereby causing
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dextral displacement along the southern end of the ECFS 
and the second earthquake west of Rantowles 8–10 minutes 
after the main shock. Extension is generally favored west 
of the bend and appears to be accommodated by down-
to-the-south displacements on the interpreted east-west- 
oriented McChune fault beneath the Bethera-McChune 
scarp (BMS). However, displacements along individual seg-
ments of the ECFS could have also produced local 
extension east of the Summerville restraining bend and 
compression to the west. The south-dipping Cenozoic 
graben east of the Summerville bend on COCORP 
seismic-reflection profile C3 suggests that this part of the 
McChune fault has undergone extension during the 
Cenozoic. Displacements along some of the proposed 
faults near the Summerville restraining bend coincide 
with the MPSSZ. Thus, displacements along these faults 
may be responsible for much of the modern seismicity 
between Summerville and Middleton Place. Further 
studies of the Summerville bend are needed, therefore, to 
better understand the deformation associated with this 
fault bend.

Exposures of the late Eocene Parkers Ferry, early Oligo-
cene Ashley, late Oligocene Chandler Bridge, and late Plio-
cene Raysor formations in the stream valleys north of the 
proposed McChune fault and between Four Hole Swamp to 
the west and the Canterhill lineament (surface expression 
of the Charleston fault) to the east suggest that this area has 
been uplifted during the Quaternary with the greatest up-
lift between the Ashley River and Lake Moultrie. The 
source of this uplift is likely the result of compressional 
deformation along the ECFS and up-to-the-north (or 
down-to-the-south) displacements along the McChune fault 
to the south.

Several, mostly NW-SE-oriented LiDAR lineaments along 
the Ashley River valley south of the BMS, including the 
Ashley River, Dawkins, Lambs, and Magnolia Gardens 
lineaments, suggest that they are part of a segmented, NW-
SE-oriented Ashley River fault zone. We propose that 
Quaternary uplift along these interpreted faults has exposed 
the early Oligocene Ashley Formation along various seg-
ments of the Ashley River valley and produced the Fort Bull 
dome and Pleistocene terraces along the lower Ashley River 
valley.

Further studies of the various faults interpreted herein are 
needed because studies of liquefaction features within the 
Coastal Plain of South Carolina and southeastern North 
Carolina have revealed several Holocene earthquakes north 
and south of the Charleston region (e.g., Talwani and Schaef-
fer 2001) where little seismicity has been recorded. These 
earthquakes may have occurred along the ECFS and other 
faults in the Coastal Plain of South Carolina and southeast-
ern North Carolina, including the Charleston and Middle-
ton Place faults, and the proposed McChune and Deer Park 
faults in the South Carolina Coastal Plain and the interpret-
ed Neuse, Faison, and Livingston Creek faults in southeast-
ern North Carolina (Marple andHurd 2021). Because of the 
rapid urbanization between Summerville and Charleston, a

large earthquake today in the Charleston region would 
cause tremendous damage and loss of life. Therefore, 
further investigation of these and other potentially 
active faults in the Charleston region is essential to 
assessing seismic hazards in the southeastern United 
States and to better understand the evolution of Atlantic 
type continental margins.
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AbstrAct

A 13th–14th-century map held in the Bodleian library (the Gough Map and the oldest map of Great Britain) 
shows two ‘lost’ islands in Cardigan Bay offshore west Wales, United Kingdom. This study investigates 
historical sources, alongside geological and bathymetric evidence, and proposes a model of post-glacial coastal 
evolution that provides an explanation for the ‘lost’ islands and a hypothetical framework for future research: 
(1) during the Pleistocene, irish Sea ice occupied the area from the north and west, and Welsh ice from the
east, (2) a landscape of unconsolidated Pleistocene deposits developed seaward of a relict pre-Quaternary
cliffline with a land surface up to ca. 30 m above present sea-level, (3) erosion proceeded along the lines
of a template provided by a retreating shoreline affected by Holocene sea-level rise, shore-normal rivers, and
surface run-off from the relict cliffline and interfluves, (4) dissection established islands occupying cores of
the depositional landscape, and (5) continued down-wearing, marginal erosion and marine inundation(s)
removed the two remaining islands by the 16th century. literary evidence and folklore traditions provide support
in that Cardigan Bay is associated with the ‘lost’ lowland of Cantre’r Gwaelod. The model offers potential
for further understanding post-glacial evolution of similar lowlands along northwest European coastlines.

The ‘lost’ islands of cardigan bay, Wales, UK: 
insights into the post-glacial evolution of  
some celtic coasts of northwest Europe

rÉsUMÉ

Une carte des 13e et 14e siècles que détient la bibliothèque de Bodley (carte de Gough, carte la plus ancienne 
de Grande-Bretagne) montre deux îles « disparues » dans la baie Cardigan au large à l’ouest du Pays de Galles, au 
Royaume-Uni. Cette étude examine des sources historiques, ainsi que des preuves géologiques et bathymétriques, 
et elle propose un modèle d’évolution côtière postglaciaire fournissant une explication de la disparition des îles 
et un cadre hypothétique aux fins de recherche future : (1) durant le Pléistocène, les glaces de la mer d’irlande 
occupaient la région à partir du nord et de l’ouest, et les glaces galloises s’étendaient à partir de l’est; (2) un paysage 
de dépôts non consolidés du Pléistocène s’est formé côté mer le long de falaises préquaternaires reliques, laissant 
émerger une surface terrestre atteignant jusqu’à environ 30 mètres au-dessus du niveau actuel de la mer; (3) une 
érosion a suivi le long des lignes d’un modèle créé par un rivage en recul affecté par la hausse du niveau de la mer 
de l’Holocène, les rivières côtières normales et l’écoulement direct de surface des interfluves et de la ligne des 
falaises reliques; (4) une dissection a créé des îles occupant les coeurs du paysage de dépôt; (5) l’aplatissement 
continu, l’érosion marginale et les inondations marines ont fait en sorte que les deux îles qui restaient avaient 
disparu au 16e siècle. Des preuves littéraires et des traditions folkloriques appuient l’association de la baie Cardigan 
avec les basses terres « disparues » de Cantre’r Gwaelod. le modèle pourrait permettre une compréhension plus 
poussée de l’évolution postglaciaire des basses terres similaires le long des littoraux du nord-ouest de l’Europe.

[Traduit par la redaction]
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INtrodUctIoN

  Cardigan Bay (Bae Ceredigion in Welsh) is a large 
embayment in the St. George’s Channel situated on the west 
coast of mid-Wales, United Kingdom (UK), bounded to the 
north by the llŷn Peninsula and to the south by St. David’s 
Head (Fig. 1). The geological history of Cardigan Bay and its 
present physical setting is provided by Tappin et al. (1994, 
and references therein) and associated geological maps 
(institute of Geological Sciences 1982; British Geological 
Survey 1988, 1990). Only one significant island currently 
exists in Cardigan Bay, Bardsey island (Ynys Enlli), located 
off the southern tip of the llŷn Peninsula. However, the 
earliest map of Great Britain, known as the Gough Map, 
shows two additional islands in the central part of Cardigan 
Bay which no longer exist and have not been considered 
previously in terms of the post-glacial evolution of the 
coastline. The aim of the present study is to consider these 
‘lost’ islands and to examine the implications for under-
standing post-glacial coastal evolution of Cardigan Bay and 
elsewhere along the Celtic seaboard of northwest Europe. in 
addition to the coastline of Wales, the coasts of Scotland, 
ireland, the isle of Man, Cornwall, the isles of Scilly, and 
Brittany in northwest France, are included in this group of 
northwest European Celtic coasts. They are generally char-

Figure 1. Location of cardigan bay and places mentioned in the text (reproduced under Google Earth’s terms of use).

acterised by exposure to the Atlantic Ocean and hard 
rock Palaeozoic geology that have combined to give 
rise to an overall peninsula-type morphology for each re-
gion, with widespread features of Pleistocene glacial and/
or periglacial origin.

soUrcEs

This investigation utilises a range of historical sources, 
fieldwalking, and available bathymetric and topographic 
information,  coupled with  a  geomythological approach  to 
draw upon evidence from medieval literature and from 
folklore.

Historical sources

The two ‘lost’ islands of Cardigan Bay are shown on 
the Gough Map, which is the earliest known map of 
Great Britain (Pelham 1933; Parsons 1958; Skelton 1959). 
The historical map is held in the Bodleian library of the 
University of Oxford (ms. Gough Gen. Top. 16) and is 
so named after its previous owner, Richard Gough, who 
donated it to the library in 1809. For many years it hung 
on the wall in the Map library of the Bodleian but its 
significance is such that a major project undertaken by the 
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Gough Map Panel (Delano-Smith et al. 2017) has digitised 
it and made it available online for researchers to utilise 
(linguistic Geographies Project 2021). The date of the map 
is debated with estimates ranging through the fourteenth 
and fifteenth centuries with ca. 1360 often cited (e.g., 
Parsons 1958; lilley et al. 2009), but with advocates for a 
later date around 1400 or later (e.g., Smallwood 2009). it has 
also been suggested that it is based on an earlier original 
estimated to date from around 1280 with the surviving 
version being a revised copy (Birkholz 2004, 2006).
 The use of historical maps in general should be made 
with caution; however, in this case a level of reassurance 
is reasonably provided by specialist opinion. For example, 
lloyd and lilley (2009) state that “one of the attributes of 
the Gough Map … consistently remarked on by scholars 
is the apparent geographical truthfulness of its content, 
particularly the shape of the British coastline and islands 
…” (p. 29). Therefore, based on such academic views and 
notwithstanding early survey techniques and resultant 
cartographic distortions, the fundamental geographical 
features shown on the Gough Map might be considered 
reasonably secure. nevertheless, the outline of Wales is 
strange in shape on the Gough Map and the current embayed 
configuration of Cardigan Bay is absent, a fact that Bower 
(2015) attributes to the poor combination of separate surveys 
used to construct the map. nevertheless, the lack of curvature 
of Cardigan Bay on the Gough Map does not cast significant 
doubt in itself on the distinct occurrence of the two ‘lost’ 
islands depicted on the map offshore the Cardigan Bay coast.
   A second historical source is Ptolemy’s Geographia, coll-
ated CE 120–160, and the geographical references for 
coastal locations in Roman Britain that it lists (Strang 1997). 
Ptolemy’s coordinates for places listed in Cardigan Bay 
have been corrected by north (1957) and may be used to 
establish historical positions for those locations to permit 
comparison. Some authors have produced maps of Roman 
Britain based on Ptolemy’s coordinates (e.g., Strang 1998) 
but as a few locations only are listed for Cardigan Bay, such 
an exercise connecting the points is of limited benefit locally.
   A literature search and review for other relevant historical 
sources is undertaken using searchable online literature 
databases, such as the University of Oxford’s Search Oxford 
libraries Online (SOlO) service, and hard-copy sources in 
the collection of the Celtic library of Jesus College, Oxford.

Physical aspects

Bathymetric information for Cardigan Bay is obtained from 
the Marine Themes vector data (dated March 2018) based 
on the UK Hydrographic Offices authorised material, and 
topographic information is from the Ordnance Survey, both 
accessed through Digimap. Reconnaissance fieldwalking of 
sections of the Cardigan Bay coastline has been undertaken 
to supplement the published literature on, and gain an 

appreciation of, the region’s geology and geomorphology. 
The fieldwalking was conducted through the period 2016–
2020 on sites of interest, principally for familiarisation and 
to obtain photographs. Field observation is supplemented 
by examination of satellite imagery using Google Earth Pro.

Geomythological sources

Geomythology as a sub-discipline was formally defined 
by Vitaliano (1968), who stated that geomythology “seeks 
to find the real geologic event underlying a myth or legend 
to which it has given rise; thus … [helping to] … convert 
mythology back into history” (p. 5, see also Burbery 2021). 
A number of geological and geographical studies have 
included a geomythological dimension, such as Carson and 
Athens (2007), Cashman and Cronin (2008), Cashman and 
Giordano (2008), Piccardi et al. (2008), Rappenglück et al. 
(2010), nunn (2014a, b, 2016), Walsh et al. (2017), Helm 
et al. (2019), liritzis et al. (2019), Combey et al. (2020), 
Wilkie et al. (2020), Stewart (2021) along with a collection 
of papers published in a Geological Society of london 
Special Publication entitled Myth and Geology (Piccardi 
and Masse 2007). The present study employs this approach 
to identify sources and extract coastal geomorphological 
information from medieval literary sources and modern 
folklore traditions to compare with other evidence.

rEsULts

Historical sources

  The Gough Map depicts two elliptically-shaped and 
featureless islands lying offshore the central part of the coast 
of Cardigan Bay (Fig. 2). The long axes of the islands lie 
roughly parallel to the mainland coast. Settlements and 
rivers included on the map have been identified by the 
linguistic Geographies Project (2021) and can be used to 
locate the islands more precisely. The southern island is 
shown to lie offshore the mainland between the river est-
uaries of the Afon Ystwyth in the south, close to the town 
of Aberystwyth, and the Afon Dyfi to the north, close to 
the town of Aberdovey. The northern island occurs offshore 
the mainland between the Dyfi and the Afon Mawddach, 
close to the town of Barmouth (see Fig. 3 for annotated 
and re-orientated version of Fig. 2).
  Although no scale is given on the Gough Map, the 
distances between the rivers provide a guide to 
measurement. Using Google Earth Pro, the approx-imate 
present-day straight-line distance between the mouths of the 
Ystwyth and Dyfi is ca. 14.4 km, and between the Dyfi and 
Mawddach ca. 19.5 km. The dimensions of the offshore 
islands may be estimated in proportion to these respective 
two sets of measurements, so that the southern island measures
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Figure 2. Extract of the Gough Map showing Wales and the two ‘lost’ islands of cardigan bay in the bottom-centre of the 
image (note the map is orientated with East at the top; reproduced with permission of the bodleian Library, oxford. UrL 
<https://digital.bodleian.ox.ac.uk/objects/32638ab9-c0b2-4258-9ca7-980b4b9268f2/surfaces/72c7328e-ddb0-4a42-8e59-
5f1a17add1e5/>, 21 June 2021).

approximately 6.6 × 3.8 km (ca. 19.7 km2) and the 
northern island 10.7 × 5.8 km (ca. 48.7 km2), and that the 
islands lie ca. 3.5–4.0 km from the mainland shore. 
However, these measurements must be viewed with extreme 
caution given the poor areal accuracy of the Gough Map.
  From a review of north (1957), it appears that it is 
generally accepted that Ptolemy provided positions for four 
locations in Cardigan Bay: the llŷn Peninsula (Canganorum 
promotorium); one of the westernmost headlands in Pem-
brokeshire (Octapitarum promontorium); and the mouths of 
the rivers Teifi (Tuerobis fluvii ostia) and Ystwyth (Stucciae 
fluvii ostia). north (1957) provides a correction to Ptolemy’s 
coordinates, based on discrepancies between the latitude 
and longitude used, and concludes that the “mouth [of the 
Afon Teifi] … is in nearly the right position” (p. 173), being in

a similar position to its present-day location, but that the 
mouth of the Afon Ystwyth “is about 8 miles [ca. 13 km] 
out in the sea” (p. 174) from its present location. 
Furthermore, north (1957) speculates that if “the coast lay 
a little farther out than it does now, a very likely possibility, 
the rivers Ystwyth and Rheidol would have joined before 
reaching the sea and Ptolemy’s Stucciae fluvii ostia may well 
have been the combined estuary of those two streams” (p. 
174). north (1957) advises caution but concedes in general 
terms that “Ptolemy’s information was not so inaccurate as 
might first appear” (p. 173) and that Ptolemy “often came 
nearer to the truth than we suppose” (p. 174), which provides 
a degree of reassurance that the corrected positions in 
Cardigan Bay might be used to evaluate other information.

 Relevant historical sources are the 6th-century De Excidio 
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Figure 3. re-orientated and annotated version of the Gough Map shown in Figure 2 (reproduced with permission of the 
bodleian Library, oxford).
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et Conquestu Britanniae by Gildas and the 9th-century 
Historia Brittonum formerly attributed to nennius (Giles 
1841; Dumville 1975; Winterbottom 1978), Geoffrey 
of Monmouth’s De Gestis Britonum [Historia Regum 
Britanniae] (Reeve and Wright 2007), medieval saga poetry 
and triads, the Mabinogi, and local antiquarian accounts, 
such as Meyrick’s (1808) history of Cardiganshire. Some 
of these sources provide historical statements as well as 
reflecting literary and folkloric accounts, which nevertheless 
have geomythological value (see below), but caution must 
be exercised where the boundary between history, literature, 
and tradition may have become blurred. For example, the 
subtitle of Meyrick’s (1808) history is ‘collected from the few 
remaining documents which have escaped the destructive 
ravages of time, as well as from actual observation’, 
suggesting that some of the content is based on unspecified 
material that, if it ever existed, may now be lost, and, 
therefore, not all content may be corroborated by surviving 
sources. Relevant details from these sources are introduced 
below and in the Discussion section where appropriate.

bathymetry

The inshore bathymetry of Cardigan Bay is shown in 
Figure 4 and indicates water depths in excess of 30 m in 
the west generally shallowing eastwards towards the shore. 
There are four bathymetric features that are of interest. in 
southern Cardigan Bay a shore-parallel elongate bathymetric 
depression, known locally as the Trawling Grounds, extends 
for approximately 30 km from Aberystwyth south to 
new Quay and the mouth of the Teifi estuary at water 
depths in excess of 20 m. To the north, between 
Aberystwyth and the Dyfi estuary, a ridge-like submarine 
high (<10 m water depth) extends to approximately 12 km 
offshore, shallowing to less than 2 m water depth around the 
summit of the high. This submarine ridge is locally 
known as Sarn Cynfelin (‘Cynfelin’s Causeway’) or, 
sometimes, Sarn Gynfelyn or Sarn Wallog. Between the 
Dyfi and Mawddach estuaries, a second ridge-like sub-
marine high (<10 m water depth) extends approx-imately 
8 km offshore, again shallowing to less than 2 m water 
depth along the crest of the submarine ridge, which is 
known locally as Sarn y Bwch (‘The Buck’s Causeway’). A 
third submarine high (<10 m water depth) occurs north 
of the Mawddach estuary, known locally as Sarn Badrig 
(‘Patrick’s Causeway’). The crest of the Sarn Badrig 
ridge is in water shallow enough for it to be exposed 
at low tide, extending over 20 km offshore.

Quaternary geology

The desk-based geological review indicates that Cardigan 
Bay comprises unconsolidated Quaternary deposits 
underlain by Palaeozoic and Mesozoic basement rocks 
(Tappin et al. 1994). The majority of the Quaternary 

deposits are associated with the Pleistocene glaciation of the 
region, including a widespread ca. 30 m-thick lodgement till 
assigned to the Upper Till of the Cardigan Bay Formation,  
and various facies assigned to the Western irish Sea For-
mation, of which the Sarnau Facies characterises the geology 
of the Sarns. The Sarnau Facies is a diamicton that comprises 
gravel, cobbles, and boulders in a clay matrix and has been 
interpreted variously as remnants of median moraines of 
piedmont glaciers issuing from the Welsh mainland valleys 
(Garrard and Dobson 1974; Garrard 1977) or as remnants  
of late-glacial sandur deposits (Tappin et al. 1994). The  
facies is 50 m thick in a borehole north of the Mawddach 
estuary.

Subsequent to Tappin et al. (1994), Bowen et al. (1999) 
established the St. Asaph Formation to include the ‘irish 
Sea till’ and the Elenid and Meirion formations to include 
till from glaciers sourced from upland mid- and northwest 
Wales respectively. north of Aberystwyth, the Welsh till 
extends 10–12 km seaward of the present-day coast (Garrard 
1977) offshore the Ystwyth–Dyfi and Dyfi–Mawddach 
coastal sections, and beyond that the irish Sea till occurs. 
in southern Cardigan Bay, however, the irish Sea ice over-
rode the present-day coast to deposit till approximately 10 
km inland and at altitudes up to approximately 250 m above 
present sea level (e.g., British Geological Survey 2006).

Field exposures of the irish Sea till and associated 
Pleistocene deposits that remain along the present-day coast 
include ca. 20 m-high cliffs at new Quay and Cwm 
Silio, and ca. 30 m-high cliffs at Mwnt, Afon Cwinten, and 
south of Aberystwyth (Williams 1927; Rijsdijk and Mc-
Carroll 2001; see Fig. 5). Furthermore, Williams (1927) 
describes a number of coastal ‘platforms’ or terraces 
underlain by these Pleistocene deposits that extend up to ca. 
1 km inland from the present-day coast, approximately to 
the 30 m contour, and are backed by relict cliffs repre-
senting a pre-glacial coastline (Fig. 6). Therefore, these 
depositional terraces occupy palaeo-embayments of a 
former coastline. The geomorphology of the present-day 
coastline in these areas typically comprises eroding cliffs 
of Pleistocene deposits fronted by coarse-clastic storm 
beaches associated seaward with sand terraces and gravel-
lag deposits as may be seen along the coast south of 
Aberystwyth, for example (Fig. 6).

The infill of the submarine channel marked by the 
Trawling Grounds depression is characterised by the Mud 
Facies of the Western irish Sea Formation of Tappin et al. 
(1994), which spans the end of the Pleistocene extending 
into the Holocene. Garrard (1977) and Haynes et al. (1977) 
report a radiocarbon date (Birm. 400) from a peat sample 
collected in the Trawling Grounds northeast of new Quay. 
The sample came from ca. 2.5 m downcore in a water depth 
of ca. 16 m near the base of the Mud Facies, approximately 
0.5 m above the junction with underlying glacial till. The 
sample yielded a date of 8740 ± 110 BP [9539-10, 154 cal 
BP; calibrated using OxCal with intCal20 (Reimer et al. 
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Figure 4. bathymetry of cardigan bay with major submarine features and rivers marked (reproduced under digimap’s 
terms of use).
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Figure 5. Field examples of coastal cliffs in unconsolidated Pleistocene deposits of cardigan bay, (a) New Quay (underlain 
to the right by Lower Palaeozoic basement), (b) Mwnt, and (c) cwm silio.
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Figure 6. A view southward along the coast of cardigan bay south of Aberystwyth, between the villages of Llanrhystud and 
Llanon (seen in the middle distance), showing cliffs eroding into a coastal terrace comprising unconsolidated Pleistocene 
deposits backed landward by a pre-glacial relict cliffline; the foreshore comprises a gravel lag deposit and sand terraces with 
a coarse clastic storm beach fronting the eroding cliff.

2020) at 95.4% probability] and a palaeoenvironmental 
study of the core indicates that the Trawling Grounds 
channel was under estuarine conditions at this time due 
to postglacial sea-level rise (Haynes et al. 1977). Garrard 
(1977) interprets the Trawling Grounds channel as being 
initially formed by early post-glacial rivers in the southern 
part of Cardigan Bay being diverted to the south as the 
route to the west was blocked by retreating irish Sea ice.

Estuarine deposits are also recorded from the Dyfi 
estuary and at Tywyn where Holocene silts and clays began 
to be deposited approximately 8000 yrs BP (Cave and Hains 
1986; Pratt et al. 1995). During sea-level lowstands rivers 
cut channels in the underlying bedrock which became 
infilled and flooded during postglacial sea-level rise (e.g., 
Blundell et al. 1969). Estuarine deposition continued 
until the mid-Holocene when increased sedimentation 
and a decrease in the rate of sea-level rise resulted in the 
terrestrialisation of the intertidal surfaces and the growth of 
trees, preserved as a ‘submerged forest’, which by 4700 yrs BP 
had developed into ombrogenous mires that accumulated 
peat, such as Borth Bog on the southern bank of the Dyfi 
estuary (Cave and Hains 1986). A submerged forest also 

occurs between Aberystwyth and the Dyfi estuary in a 
valley at Clarach (Heyworth et al. 1985) and is dated to 
5404 yrs BP (6196–6281 yrs BP). The submerged forest 
at Clarach occurs within a >10 m depositional sequence 
that remained predominantly terrestrial throughout; 
however, diatom evidence indicates increased marine 
influence at this site from 2560 ± 80 BP (2366–2783 cal BP).

The scholarly monograph Celtic Folklore (1901) by Sir 
John Rhŷs, former Jesus Professor of Celtic and Principal 
of Jesus College, Oxford, is an important early secondary 
source of information regarding legends and traditions 
in the Cardigan Bay area and elsewhere along the Celtic 
coastline of northwest Europe. Some of the previously 
mentioned historical works also present local legends and 
traditions (e.g., Meyrick 1808; north 1957; Reeve and 
Wright 2007) that make useful contributions. Of particular 
geomythological interest are legends regarding now ‘lost’ 
coastal lowland landscapes, not only in Cardigan Bay but 
also associated with Cornwall, Brittany, and elsewhere.

Geomythology
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According to Welsh folkloric traditions (see below), a ‘lost’ 
landscape, often regarded as a submerged landscape locally, 
once occupied what is now Cardigan Bay and is variously 
referred to as Cantre’r Gwaelod (the ‘lowland Hundred’ or 
‘lowland of the Depth’, a ‘cantref ’ being the intermediate 
administrative division of medieval Wales) or Maes 
Gwyddno (‘The Plain of Gwyddno’). in the 17th century, 
antiquarian Robert Vaughan, in his ‘Survey of Merioneth’ 
(national library of Wales ms. 472B), considered Sarn Badrig 
to be the remains of the defensive wall of Cantre’r Gwaelod 
(north 1957, p. 153). J. E. lloyd tentatively suggested that 
the Cantre’r Gwaelod story involves ‘reminiscences handed 
down through many generations of the effects — at times, 
perhaps, startling — of this gradual subsidence [in Cardigan 
Bay] attested by geology’ (lloyd 1911 vol. 1, p. 5). Bromwich 
(1950 p. 227, 231) is more circumspect, suggesting that it is 
an attempt to explain the observed geological formations in 
Cardigan Bay, rather than a direct recollection of inundation 
events.

in recent folklore, Gwyddno is presented as the ruler of 
Cantre’r Gwaelod and the inundation is the result of the 
negligence of the drunken gatekeeper, Seithiennin, while, 
in medieval versions of the tale, Seithiennin is the focus, 
probably the lowland’s/island’s king, and Gwyddno is 
mentioned only indirectly in the name Maes Gwyddno. A 
tradition that seems to go back to triads, possibly forged by 
iolo Morgannwg in the 19th century, portrays Gwyddno as 
King of Ceredigion in the 5th and 6th centuries (north 1957 
p. 152–153). Gwyddno is also linked to the mythological
figure of Taliesin in Ystoria Taliesin, a tale attested from the
16th century. Here, Gwyddno’s castle is located specifically
in Aberystwyth (in most versions of the tale) or somewhat
further north, between the Ystwyth and the Dyfi (in
llywelyn Siôn’s version of the same tale, Cwrtmawr ms. 20)
(Ford 1975, p. 453; Wood 1980). A number of 15th-century
genealogies claim descent to Gwyddno through his son
Elffin.

The folkloric traditions build on earlier traditions that 
find literary form in a number of medieval Welsh sources 
(Bromwich 2014, p. 391–392). Elffin is mentioned in a 
number of poems of the Gogynfeirdd (Poets of the Princes). 
Porth Wyddno ‘Gwyddno’s Harbour’ is mentioned in a 
medieval Welsh triad (Bromwich 2014, p. 246) as being 
in the north (of Britain); and Gwyddno is listed as one of 
Gwŷr y Gogledd ‘the Men of the north’, and a descendent 
of Dyfnwal Hen (Bromwich 2014, p. 256). Thus, an early 
tradition links him with the Old north (today’s southern 
Scotland). Whether his name was associated with the 
submersion of Cantre’r Gwaelod in the Old north or only 
after he became known in Wales is unclear. Evidence of 
place names links him both to Ceredigion and the Conwy 
estuary: places named Cored Wyddno ‘Gwyddno’s weir’ 
are found both in Aberconwy and in Ceredigion, and there 
is a stream called Gwenwyn meirch Gwyddno in Arfon 

(Williams 1957, p. 5; Bromwich 2014, p. 392).
The fate of Cantre’r Gwaelod itself is mentioned in a 

poem in the Black Book of Carmarthen (mid-13th century), 
the first stanza of which is given here in Rachel Bromwich’s 
interpretation and translation:

Seithenhin sawde allan
ac edrychuirde varanres

mor maes guitnev ry toes.

‘Stand forth, Seithenhin,
and look upon the fury of the sea;
it has covered Maes Gwyddneu.’ 

(Bromwich 1950, p. 217)

As noted above, Gwyddno is here not the ruler of Cantre’r 
Gwaelod, as in the later folkloric tradition, and appears only 
in the name of the land inundated. A similar presentation is 
found in Bonedd y Saint, a list of genealogies of saints first 
redacted in the 12th century, in which a number of saints 
are listed as sons of ‘Seithennin Vrenhin o Vaes Gwydno a 
oresgynnvs mor ev tir’ (‘Seithennin king of Maes Gwyddno, 
whose land the sea overran’) (Wade-Evans 1944, p. 322).

The tale of Cantre’r Gwaelod suggests the lowland was 
suddenly inundated and overwhelmed by a flood which 
Meyrick (1808) asserts occurred in CE 520, although he 
provides no evidence to support this date.

Similar legends also exist of other ‘lost’ landscapes 
elsewhere. in Brittany, King Gradlon (or Grallon) is said to 
have ruled the city of Ys, the sudden inundation of which is 
referred to in the Breton life of St. Gwenôlé (Widmer and 
Jørgensen 2011). This report goes back to the latin life of 
the saint (Vita Sancti Winwaloei, de Smedt 1888), believed 
to have been composed 860–884 (see also Bromwich 1950, 
pp, 232–241; Piriou 1992; Poulin 2009, p. 396–445). Taken 
at face value, the inundation would be contemporaneous 
with Gwenôlé himself, that is, in the late 5th or early 6th 
century. Other examples come from southwest England, 
where lyonesse is claimed to have existed around the isles 
of Scilly and the southern coast of Cornwall; and in north 
Wales, where it is also claimed that llys Helig (‘Helig’s 
Court’) suffered an inundation in the 5th or 6th century. A 
latin triad interspersed among genealogical material in 
Exeter Cathedral library ms. 3514 (late-13th century) lists 
the kingdom of Helig son of Glannog among the three 
realms that the sea destroyed, placing it between Ceredigion 
and Bardsey towards Aberdyfi (Aberdovey), in the north of 
Cardigan Bay (Jones 1948; Bromwich 2014, p. lxxiv–lxxv). 
The location of this kingdom in Cardigan Bay rather than 
off the north coast of Wales has been suggested to reflect 
the earlier tradition (north 1940), bringing it and the tale 
of Cantre’r Gwaelod closer together. indeed, it has been 
suggested that they were originally one and the same 
(Bromwich 1950, p. 231).
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Most famously, in Branwen, the second branch of the 
medieval Welsh Mabinogi tales, when Bendigeidfran, king 
of the island of Britain, leads his forces across from Wales 
to ireland (although not on their return), the intervening 
sea consists merely of two navigable rivers, called lli and 
Archan: “Bendigeiduran, a’r yniuer a dywedyssam ni, a 
hwylyssant parth ac iwerdon, ac nyt oed uawr y weilgi yna: 
y ueis yd aeth ef. nyt oed namyn dwy auon: lli ac Archan y 
gelwit. A guedy hynny yd amlawys y weilgi, pan oreskynwys 
y weilgi y tyrnassoed” (Branwen, ed. Thomson 1986 lines 
252–256) (‘Bendigeidfran and the army we mentioned 
sailed towards ireland, and the sea was not wide then; 
Bendigeidfran waded across. There were only two rivers, 
called the lli and the Archan. later the sea spread out when 
it flooded the kingdoms’, trans. Davies 2007, p.28; see also 
Rhŷs 1901, p. 386; Sims-Williams 2010, p. 192–196).

dIscUssIoN

The 13th–14th-century Gough Map provides cartographic 
evidence for the existence of two ‘lost’ offshore islands 
located in Cardigan Bay. Considering the geological setting, 
any such islands are likely to have comprised unconsolidated 
Pleistocene deposits that were susceptible to lateral erosion. 
it is also likely that the geomorphology of island coasts, at 
least on the exposed seaward sides, would be analogous to 
present-day coastal settings in Cardigan Bay with eroding 
cliffs of unconsolidated deposits fronted by coarse-clastic 
storm beaches, sand terraces and gravel-lag deposits. The 
recession of the cliffs would have resulted in the areal 
reduction of the islands with marine action in the surf 
zone further eroding the exposed surface of the Pleistocene 
deposits. indeed, Garrard (1977) recognised that such 
erosion across the region resulted in “a thin but extensive 
cover of lag gravel, resting on a distinct plane of marine 
erosion” (p. 91). The more sheltered, landward-facing, 
leeside, island coasts may have been different in character 
and supported depositional landforms comprising more 
fine-grained sediments.

Bathymetrically, the two islands depicted on the Gough 
Map appear to be located approximately coincident with 
Sarn Cynfelin, between the Ystwyth and Dyfi estuaries, and 
Sarn y Bwch, between the Dyfi and Mawddach estuaries, 
suggesting that the coarse clasts of these sarns may have 
‘anchored’ the islands resulting in significant gravel lag 
accumulations following erosion of the diamicton’s finer-
grained matrix. Furthermore, the height of the land surface 
of the islands may be estimated if the altitude of the 20–30 
m-high cliffs of Pleistocene deposits that remain along the
Cardigan Bay coast is extrapolated westward. This approach
suggests the land surface height of the islands in the areas
of the two sarns might have been up to 15–25 m above sea-
level in areas enclosed by the present-day 5 m isobath or

10–20 m in waters enclosed by the 10 m isobath. However, 
due to surface lowering, through simultaneous weathering 
and erosion of the unconsolidated sediments, it is likely that 
the altitude was lower than these maximum estimates.

it appears that the erosion of the two islands was 
completed by the mid-16th century, as the islands do not 
appear on later maps, such as Thomas Butler’s Mape off 
Ynglonnd dated to 1547–1554 (Birkholz 2006). Therefore, 
the disappearance of the two ‘lost’ islands may represent a 
stage in the gradual planation and removal from Cardigan 
Bay of the top decametres of unconsolidated Quaternary 
deposits due to marine action operating on the Holocene 
sea-level high-stand, a process that has not yet been fully 
completed, as substantial areas of Quaternary deposits 
remain as terraces and exposed in cliffs along the Cardigan 
Bay coast as observed in the field seaward of the relict pre-
glacial coastline (e.g., Fig. 6).

Historical, literary and geomythological evidence might 
suggest that the two ‘lost’ islands were remnants of a 
larger area of lowland formerly occupying Cardigan Bay. 
Ptolemy’s coordinates place the mouth of the Afon Ystwyth 
in the 2nd century CE ca. 10–15 km to the west of its present 
position (north 1957), approximately coincident with the 
10 m isobath, and south of Sarn Cynfelin roughly along 
the line of longitude of its westernmost tip. This suggests 
that the coastline at this time was seaward of the western 
shores of the ‘lost’ islands. Furthermore, the tale of Cantre’r 
Gwaelod might suggest that the lowland, or at least part of 
it, continued to be inhabited up until the 5th–6th centuries. 

A number of authors have considered the legend of 
Cantre’r Gwaelod to represent a folk memory of gradual 
landscape submergence through rising sea levels during 
the Holocene marine transgression (e.g., Matthews 1993; 
Nunn et al. 2021; see also Kavanagh and Bates 2019). 
However, the association of this memory with a sudden 
inundation tends to contradict this view. Elsewhere, coastal 
submergence due to gradual post-glacial sea-level rise is 
represented in traditions, such as in Australian Aboriginal 
myths, that either recall “how two landmasses, now 
separated by a water gap, were once joined” or “how people 
once crossed a water gap (by wading or swimming) from 
one landmass to another, a feat that would be impossible 
today” (nunn 2016, p. 397). in Wales, the Mabinogi 
description of Bendigeidfran’s crossing to ireland, with only 
two navigable rivers lying in between, aligns well with the 
second of these tradition types involving gradual sea-level 
rise, but the sudden inundation of Cantre’r Gwaelod does 
not align with a sea-level rise explanation for its demise and 
instead evokes a more rapid event or series of events.

in support of a sudden inundation event or events, the 
only 6th-century historical source, that of the British monk 
Gildas, in his De excidio et conquestu Britanniae, records the 
pleas of the Britons in the face of barbarian invaders in the 
following way: “repellunt barbari ad mare, repellit mare ad 
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barbaros; inter haec duo genera funerum aut iugulamur aut 
mergimur” (“the barbarians push us back to the sea, the sea 
pushes us back to the barbarians; between these two kinds of 
death, we are either drowned or slaughtered” (Winterbottom 
1978. p. 23–24); “the barbarians drive us to the sea; the sea 
throws us back on the barbarians: thus two modes of death 
await us, we are either slain or drowned” (Giles 1841, p. 32)). 
While this may simply mean that the Britons were caught 
between the sea and the attackers, it might also imply that 
both were seen as equally hostile as a result of a significant 
marine event or events at this period causing loss of life. This 
event is usually dated to CE 446 (Thompson 1979, p. 214; 
see also Sims-Williams 1983, p. 5–15).

Whether such an inundation(s) was due to storm surge or 
tsunami is not possible to discern but an interesting account 
(the legend of Aber llyn lliwan) included in the 9th-century 
Historia Brittonum, and repeated by Geoffrey of Monmouth 
(Reeve and Wright 2007), recounts a marine phenomenon 
linked to the 5th or 6th century that describes unusual tidal 
conditions and a mountainous wave in the Severn Estuary 
along the south Wales coast (Rhŷs 1901). Evans et al. (2008) 
have suggested that this refers to a specific site where 
whirlpools occur near the coast; however, it may also be 
describing a tsunami event and, moreover, Bryant and 
Haslett (2007) and Haslett and Bryant (2007) present historic 
and physical evidence suggestive of historic tsunami events in 
south and north Wales respectively. it is clear that this 
question requires further investigation in the future.

Taken together, the cartographic, historical, physical and 
geomythological evidence conspire to provide a preliminary 
framework for the post-glacial evolution of Cardigan Bay, 
developing a hypothesis that may be tested through future 
research:

1. During the late Glacial, Cardigan Bay was occupied
from the north and west by Irish Sea ice and Welsh ice from 
the east. In southern Cardigan Bay, the Irish Sea ice 
deposited glacial till approximately 10 km inland of the 
present-day coastline up to 250 m above present sea-level. In 
the northern part of Cardigan Bay Welsh ice extended ca. 
10–12 km west of the present coastline. The Welsh ice 
deposited significant accumulations of coarse clasts, in-
cluding those that comprise the present-day sarns of 
Cardigan Bay.

2. Unconsolidated Pleistocene deposits, including glacial
till, were deposited across Cardigan Bay seaward of a relict 
pre-glacial coastline producing a depositional subglacial 
landscape. Remaining cliffs of unconsolidated deposits that 
occur along the modern coastline suggest a surface altitude 
of up to 30 m above present sea-level for these uncon-
solidated deposits.
3. The post-glacial erosion of the unconsolidated Pleisto-

cene deposits may have followed a template provided by
land drainage and Holocene sea-level rise. initial retreat of
the  Irish  Sea ice, from  the  present shoreline of southern

Cardigan Bay, forced emerging rivers, such as the Afon Teifi 
and Aeron, to flow southwards excavating the Trawling 
Grounds channel. More northerly rivers, such as the Afon 
Ystwyth, Dyfi, and Mawddach flowed westward as the 
Welsh ice retreated eastwards from its confluence with irish 
Sea ice. Once irish Sea ice had fully retreated to the west and 
north, the Holocene transgression would begin to act on 
the western margin of the deposits and establish estuarine 
conditions in the coastal river valleys. Run-off from upland 
bedrock areas between the rivers is likely, in places, to have 
removed material fronting the relict pre-glacial cliffline.

4. As erosion progressed, the landscape would become
dissected by westward flowing rivers eroding laterally to 
widen their valleys, coastal erosion and eastward retreat of 
the western margin, and erosion and north-south removal 
of materials from the foot of the inter-river upland bedrock 
areas, perhaps eventually connecting southwards with the 
Trawling Grounds channel. This process might have 
resulted in the formation of islands in the cores of these 
dissected areas, such as the two ‘lost’ islands depicted on the 
Gough Map positioned between the lines of rivers.

5. Marine inundation(s) and continued down-wearing of
the interfluves and marginal erosion removed the two 
remaining islands by the 16th century and the process 
continues in eroding and removing areas along the present-
day coast underlain by unconsolidated Pleistocene deposits.

Through this process, the river valleys, including the 
Trawling Grounds channel, became submerged landscapes, 
preserving post-glacial deposits in palaeochannel infills. 
However, islands of unconsolidated Pleistocene deposits 
forming the inter-river areas were not submerged but 
removed through lateral erosion to produce a plane 
of combined fluvial and marine erosion constituting a 
stratigraphic unconformity between underlying Pleistocene 
deposits and overlying modern seabed sediments.

The mean rate of removal of the depositional landscape in 
the period between the recording of Ptolemy’s coordinates 
and the drafting of the Gough Map is estimated to be ca. 10 
m/yr if marine erosion only of the coastline was responsible 
for retreat of the shore back to the approximate position of 
the present-day coast. However, a dissection model with 
combined marine and fluvial erosion would require a lower 
mean removal rate of ca. 5 m/yr to erode towards the core 
of remnant islands within a dissected landscape, a rate that 
might be accelerated due to gradually deepening water 
adjacent to the coast bringing higher energy waves to the 
shore and occasional high-magnitude marine inundation(s). 
Although the current rate of erosion along the Cardigan 
Bay coast is estimated to be up to ca. 1 m/yr (West Wales 
Shoreline Management Plan Consultation 2011), coastlines 
on the more protected coast of eastern England, with cliffs 
comprising similarly unconsolidated Pleistocene sediments, 
have retreated ca. 5.5 km since Roman times (ca. 2.75 m/
yr) along the Yorkshire coast (Sistermans and nieuwenhuis 
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2013) and rapid cliff erosion of up to ca. 6 m/yr in Suffolk 
(May 2003).

Across the north Sea in the German Bight, historical 
cartographic evidence indicates that the island of 
Heligoland has experienced a major reduction in size 
(Hebbeln et al. 2003) from 60 km in length in CE 800 to 25 
km in 1300 and 1.5 km in the 20th century (Bryant 2005). 
Presently, the island’s shoreline has retreated to a resistant 
core of Mesozoic rocks (Kelletat 1992) but is surrounded 
on the seafloor by a basement of Pleistocene sediments 
(Wunderlich 1980) indicating that the material removed 
through historic coastal erosion comprised unconsolidated 
deposits. indeed, Hebbeln et al. (2003) attribute very high 
historic sedimentation rates in the nearby Helgoland mud 
area to the disintegration of the island.

Elsewhere in the north Atlantic, the exposed shore of nova 
Scotia in Canada has experienced rapid erosion of cliffs in 
unconsolidated Pleistocene deposits, such as drumlins, with 
recent measured rates of 5.4 m/yr, and perhaps up to 7.6 m/
yr, on the western inlet of Chezzettcook inlet (Shaw et al. 
1993), and ca. 8.33 m/yr through a six-year period at Cap la 
Ronde on isle Madame (Force 2013). Furthermore, an island 
mapped offshore nova Scotia in the eighteenth century, Fish 
isle, has subsequently been removed though erosion and is 
“now represented only by intertidal boulder shoals” (Force 
2013, p. 37), which shows a similarity to the ‘lost’ islands of 
Cardigan Bay where the Sarns, and/or associated gravel lag 
deposits, may be considered to be analogous to the ‘boulder 
shoals’.

Taken together, the rates of historical erosion proposed 
for the ‘lost’ islands of Cardigan Bay are entirely plausible 
within the context of other coasts where unconsolidated 
Pleistocene deposits are exposed in coastal cliffs and 
occur within a high-energy wave environment. Moreover, 
the geological and geomorphological similarity between 
Cardigan Bay and other areas along the northwest European 
coast, such as the Celtic coasts of Brittany and Cornwall, 
along with similar geomythological evidence, might suggest 
marine and fluvial dissection and erosion of ‘lost’ landscapes 
underlain by unconsolidated Pleistocene deposits provides 
a credible model to further investigate coastal evolution in 
these regions.

coNcLUsIoN

This study has investigated the significance of two ‘lost’ 
islands located in Cardigan Bay as shown on the 13th–14th-
century Gough Map. Drawing upon historical, literary and 
folklore sources, and geological and bathymetric evidence, 
the existence of the ‘lost’ islands is considered plausible 
and offers a possible insight into the post-glacial coastal 
evolution of Cardigan Bay. A preliminary post-glacial coastal 
evolution model is presented that provides an integrated 

hypothetical framework upon which further research may 
be undertaken to test its validity and to offer refinements 
with the potential to offer new insights into the post-glacial 
evolution of lowland areas of the northwest European 
coastline. The model is also consistent with traditions that 
associate lost landscapes with these coastal areas, such as 
Cantre’r Gwaelod supposedly situated in Cardigan Bay.
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RÉSUMÉ

Nous rapportons une découverte d’ambre dans les roches sédimentaires Carbonifères du terrain houiller 
de Sydney, en Nouvelle-Écosse, Canada. L’ambre se manifeste sous forme de gouttelettes ainsi que de 
figures linéaires, et il a une teinte variant du brun pâle au mauve foncé. L’ambre a été découvert in situ dans de 
la siltite au-dessus du filon de charbon du Pennsylvanien moyen Hub, où il est associé à des pinnules 
abondamment falsifiées de la fougère à graines Linopteris obliqua. Les spécimens d’ambre ont été analysés 
par spectrométrie infrarouge et leurs caractéristiques spectrochimiques ont été comparées à celles d’autres 
ambres fossiles. Cette découverte élargit non seulement l’inventaire de l’ambre à une période remontant à 
environ 300 millions d’années, mais documente également la capacité des fougères à graines Carbonifères 
d’utiliser des mécanismes biosynthétiques pour produire des exsudats résineux.

[Traduit par la redaction]
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ABSTRACT

We report on a discovery of amber from the Carboniferous sedimentary rocks of the Sydney Coalfield, Nova 
Scotia, Canada. The amber occurs in the form of droplets and as a linear feature and ranges in colour from light 
brown to dark purple. The amber was found in situ in siltstone above the Middle Pennsylvanian Hub coal seam, 
where it was associated with abundantly abscised pinnules of the seed fern Linopteris obliqua. The amber 
specimens were analyzed by infrared spectrometry and their spectrochemical characteristics were compared 
with those of other fossil ambers. This discovery not only expands the inventory of amber to as old as ~300 
million years, but also documents that Carboniferous seed ferns were able to utilize biosynthetic mechanisms to 
produce resinous exudates.
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INTRODUCTION

  Fossil resin, or amber, has been known since prehistoric 
times and used in a variety of applications, such as varnish, 
paint binder, adhesive, and jewelry (Lucas and Harris 1962). 
Resins can be defined as lipid soluble mixtures of volatile and 
non-volatile terpenoid and/or phenolic secondary 
compounds that are secreted either within or on the surface 
of plants (Langenheim 2003). Fossilization of resins and their 
preservation in the fossil record as amber provide important 
sources of information in relation to chemotaxonomy, geo-
chemical processes, and provenance studies (e.g., Anderson 
et al. 1992; Broughton 1972; Lyons et al. 2009). Most fossil 
resins come from Cretaceous to Neogene sediments, and 
they are mostly products of conifers and angiosperms 
(Langenheim 2003).

   Amber in Canada is known mainly from the western 
provinces, notably from Alberta, where it occurs in Late 
Cretaceous and, to a lesser extent, in Paleocene forma-
tions. In these rocks it was dominantly sourced from 
conifers, likely from members of the family Cupressaceae 
(McKellar and Wolfe 2010). Although mostly recovered 
from bituminous coal seams, amber is also found in 
organic-rich shale beds overlying those coals in Alberta.
   In this paper we report the discovery of amber from 
Carboniferous (Middle Pennsylvanian) sedimentary rock 
from the Sydney Coalfield, Nova Scotia, Canada (Fig. 1). 
To our knowledge, it is the first discovery of amber in 
association with a seed fern. We compare the spectro-
chemical characteristics of the amber with other selected 
fossil ambers.

mailto:morten.smelror@ngu.no
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MATERIAL AND METHODS

Material

In 2008, a fossiliferous in-situ siltstone block was re-
covered above the upper Asturian Hub coal seam, Sydney 
Coalfield, in a developing open pit. The block measures 30 × 
40 × 7 cm (Fig. 2a) and weighs 22 kg.  Its accession number 
in the Palaeontological Collection of Cape Breton Uni-
versity, Sydney, Nova Scotia, Canada is 08-10/15-9. The 
block was systematically deconstructed, and a careful record 
of the process was kept. The megascopic analysis showed 
that abscised foliage of the tree fern Linopteris obliqua 
(Bunbury 1847) Zeiller 1899 (Zodrow and McCandlish 
1978; Zodrow et al. 2007) was the overwhelmingly domi-
nant compression fossil present, numbering in the thou-
sands. Interestingly, Bunbury (1847, p. 427) commented on 
the abundance of this species in the Sydney Coalfield and its 
absence in American and European collections.

Two fragmentary amber samples were found. Sample 
8-10/15-9 13 is a droplet 3 mm across and weighing ca. 5
mg (Fig. 2b, arrow). Enlarged 30 times (Fig. 2c), it shows
micrometre-scale brownish-red grains under reflected light
and no inclusions. The droplet is encased in a dark-coloured

rim, ca. 130 μm wide, that appears to have a different 
composition than the surrounding shaly matrix. The other 
amber sample is a composite specimen, 08-10/15-9 2, 
consisting of three fragments, each 3–4 mm in size (Fig. 2d). 
In contrast with the previous sample, these fragments are 
translucent, darkish in colour, and inclusion-free. The spatial 
relationship on these fragments in the block is unknown.

Methods

   After megascopic observations and careful isolation of the 
amber, the samples were analyzed by the Fourier transform 
infrared spectroscopy (FTIR) technique. This technique has 
long been proven helpful in investigating the source of 
amber, especially of Cretaceous and younger age 
(Langenheim and Beck 1965). For FTIR analysis, both 
amber samples (8-10/15-9 13 and 08-10/15-9 2) were 
analyzed on a Nicolet 6700 instrument equipped with a 
DTGS detector. Three FTIR spectra were obtained from the 
lighter coloured amber droplet (8-10/15-9 13), and three 
spectra from the darker coloured fragments (08-10/15-9 2, 
one spectrum from each fragment). For these analyses, a 
small amount of amber was mixed with finely ground KBr 
(the resin accounting for ca. 2 wt.% of the mixture) to form 
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a KBr pellet. Spectra were obtained in reflectance mode at a 
resolution of 4 cm-1 and 400 scans were collected per 
analysis. The IR signal was recorded in the region of 400 to 
4000 cm-1 wavenumber. IR bands were identified by com-
parison with published assignments (e.g., Painter et al. 1981; 
Wang and Griffith 1985; Goodarzi and McFarlane 1991; 
McFarlane et al. 1993). The following three ratios of the integra-
tion-band areas (Table 1) were calculated: CH2/CH3, Ox1, and 
Al/1035. The CH2/CH3 ratio was calculated in the 2800–

3000 cm-1 aliphatic stretching region after band de-
convolution, and two bands (CH2 at 2925 and CH3 at 
2960 cm-1) were used in calculation, following our previous 
procedures (e.g., Lis et al. 2005). Ox1 is a ratio of the C=O + 
C=C bands in the 1500–1800 cm-1 region to the bands in 
the aliphatic stretching region (2800–3000 cm-1), and Al/1035 
is a ratio of the bands in the aliphatic stretching region (2800–
3000 cm-1) to the band with the peak at 1035 cm-1.

Figure 2. Documentation of amber in the Carboniferous, Sydney Coalfield, Nova Scotia, Canada. (a) amber-bearing block 
showing abundant compression pinnules of Linopteris obliqua (Bunbury 1847) Zeiller 1899 (accession number 08-10/15-9 
13). (b) Bright in situ droplet, arrowed, in association with compression pinnules (sample 8-10/15-9 13. (c) The bright 
granular amber droplet itself. (d) The dark, dense, and transparent amber pieces (sample 08-10/15-9 2).
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Table 1. FTIR derived ratios of the amber samples.

Analysis CH2/CH3 Ox1 Al/1035

1.36 0.18 0.40

1.18 1.09 3.12

1.50 0.39 1.60

8-10/15-9-13 analysis 1

8-10/15-9-13 analysis 2

8-10/15-9-13 analysis 3

Average 1.35 0.56 1.71

1.27 0.54 0.38

1.32 0.53 0.07

1.42 0.77 0.88

08-10/15 9 2 - fragment 1

08-10/15 9 2 - fragment 2

08-10/15 9 2 - fragment 3

Average 1.34 0.61 0.44

CH2/CH3 was calculated after band deconvolution in the 2800–3000 cm-1

region; Ox1 is a ratio of the bands in 1500–1800/2800–3000 cm-1 and Al/
1035 uses intergration areas of 2800–3000 cm-1 bands.

RESULTS

The FTIR spectra of both amber samples are dominated 
by aliphatic hydrogen bands in the stretching 2800–3000 cm−1 
region and the 1300–1500 cm-1 aliphatic bending region, 
and have a broad band with the peak at ~1035 cm-1 (Figs. 3–
4). The latter band could come from v(SO) undissociated 
sulphonate groups that were detected in some resins 
(Edwards et al. 2000); but more likely it represents C-O 
stretching bands (like those in lignin). Oxygenated groups 
and aromatic carbon bands in the 1500–1800 cm-1 region 
are distinct, but their intensity is not large relative to 
aliphatic hydrogen bands. Small bands in the 700–900 cm-1 
region also occur, as do two prominent bands at 537 and 
470 cm-1 of an unassigned nature. It is interesting that bands 
representing exomethylene (CH2) groups in diterpenoid 
form with peaks at ~3082, 1644, and 887 cm-1, characteristic 
of many fossilized resins (Streibl et al. 1976; Poinar and 
Mastalerz 2000) were not recorded in the amber studied 
here (Figs. 3–4).

Qualitative comparison between spectra of the two amber 
samples (8-10/15-9 13 and 08-10/15-9 2) reveal close 
similarities between the functional-group distribution and 
their relative proportions (Figs. 3–4), and the difference 
between the two samples are not more distinct than within-
sample differences. While three splits of sample 8-10/15-9 
13 are very similar (Fig. 3), in sample 08-10/15-9 2 
composed of three fragments (Fig. 4), one fragment has very 
reduced aliphatic bands (both in 2800–3000 and 1300–1500 
cm-1) and the band with the peak at ~1037 cm-1 was do-
minant; it is likely that this fragment has significant lignin
content.

This functional-group similarity between the two amber 
samples is also supported by semiquantitative ratios (Table 
1). CH2/CH3 ratios range from 1.18 to 1.50 between 
individual analyses, with a very similar average values of 
1.34 and 1.35 for the two samples, suggest similarity in the 
length and branching of aliphatic chains (e.g., Lin and Ritz 

Figure 4. FTIR spectra of three fragments of sample 
08-10/15-9 2 (Fig. 2d).

Figure 3. FTIR spectra of the amber droplet shown in 
Figure 2c. The three spectra represent three splits of 
sample 8-10/15-9 13.
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Therefore, documenting the association of the studied am-
ber with an arborescent seed fern is an important aspect of 
this study. It is well known that resins are produced by 
almost all modern conifers and many angiosperms. So far, 
the earliest evidence of fossil resin comes from the Late 
Carboniferous with arborescent cordaitaleans (early rela-
tives of conifers) or from seed ferns suggested as source 
plants (Langenheim 2003). In this study, the occurrence of 
the amber in association with huge quantities of abscised 
medullosalean seed-fern foliage Linopteris obliqua indicates 
that seed ferns were also able to utilize the biosynthetic 
mechanisms to produce resin exudates.

In their py-GC/MS study of Carboniferous amber from 
an Illinois Basin coal seam ~320 million years old, Bray and 
Anderson (2009) suggested that the amber had Class I 
(polylabdanoid) characteristics, similar to that produced by 
a wide variety of modern species. In contrast, Crelling and 
Kruge (1998), in their study of resinite from a different 
Illinois Basin coal seam revealed predominantly aliphatic 
character (straight chain hydrocarbons), with only minor 
alkylbenzenes and phenols, characteristic of a cross-linked 
aliphatic biogeopolymer. They further concluded that these 
Carboniferous resinites differed from typical Cretaceous or 
younger resinites in their chemistry: the Cretaceous resinites 
were composed mainly of aromatized and unsaturated 
cadinanes, small aromatic molecules and isoprenoid 
hydrocarbons, characteristic of polycadinane structure. In 
the present study, we analyzed the chemistry of functional 
groups and it is therefore difficult to make direct com-
parison with the py-GC-MS compound data of Bray and 
Anderson (2009) or Crelling and Kruge (1998). However, 
the comparison of functional-group distribution of the 
studied amber to the younger ambers and modern resin 
from the other areas (Fig. 5) reveal two main differences: (1) 
the absence of oxygenated group bands around 1700 cm-1 
in the Carboniferous amber studied; this band is very pro-
minent in Miocene ambers and in modern Agathis resin 
(Fig. 5), as well as in Cretaceous ambers from Canada 
(McKellar and Wolfe 2010); and (2) the presence of a 
distinct 1580 cm-1 band in the Carboniferous amber; this 
band, likely represents aromatic carbon and does not occur 
in the spectra of other ambers. Van Bergen et al. (1995) also 
mentioned the unusual chemistry of Carboniferous resin 
rodlets, dominated by (alkyl)naphtalenes, alkylbenzenes, and 
phenols.

For now it is difficult to conclude whether these diff-
erences are related to the original chemistry of the resin or 
are the result of more a advanced maturation processes for 
the Carboniferous resin. Clifford and Hatcher (1995a, b) 
found that, with increased maturation from lignite to 
subbituminous coal, fossil resins showed depletion in exo-
methylene groups and increase in alkylnaphtalenes. The coals 
associated with the amber studied are of high volatile bit-
uminous rank (Ro % 0.64–0.66 %), and the reduction in 
oxygenated groups and the absence of exomethylene groups, 
at least to some extent, may be related to their more ad-
vanced maturation.

1993). Ratio Ox1 is dependent on the relationship between 
the oxygenated plus aromatic carbon groups and aliphatic-
hydrogen bands and usually reflects the oxidation level of 
the organic matter: CH2 and CH3 are known to be 
consumed during oxidation, with C=O groups being 
formed (Kister et al. 1988; Vasallo et al. 1991; Pradier et al. 
1992). Following this interpretation, darker amber 08-10/15 
9 2 would be on average slightly more oxidized compared to 
amber 8-10/15-9 13, as reflected by a higher Ox1 value of 
0.61 compared to 0.56 in the latter (Table 1). In their study 
of the amber from Dominican Republic, Poinar and 
Mastalerz (2000) noted that the increase in oxidation/
weathering was associated with a change from lighter to 
darker colour, an observation that seems to be supported in 
the present study. The main difference between the two 
amber samples is in the Al/1035 ratio, which is greater for 
the 8-10/15-9 13 sample, mainly because of significantly 
smaller absorbance of the bands with the peak at ~1035–
1037 cm-1 (likely coming from lignin) relative to the 
aliphatic stretching bands in this sample.

DISCUSSION AND CONCLUSIONS

Our discovery of Carboniferous amber expands the in-
ventory of amber to as old as ~  300 million years, and thus 
beyond that documented from Desmoinesian coal seams in 
Illinois (Bray and Anderson 2009). As those authors con-
cluded, such early occurrences of amber demonstrate that 
pre-conifer gymnosperms were able to utilize the bio-
synthetic mechanisms to produce resins well before the 
onset of angiosperms, which are considered to be one of the 
main group of resin producers (Langenheim 2003). In fact, 
the development and utilization of these mechanisms by 
Carboniferous plants is indicated by the occurrence of 
maceral resinite (fossil resin) in Carboniferous coals, and by 
the presence of medullosalean seed-fern resin in Penn-
sylvanian coal balls (C. Eble, written communication 2022). 
Crelling and Kruge (1998) separated resinite from the 
Pennsylvanian Herrin Coal in Illinois and argued that its 
properties differed from those of Cretaceous and younger 
resins. The petrographic properties of Carboniferous resin-
ites (Crelling 1995) are, however, similar to those of younger 
resins, and older resins likely served similar botanical 
functions to those of younger plants for example, sealing 
and protecting wounds and repelling insects (Langenheim 
2003). In the Carboniferous sedimentarty rocks, however, 
the resins are of small, typically microscopic size and, unlike 
the younger resins, megascopic “amber-size” occurrences 
are extremely rare (e.g., Grimaldi 2009). The very rare and 
small occurrences of amber and resinite in Carboniferous 
sedimentary rocks suggest that only limited types of plants 
then had the ability to utilize biosynthetic mechanisms to 
produce resins.

Identification of the parent plants of ambers is often im-
possible because ambers often occur isolated and in 
dissociation from the source plant (Langenheim 2003).
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ABSTRACT

An analysis of the potential for deposits of critical minerals and elements in Maine presented here includes 
data and discussions for antimony, beryllium, cesium, chromium, cobalt, graphite, lithium, manganese, niobium, 
platinum group elements, rhenium, rare earth elements, tin, tantalum, tellurium, titanium, uranium, vanadium, 
tungsten, and zirconium. Deposits are divided into two groups based on geological settings and common ore-
deposit terminology. One group consists of known deposits (sediment-hosted manganese, volcanogenic massive 
sulphide, porphyry copper-molybdenum, mafic- and ultramafic-hosted nickel-copper [-cobalt-platinum group 
elements], pegmatitic lithium-cesium-tantalum) that are in most cases relatively large, well-documented, and 
have been explored extensively in the past. The second, and much larger group of different minerals and elements, 
comprises small deposits, prospects, and occurrences that are minimally explored or unexplored. The qualitative 
assessment used in this study relies on three key criteria: (1) the presence of known deposits, prospects, or 
mineral occurrences; (2) favourable geologic settings for having certain deposit types based on current ore deposit 
models; and (3) geochemical anomalies in rocks or stream sediments, including panned concentrates. Among 20 
different deposit types considered herein, a high resource potential is assigned only to three: (1) sediment-hosted 
manganese, (2) mafic- and ultramafic-hosted nickel-copper(-cobalt-platinum group elements), and (3) pegmatitic 
lithium-cesium-tantalum. Moderate potential is assigned to 11 other deposit types, including: (1) porphyry 
copper-molybdenum (-rhenium, selenium, tellurium, bismuth, platinum group elements); (2) chromium in 
ophiolites; (3) platinum group elements in ophiolitic ultramafic rocks; (4) granite-hosted uranium-thorium; 
(5) tin in granitic plutons and veins; (6) niobium, tantalum, and rare earth elements in alkaline intrusions; (7)
tungsten and bismuth in polymetallic veins; (8) vanadium in black shales; (9) antimony in orogenic veins and
replacements; (10) tellurium in epithermal deposits; and (11) uranium in peat.

RÉSUMÉ

L’analyse du potentiel de gîtes de minéraux et d’éléments critiques au Maine exposée aux présentes comporte 
des données et des examens concernant l’antimoine, le béryllium, le césium, le chrome, le cobalt, le graphite, 
le lithium, le manganèse, le niobium, les éléments du groupe du platine, le rhénium, les éléments des terres 
rares, l’étain, le tantale, le tellure, le titane, l’uranium, le vanadium, le tungstène et le zirconium. Les gîtes sont 
répartis en deux groupes selon les cadres géologiques et la terminologie des minéraux métallifères communs. Un 
groupe est constitué de gîtes connus [manganèse dans des roches sédimentaires, sulfures massifs volcanogènes, 
gîtes porphyriques de cuivre-molybdène nickel-cuivre (-cobalt-éléments du groupe du platine) dans des roches 
mafiques et ultramafiques ainsi que gisements pegmatitiques de lithium-césium-tantale] qui sont dans la 
majorité des cas relativement vastes, qui sont bien documentés et qui ont fait l’objet d’une exploration poussée 
par le passé. Le second groupe, beaucoup plus nombreux, de minéraux et d’éléments différents, est composé de 
petits gîtes, de zones prometteuses et de venues ayant été peu explorées ou inexplorées. L’évaluation qualitative 
utilisée dans le cadre de l’étude repose sur trois critères clés : 1) la présence de gîtes, de zones prometteuses ou de 
venues minérales connus; 2) les cadres géologiques favorables en raison de la présence de certains types de gîtes 
basés sur les modèles de dépôts de minerai courants; et 3) les anomalies géochimiques dans les roches ou les 
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INTRODUCTION

Certain minerals have long been recognized as being criti-
cal for industrial, military, medical, and recently low-carbon 
technologies (e.g., Price 2013; Fortier et al. 2017; Sovacool et 
al. 2020; Simandl et al. 2021). Most countries prioritize criti-
cal minerals differently owing to individual national param-
eters such as local resources and economies. In the United 
States, a critical mineral is defined by federal statute as (1) 
a nonfuel material that is essential to the economic and na-
tional security of the USA, (2) part of a supply chain that is 
vulnerable to disruption, or (3) serving an essential function 
in the manufacturing of a product, the absence of which 
would have significant consequences for the U.S. econo-
my or national security (Presidential Executive Order No. 
13817 2017). The USA currently relies on imports for 50 to 
100% of 50 different critical minerals (U.S. Geological Sur-
vey 2021b). As of 2018, the U.S. Geological Survey (USGS) 
listed 35 critical minerals (and elements), specifically Al, Sb, 
As, barite, Be, Bi, Cs, Cr, Co, fluorspar, Ga, Ge, graphite, Hf, 
He, In, Li, Mg, Mn, Nb, platinum-group elements (PGEs), 
potash, rare earth elements (REE), Re, Rb, Sc, Sr, Ta, Te, Sn, 
Ti, W, U, V, and Zr (Fortier et al. 2018).

In this study, we report on the potential in Maine for re-
sources of 20 critical minerals and elements including Be, 
Co, Cr, Cs, graphite, Li, Mn, Nb, PGEs, Re, REE, Sb, Sn, Ta, 
Te, Ti, U, V, W, and Zr. This group was selected because it 
focuses on metals that are known to occur in previously 
mined deposits, in documented (but unmined) deposits, 
and that may exist within minimally explored or undiscov-
ered deposits. The last types include not only known miner-
al occurrences and small mines (typically without recorded 
production), but also areas lacking deposits that nonetheless 
have a speculative potential based on favourable geological, 
geochemical, and/or geophysical signatures. Not discussed 
in this report are critical minerals and elements such as arse-
nic, barite, and fluorspar that occur in a few deposit types in 
Maine but without sufficiently large tonnages or high grades 
to be economically viable now and in the near future, or al-
ternatively reside in the crystal lattice of other minerals for 
which economic recovery is not commercially feasible.

Lacking detailed data on tonnages and grades for most 
of the deposits and prospects considered herein, we cannot 
provide a quantitative mineral resource assessment for criti-

cal minerals and elements in Maine (e.g., Singer and Menzie 
2010). Such quantitative assessments also require estimates 
by an expert panel of economic and exploration geologists 
on the number of undiscovered deposits, which are currently  
not possible for Maine, and on the density distributions of 
different deposit types occurring elsewhere, which are un-
available for nearly all major metal deposits known in the 
state. As a result, our study is necessarily a qualitative as-
sessment using high, moderate, and low designations, as has 
been done elsewhere in New England by the USGS for the 
Glens Falls and Sherbrooke-Lewiston 1° × 2° quadrangles 
(Slack 1990; Moench et al. 1999). In this present study, we 
distinguish between ore reserves (proven, indicated, and in-
ferred) for deposits that could be mined economically under 
current market and technological conditions, and mineral 
resources that are concentrations of materials for which 
economic extraction of a commodity is potentially feasible, 
either currently or at some future time. Note that except as 
indicated in the cited references, data for reserves and re-
sources are not compliant with modern exploration practices  
and related guidelines (e.g., NI 43-101 and JORC). Also, the 
resource evaluations presented herein do not consider state 
restrictions that may exist on exploration or mining, regard-
less of land status or commodity.

Throughout this paper all measurements originally re-
ported in the Imperial system have been changed to the met-
ric system. These changes include surface and underground 
dimensions as well as depths in mines and drill cores.

KNOWN DEPOSIT TYPES

Sediment-hosted manganese

Manganese is one of the most critical elements used in 
modern society. Its principal use is in the manufacture of 
steel as a purifying agent and an alloy that converts iron 
into steel (Cannon et al. 2017). Based on recent research, 
manganese may also serve an important role as a replace-
ment for cobalt in rechargeable Li-ion batteries (Liu et al. 
2021). The United States and Canada are totally dependent 
on foreign sources of manganese, which is imported chiefly 
from Gabon, Australia, South Africa, and Brazil. There are 
no defined U.S. domestic reserves, but some significant low-

sédiments fluviatiles, notamment les concentrés lavés à la batée. Parmi les 20 différents types de gîtes considérés 
aux présentes, seuls trois se voient conférer un potentiel de ressources élevé : 1) les gîtes de manganèse dans des 
roches sédimentaires, 2) le nickel-cuivre (-cobalt-éléments du groupe du platine) dans des roches mafiques et 
ultramafiques, et 3) les gîtes pegmatitiques de lithium-césium-tantale. Un potentiel moyen est attribué à 11 autres 
types de gîtes, notamment : les gîtes porphyriques de cuivre-molybdène (-rhénium, sélénium, tellure, bismuth, 
éléments du groupe du platine); 2) le chrome dans des ophiolites; 3) les éléments du groupe du platine dans des 
roches ultramafiques ophiolitiques; 4) l’uranium-thorium dans du granite; 5) l’étain dans des plutons et filons 
granitiques; 6) le niobium, le tantale et les éléments des terres rares dans des intrusions alcalines; 7) le tungstène 
et le bismuth dans des filons polymétalliques; 8) le vanadium dans des schistes noirs; 9) des filons orogéniques et 
des substitutions; 10) le tellure dans des gîtes épithermaux et 11) l’uranium dans la tourbe.

[Traduit par la redaction]
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grade resources exist of which the largest known is in Maine 
(Cannon et al. 2017).

Sediment-hosted manganese deposits typically occur 
within marine black shales. Such deposits are abundant in 
weakly metamorphosed (prehnite-pumpellyite facies) Si-
lurian shale and locally in limestone of eastern Aroostook 
County (Fig. 1). These deposits were first described in the 
early 19th Century by Jackson (1838), but little interest was 
shown until the late 1930s (Pavlides 1962). Due to the critical 
importance of manganese in steel making, and the fact that 
at that time the United States imported all of its manganese, 
in 1941 the USGS and the State of Maine began an inten-
sive study of the deposits (White 1943). From 1942 through 
1944, the Manganese Ore Company sampled by trenching 
many of the deposits in both the northern (Presque Isle) and 
southern (Houlton) areas, as well as in the central (Maple 
Mountain and Hovey Mountain) area, including diamond 
drilling of two of the deposits in the northern area. The 
northern, central, and southern areas are considered sepa-
rate districts for descriptive purposes. There are 19 known 
deposits in the northern district, one in the central district, 
and 15 in the southern district. Dimensions of the various 
deposits are poorly constrained in general, owing to limited 
drilling and scarcity of outcrops, among other factors. More-
over, as a result of current field work in the manganese 
districts, lithologic settings and correlation of map units are 
problematic and stratigraphic revisions are thus likely. The 
following descriptions of the three districts are taken main-
ly from the older literature, with formational assignments 
provisionally revised on the basis of recent studies by Prof. 
Chunzeng Wang of the University of Maine at Presque Isle 
(C. Wang, written communication 2022).

The iron-manganese deposits in the northern district 
occur as three sedimentary lenses within and just above a 
limestone (White 1943) assigned herein to the Silurian New 
Sweden Formation. Below the surficial oxidized zone, prin-
cipal manganese minerals are the Mn-carbonate rhodochro-
site (MnCO3) and the Mn-silicates braunite [(Mn2+Mn3+)6
(SiO4)O8] and bementite [Mn7Si6O15(OH)8]. In places, up to 
20 wt% Fe is present in hematite, magnetite, and limonite 
(Pavlides 1962).

The central manganese district is represented solely by 
the large Maple Mountain-Hovey Mountain deposits. These 
lenticular Mn-Fe deposits (Pavlides 1962) are contained 
within grey and grey-green slate of the Silurian Maple 
Mountain Formation. Metavolcanic rocks are closely asso-
ciated with the Mn- and Fe-bearing units, but are probably 
older (Pavlides 1962). The deposits of the Maple and Hovey 
Mountains area consist mainly of Mn-silicates such as brau-
nite, with minor Fe-rich rhodochrosite, hosted within he-
matitic ironstone.

The southern manganese district differs from the central 
and northern districts in complexity of geology, absence of 
igneous rocks, likelihood of numerous faults, higher degree 
of metamorphism, and paucity of outcrops (White 1943; 
Miller 1947; Pavlides 1962). Manganiferous rocks there oc-
cur in slate and locally in siliceous limestone of the Silurian 

Smyrna Mills Formation. The principal manganese mineral 
is rhodochrosite, accompanied by minor Mn-siderite, chlo-
rite, and magnetite (Earl and Eilertsen 1962). Early studies 
concluded that the magnetite in these southern deposits 
formed during metamorphism, but a primary sedimentary 
or early diagenetic origin cannot be ruled out for some oc-
currences.

In 1949, the U.S. Bureau of Mines (USBM) became in-
volved in studies of the Aroostook County deposits. These 
studies included trenching, drilling, and airborne magnetic 
surveys. In 1951 and 1952, the USBM conducted numerous 
metallurgical tests on ores from the Maple Mountain and 
Hovey Mountains deposits (MacMillan and Turner 1954). 
The ores proved to be highly refractive and not amenable 
to conventional ore dressing techniques such as flotation, 
or magnetic or gravity separation. However, the ores were 
amenable to leaching using a variety of acids.

An early USBM estimate of the crude ore reserves in the 
region amounted to 232 Mt grading 8.9 wt% Mn and 20.7 
wt% Fe (Eilertsen 1952). A later USBM evaluation by Kilgore  
and Thomas (1982), which is the most recent, determined a 
resource of 260.0 Mt @ 8.87 wt% Mn for the central district 
(Maple Mountain and Hovey Mountain deposits), and a re-
source of 63.1 Mt @ 9.54 wt% Mn for the north Aroostook 
district (e.g., Dudley and Gelot Hill deposits). However, this 
total excludes much smaller deposits in the southern district 
(e.g., Littleton Ridge, Henderson Hill), for which estimated 
reserves amount to 3.7 Mt at an average grade of 7.5 wt% 
Mn (Miller 1947). Based on these values, a combined re-
source (including reserves designated in early studies) for 
the Aroostook County deposits is calculated here to be ~327 
Mt @ 9.0 wt% Mn.

Future exploration in the Aroostook County districts 
would benefit by considering the two main genetic models 
proposed for sedimentary manganese deposits. One model, 
developed by Cannon and Force (1983) and Force and Can-
non (1988), involves syngenetic manganese concentration 
along the margins of anoxic marine basins, at the redoxcline 
between deep anoxic to sulphidic waters and variably oxi-
dized surface waters. A modern example may be formation 
of the Mn-rich sediments in Gotland Deep of the Baltic Sea 
(Huckriede and Meischner 1996). In this model, dissolved 
manganese at high concentrations in oxygen-deficient deep 
seawater is transported by upwelling currents to the re-
doxcline, where Mn-carbonates precipitate on the seafloor. 
Mn-silicates are also deposited below this redox interface, 
similarly on the seafloor, whereas Mn-oxides form above, 
within oxidized surface waters. The second model is based 
on a wholly diagenetic process, from the studies of Okita 
(1992) and Okita and Shanks (1992) of the giant Molango 
manganese deposit in southern Mexico. This deposit is the 
largest known in North America, containing 1.52 Gt of ore 
at an average grade of about 10% Mn. The ore occurs within 
Upper Jurassic limestone and in part of the district directly 
overlies black pyritic shale. The high-grade ore zone con-
tains 30% Mn but only 3% Fe, unlike the Fe-rich manga-
nese deposits in Aroostook County. Carbon and sulphur 
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isotope data for the Molango deposit, and for other large 
stratiform sediment-hosted manganese deposits in China 
and Hungary, also point to deposition in an anoxic marine 
basin, analogous to the model of Cannon and Force (1983), 
but with manganese mineralization occurring during early 
diagenesis in the shallow subsurface (Okita et al. 1988; Pol-
gári et al. 1991; Okita and Shanks 1992). The carbon isotope 
values, in particular, indicate that rhodochrosite deposition 
was linked to the oxidation of organic matter.

The pyritic black shale directly below the high-grade 
Mn-carbonate ore zone at Molango may have played an 
important role in this diagenetic process, by providing dis-
solved organic matter (OM) for the oxidation process, when 
pore waters contained high concentrations of OM prior to 
lithification. More recent studies of the Úrkút deposit in 
Hungary also suggest that manganese mineralization there 
involved microbes (Polgári et al. 2012). Application of the 
organic matter oxidation model to the Aroostook County 
manganese districts is problematic, however, because of the 
apparent scarcity of black shale within the host sedimen-
tary sequence (e.g., Pavlides 1962), but outcrops and drill 
core are very limited in the northern and southern districts, 
where a siliceous limestone unit directly underlies the man-
ganese deposits. However, if the microbial model is correct, 
then black shale within the manganese ore sequence is not 
required, hence only a limestone host is needed. Regardless 
of the applicable ore-forming model, these two districts 
have a high potential for the discovery of additional manga-
nese deposits, including low-Fe deposits similar to Molan-
go occurring within one or more limestones of the district. 
Also possible, although less likely from our perspective, are 
Mn-carbonate or Mn-oxide deposits occurring in the Smyr-
na Mills Formation. Potential also exists for more manga-
nese deposits in hematitic ironstone of the central district 

(Maple and Hovey Mountains area) but the economic via-
bility of such Fe-rich deposits is uncertain. Sediment-hosted 
manganese deposits in Silurian strata of the Woodstock area 
of New Brunswick ca. 19 km east of Houlton were mined 
for iron in the 19th Century (Miller 1947). This area is cur-
rently being explored by a Canadian company, Manganese 
X Energy Corporation, which has announced measured 
and indicated reserves for the Battery Hill deposit of 34.9 
Mt grading 6.42 wt% Mn and 10.7 wt% Fe, and an additional 
inferred reserve of 25.9 Mt grading 6.66 wt% Mn (Ténière 
et al. 2021). Incorporating these reserves with the resources 
compiled by Way (2014) for the Woodstock area (six depos-
its) yields a total of 212 Mt @ ~8 wt% Mn. Metallurgical test-
ing of manganese in the Battery Hill deposit, using a novel 
leaching process to produce ultrapure MnSO4, is reportedly 
encouraging with manganese recoveries of greater than 85% 
being achieved (Manganese X Energy Corporation 2021). 
It is unclear whether this metallurgical technology could be 
applied successfully to the manganese deposits of Aroos-
took County.

Volcanogenic massive sulphide

Maine has a lengthy history of mining volcanogenic mas-
sive sulphide (VMS) deposits (e.g., Lepage et al. 1991; Beck 
2012; Marvinney 2015; Marvinney and Berry 2015; Slack 
2019; Fig. 1). These deposits are well known in terms of geo-
logical setting and modes of formation, based on extensive 
studies of ancient and modern examples (Shanks and Thur-
ston 2012, and references therein). In addition to common 
base (Cu, Zn, Pb) and precious (Ag, Au) metals, VMS de-
posits may contain appreciable amounts (tens to thousands 
of ppm) of numerous critical elements including As, Bi, Cd, 
Co, Ga, Ge, In, Mo, Sb, Se, Sn, Te, and PGEs (e.g., Monecke 

Figure 1. (next page) Simplified geologic map of Maine showing regional metamorphic zones and locations of mines and 
other significant mineral deposits having known concentrations of critical minerals or elements. Cambrian–Devonian 
plutons consist mainly of granite with subordinate gabbro; Carboniferous–Mesozoic plutons are mostly granitic or alkalic. 
Sedimentary (and metasedimentary) rocks are chiefly Cambrian to Devonian; not shown are small areas of Mesoproterozoic  
metasedimentary rocks in the western Penobscot Bay area. Volcanic (and metavolcanic) rocks are both mafic and felsic, 
and are dominantly Ordovician but include some Cambrian, Silurian, and Early Devonian strata together with minor sed-
imentary (and metasedimentary) rocks. Geology and metamorphic zones (coloured dashed lines) modified from Osberg et 
al. (1985). Faults are not shown. Abbreviations for cities and towns: A, Augusta; B, Bangor; BH, Blue Hill; F, Farmington; 
H, Houlton; L, Lewiston; M, Madrid; Pa, Paris; PI, Presque Isle; Po, Portland. Abbreviations for igneous plutons (some are 
grouped) and other igneous bodies: ad, Adamstown; ag, Agamenticus; am, Abbott Mountain; at, Attean; bl, Bottle Lake 
Complex; cm, Cadillac Mountain; db, Deboullie; dl, Deblois; kd, Katahdin; le, Leeds; lu, Lucerne; mb, Meddybemps; mo, 
Mooselookmeguntic; mw, Mount Waldo; mx, Moxie; ph, Phillips; pl, Priestly Lake; ps, Pocomoonshine; rb, Red Beach; rd, 
Redington; rm, Rattlesnake Mountain; sb, Sebago; tl, Tunk Lake (Catherine); ub, Umbagog; um, ultramafic rocks. Abbre-
viations for coastal bays: CB, Casco Bay; MB, Machias Bay; OB, Oak Bay; PB, Penobscot Bay; SB, Saco Bay. Distribution 
of migmatite-granite terrane, and of Sebago pluton, from Solar and Tomascak (2016). Abbreviations for mines, prospects, 
and important (key) occurrences, grouped by deposit type, are (1) Volcanogenic massive sulphide: BM, Bald Mountain; 
PM, Pickett Mountain; AP, Alder Pond; LR, Ledge Ridge; BH, Black Hawk; HS, Harborside; (2) Sediment-hosted Mn dis-
tricts: MH, Maple Mountain-Hovey Mountain; NA, North Aroostook; SA, South Aroostook; (3) Porphyry Cu-Mo: CM, 
Catheart Mountain; SM, Sally Mountain; DB, Deboullie; PL, Priestly Lake; CO, Cooper; CD, Cadillac Mountain; (4) Mafic- 
and ultramafic-hosted Ni-Cu(-Co-PGE): AL, Alexander (includes Frost); KD, Katahdin; MO, Moxie; UN, Union (Warren); 
and (5) Pegmatitic Li-Cs-Ta: PN, Plumbago North.
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et al. 2016). Early mining of VMS deposits in Maine took 
place chiefly from 1878 to 1882 at very small deposits host-
ed within Cambrian volcanic and volcaniclastic rocks on or 
near the coast (Emmons 1910; Hussey et al. 1958; Lepage 
et al. 1991). During the period 1968 to 1972, much larger 

deposits were mined in the same Cambrian volcanic belt 
at the Black Hawk (Second Pond) Zn-Cu-Pb-Ag deposit 
that prior to production contained 0.9 Mt @ 7.4% Zn, 0.9% 
Cu, and 0.4% Pb, and at the Harborside (Callahan) Zn-Pb-
Ag-Au deposit that had 0.7 Mt @ 5.5% Zn, 1.3% Cu, 0.5% 

Slack et al._Fig. 1

Sub-greenschist

Chlorite

50 km

N

46ᵒN
71ᵒW N

ew
 B

ru
ns

w
ic

k

N
ew

 H
am

ps
hi

re

Qué
be

c

   Biotite+garnet
+staurolite
-andalusite

47ᵒN
67ᵒW

Sub-greenschist

B

A

H

Po

F

M

ub
ph

rd

mx

ag

 OB

 MB

 PB

 CB

 SB

pl

db

lu

mo

kd

at

ad

dl

mw

rbps

tl

dl

cm

bl

mb

Area of
 Fig. 3

Area of 
  Fig. 4

PI

MH

NA

SA

BM

PM

LR

AP

HS

BH

CM

SM

AL

am

pm

CO

KD

 Cambrian-Devonian plutons

 Carboniferous-Mesozoic plutons

 Devonian migmatite-granite
 Metavolcanic rocks

 Metasedimentary ±
 metavolcanic rocks

 Metasedimentary rocks

 Ultramafic rocks

 C
am

br
ia

n-
D

ev
on

ia
n

 Mines and prospects
L

le

sb

PN

Pa

UN

Sillimanite+
K-feldspar-
sillimanite

DB

PL

MO

CD

ad

mo

ub

ph

so

rm

um

um

um



Copyright © Atlantic Geoscience, 2022Slack et al. – Potential for critical mineral deposits in Maine, USA

ATLANTIC GEOSCIENCE · VOLUME 58 · 2022 160

Pb, and 14 g/t Ag (Beck 2012; Marvinney and Berry 2015). 
From the mid-1970s to the mid-1980s, four other significant 
VMS deposits were discovered in Ordovician volcanic rocks 
of western and northern Maine (Beck 2012), including Bald 
Mountain (30.0 Mt @ 1.0 wt% Cu, 1.0 wt% Zn, 14 g/t Ag, 
0.5 g/t Au; Slack et al. 2003), Ledge Ridge (4.0 Mt @ 2.0 wt% 
Zn, 1.0 wt% Cu, 1.0 wt% Pb, 17 g/t Ag, 0.6 g/t Au), Alder 
Pond (3.4 Mt @ 9.0 wt% Zn, 2.2 wt% Cu, 0.5 wt% Pb, 84 g/t 
Ag), and Pickett Mountain (measured + inferred resources 
of 6.3 Mt @ 9.1 wt% Zn, 3.8 wt% Pb, 1.1 wt% Cu, 102 g/t Ag, 
0.7 g/t Au; Wolfden Resources Corporation 2021). The last 
deposit, previously named Mount Chase, has been studied 
recently by McCormick (2021) and is the subject of ongoing 
exploration and economic evaluation by Wolfden Resources  
Corporation. Early exploration in the 1960s in western 
Maine for VMS-type mineralization identified additional 
areas of interest, such as the Squirtgun prospect where one 
drill hole intersected felsic tuffs with 3.3 wt% Cu and 31.8 
g/t Ag, together with appreciable Zn, over an interval of 4.9 
m (Young 1968).

Economically recoverable critical metals in VMS depos-
its are limited. Importantly, on a global scale few of these 
metals are recovered from VMS deposits by current mining 
and processing methods, except as byproducts. With respect 
to cobalt, VMS deposits constitute less than 1% of global 
production, and each typically contains at most 0.3 wt% Co 
(Slack et al. 2017). A very large North American example is 
the Triassic Windy Craggy VMS deposit in British Colum-
bia (297 Mt @ 1.38 wt% Cu) that has an average of 820 ppm 
Co (Peter and Scott 1999). Importantly, at Windy Craggy 
discrete Co-bearing minerals like cobaltite are rare, suggest-
ing that the majority of the cobalt there resides in abundant 
pyrite and lesser pyrrhotite (Peter and Scott 1999), neither 
of which would likely be recovered and processed for cobalt 
during potential mining of copper, although recent technol-
ogy may make this feasible in some cases (Luganov et al. 
2020). The same interpretation can be applied to the Bald 
Mountain deposit in Maine, which lacks cobaltite or other 
Co-rich minerals but has up to 1400 ppm Co in bulk mas-
sive sulphide (pyrite ± pyrrhotite ± chalcopyrite ± sphaler-
ite ± arsenopyrite ± galena) and as much as 0.25 wt% Co 
in pyrite, as determined by electron microprobe analysis 
(Slack et al. 2003). Also present at Bald Mountain are ele-
vated bulk values for other critical metals including arsenic 
and antimony (up to 1.52 wt% and 1670 ppm, respective-
ly); maximum values of others in massive sulphide facies of 
the deposit are relatively low (Bi, 26.3 ppm; In, 6.8 ppm; Sn, 
58 ppm; Te, 64 ppm)(Slack et al. 2003). The mineralogical 
residence of arsenic and antimony is complex, and includes 
not only separate grains of arsenopyrite and tetrahedrite but 
also probable crystallographic substitutions of arsenic and 
antimony in pyrite and sphalerite, and locally in pyrrhotite 
(Slack et al. 2003). Bulk analysis of a representative compos-
ite sample of high-grade sulphide-rich rock from the Pickett 
Mountain deposit (A-Z Mining Professionals Limited 2020) 
shows relatively high average contents of As (953 ppm), Cd 
(246 ppm), Bi (81 ppm), and W (518 ppm); the cadmium 

and tungsten, and possibly bismuth, probably do not reside 
in pyrite, hence these critical elements could be recovered 
as byproducts during mining. Excluding Bald Mountain 
and Pickett Mountain, no published data are available on 
the contents of critical metals in the other VMS deposits of 
Maine.

Porphyry copper-molybdenum

Porphyry-type Cu-Mo deposits are major global sources 
of Co, Mo, Re, Se, and Te and locally contain trace to mi-
nor amounts of other critical metals and minerals including 
As, Bi, fluorite, PGEs, and W (John et al. 2010; John and 
Taylor 2016). Rhenium concentrations in such deposits and 
in granite-related Mo-rich veins are important because this 
metal is fundamental in the manufacture of high-tempera-
ture superalloys for jet aircraft engines and of Pt-Re catalysts 
for the petroleum industry (John et al. 2017). Numerous 
porphyry-type deposits and prospects are documented in 
Maine (Hollister et al. 1974; Ayuso 1989; Fig. 1). The best 
known and most explored is at Catheart Mountain, a Cu-
Mo deposit hosted in a Devonian quartz-porphyry pluton 
that intrudes a larger Ordovician body of the Attean Quartz 
Monzonite (Ayuso 1989). This deposit has not been delineat-
ed fully in terms of tonnage and grade, but an early estimate 
suggested an endowment of 20 to 25 Mt @ 0.25 wt% Cu and 
0.04 wt% Mo (F.C. Canney in Nowlan 1989). Sulphide min-
eralization at Catheart Mountain comprises disseminations 
and fracture-fillings of pyrite, chalcopyrite, molybdenite, 
and rare bornite and stannite in a gangue of quartz, sericite, 
K-feldspar, and local albite and carbonate (Atkinson 1977; 
Ayuso 1989). Typical whole-rock metal concentrations for 
entire drill cores, averaged over hundreds of metres, are 
1000 to 2500 ppm Cu and 100 to 500 ppm Mo; the highest 
values for individual (separate) drill cores are 3600 ppm Cu 
over 240.5 m and 1100 ppm Mo over 135.6 m (Atkinson 
1977). Wall-rock alteration of the host porphyry is charac-
terized by an inner potassic zone and outer phyllic, argil-
lic, and propylitic zones (Schmidt 1974; Atkinson 1977). 
Reconnaissance data for rhenium in molybdenite separates 
from Catheart Mountain (n = 9) show concentrations of 80 
to 280 ppm with an average of 146 ppm (Atkinson 1977); 
this range and average are low relative to those of many por-
phyry Cu-Mo deposits worldwide (John and Taylor 2016) 
based on existing data that indicate, on a global scale, that 
molybdenite in porphyry molybdenum deposits and mo-
lybdenite-rich quartz veins have low contents of rhenium 
(typically <200 ppm) compared to the those in porphyry 
copper deposits that typically contain 1000 to 3000 ppm Re 
(John et al. 2017). In addition to rhenium, analysis of eight 
pyrite separates from the Catheart Mountain deposit indi-
cates the presence of elevated bismuth and tungsten, up to 
394 and 182 ppm, respectively (Atkinson 1977).

The other porphyry-type deposits in the state have not 
been described in detail. The Sally Mountain Cu-Mo de-
posit, ca. 10 km west of the Catheart deposit, has a simi-
lar style of mineralization dominated by disseminated and 
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Mt with a grade of 0.10 wt% Co, 0.13 wt% Ni, and 0.07 wt% 
Cu was defined, with reported metallurgical recoveries of 
65% for Co and Ni, and 80% for Cu (Beck, review of land-
owner files, 1980–2000). The Katahdin deposit, ca. 600 m 
long and 120 m wide on average, consists of massive (>75 
vol%) to disseminated or interstitial pyrrhotite with minor 
(<2 vol%) chalcopyrite in a syntectonic, Acadian norite in-
trusion, the 405.6 ± 3.3 Ma Ore Mountain pluton (Miller 
1945; Houston 1956; Bradley and Tucker 2002).

The Union-Warren deposits near the coast (Fig. 1) form 
two main mineralized bodies within a ~13-km-long, north-
east-striking zone of Devonian basic rocks that includes 
peridotite in the northeast and gabbro and diorite in the 
southwest. Host strata are chiefly sulphidic black shale of 
the Ordovician Penobscot Formation. Sulphide minerals 
are dominantly Ni-rich pentlandite, chalcopyrite, and pyr-
rhotite, together with minor niccolite and cobaltite; magne-
tite is a common accessory (Young 1968; Rainville and Park 
1976). In 1965, the No. 5 deposit was discovered in Warren 
using a variety of geophysical techniques. In 1980, the Bo-
liden Company conducted geochemical and additional geo-
physical surveys (F.M. Beck files, 1980-2000). In 1989, Black 
Hawk Mining Company did additional drilling and mine 
planning. A stringent mining ordinance that was adopted by 
the Town of Warren in 1992 apparently led Black Hawk to 
give up its leases in the mid-1990s. No work has been done 
on the properties since then. At the time of Boliden’s work, 
proven and probable open-pit reserves were reported to be 
13.6 Mt grading 0.925 wt% Ni, 0.423 wt% Cu, and 0.08 wt% 
Co (Boliden reports in F.M. Beck files).

The Black Narrows deposit in west-central Maine (Fig. 
2) is within the southern part of the elongate Moxie maf-
ic-ultramafic pluton of Early Devonian age (406.3 ± 3.8 Ma;
Bradley et al. 2000). Early exploration in the area, carried
out by several companies from 1948 to 1961, included air-
borne and ground geophysical surveys, and diamond drill-
ing of six holes by Beers and three by Freeport Sulfur Com-
pany, none of which intersected significant nickel, cobalt, or
copper mineralization (Beers et al. 1962; Beck, purchased
Knox files, 1980–2000). Reconnaissance data for a limited
number of rock samples from the Moxie pluton show rela-
tively low total PGE concentrations of ca. 250 ppb (Paktunc
1990). The dominant igneous rocks are troctolite and oliv-
ine gabbro, with local peridotite, dunite, norite, and gabbro
(Visher 1960; Espenshade 1972; Thompson 1984). Sulphide
mineralization consists of pyrrhotite with minor pentlan-
dite and chalcopyrite hosted within an altered peridotite.
Other Ni-Cu sulphide prospects at Big Indian Pond and
Burnt Nubble, in the northern part of the pluton, occur in
troctolite and olivine gabbro (Fig. 2).

The Alexander and nearby Frost Ni-Cu-Co prospects in 
eastern Maine (Fig. 1) comprise massive and disseminated 
pyrrhotite with minor chalcopyrite in a small gabbroic body 
east of the large Pocomoonshine Gabbro that intrudes sul-
phidic metasedimentary rocks of the early Paleozoic Cook-
son Formation (Young 1963; Thompson 1984; U.S. Geolog-
ical Survey 2021a). The gabbro-hosted St. Stephen Ni-Cu 

veinlet-hosted chalcopyrite and lesser molybdenite within a 
Devonian quartz-porphyry pluton (Ayuso 1989). A regional 
geochemical survey of stream sediment by Nowlan (1989) 
shows areas of anomalously high copper and molybdenum 
that extend beyond the known bedrock sites of porphyry- 
type Cu-Mo mineralization, suggesting that the potential 
for this deposit type is spatially larger than was recognized 
previously.

In northern Maine, the Devonian syenite pluton at De-
boullie contains weakly developed Cu-Mo mineralization 
within pyrite-bearing quartz-porphyry dikes (Ayuso and 
Loferski 1992; Loferski and Ayuso 1995). To the south, the 
Priestly Lake granodiorite pluton, of Devonian age, locally 
has quartz-molybdenite veins up to 15 cm wide and frac-
ture-controlled molybdenite in granodiorite (Ayuso and 
Shank 1983). A different type of molybdenum occurrence 
is found in northeastern Maine, consisting of molybdenite 
with pyrite and minor chalcopyrite and arsenopyrite in a 
calc-silicate rock near a small granitic pluton (Canney et al. 
1961; Burbank and Miller 1965). On and near the coast, mi-
nor disseminated and vein-hosted molybdenite occurrenc-
es are known within the Cooper, Cadillac Mountain, and 
Catherine (Tunk Lake) plutons (Burbank 1965; Young 1968; 
Hollister et al. 1974), in parts of the Bottle Lake Complex 
(Post et al. 1967; Nowlan and Hessin 1972), and elsewhere 
in the state (Hess 1908). Other areas in Maine that may have 
porphyry Cu-Mo potential are described by Schmidt (1978).

Mafic- and ultramafic-hosted nickel-copper 
(-cobalt-platinum group elements)

Mafic and ultramafic igneous intrusions that contain 
significant deposits of nickel and copper may have elevat-
ed concentrations of cobalt and/or PGEs that can be recov-
ered as byproducts during mining and processing (Slack et 
al. 2017; Zientek et al. 2017). In the United States, cobalt 
and PGEs are defined as critical elements because of use in 
rechargeable lithium batteries and catalytic converters, re-
spectively, and minimal domestic production. Three mafic- 
and ultramafic-hosted Ni-Cu(-Co-PGEs) deposits in Maine, 
known for many decades, have been moderately explored 
by several mining companies. Except for iron production 
in the 19th Century from the large Katahdin deposit east of 
Greenville (Fig. 1), no other deposits of this type in Maine 
have been mined for other metals such as nickel, copper, co-
balt, or PGEs.

The Katahdin (also known as Ore Mountain) deposit was 
reportedly used by the native population since 4000 B.C. as 
a source of red pigment used for decorative purposes. The 
gossan of this deposit was mined intermittently from 1848 
to 1890 and smelted on site at the nearby community of 
Katahdin Iron Works; the underlying hypogene pyrrhotite 
body, estimated to total more than 200 Mt @ ~45 wt% Fe 
(Slack 2019), was not mined. In 1976, the Superior Mining 
Company did deep drilling and conducted metallurgical 
testing to develop a method to separate the cobalt from the 
nickel and copper. As a result of this work, a resource of 60 
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The very elongate nature of the Moxie pluton is similar 
to that of the pluton hosting the Jinchuan deposit, which 
contains 515 Mt of ore at an average grade of 1.06% Ni and 
0.67% Cu, with byproduct Co and PGEs (Chai and Naldrett 
1992; Song et al. 2009), and thus strongly suggests formation 
as a dike complex and a favourable setting for Ni-Cu-(Co-
PGE) mineralization. Moreover, low nickel contents in oliv-
ine (<0.1 wt % NiO) for all but the most forsterite-rich com-
positions (≤Fo80) in the Moxie deposits (Thompson 1984) 
are consistent with early removal of nickel in sulphides, by 
which interaction of the igneous melt with sulphide-rich 
country rocks (e.g., black shale) results in sulphur saturation 

deposit in southwestern New Brunswick, ca. 50 km to the 
northeast, contains reserves of 1.0 Mt @ 1.05 wt% Ni and 
0.53 wt% Cu (Paktunc 1986, 1987), and in places as much as 
0.24 wt% Co with up to 863 ppb Pd and 270 ppb Pt (Conti-
nental Nickel Ltd. 2012).

A high potential is proposed here for Ni-Cu(-Co-PGE) 
deposits in mafic/ultramafic dike-sill complexes. The model 
of Schulz et al. (2014) suggests that this deposit type, which 
is widespread worldwide and includes giant orebodies such 
as those in Noril’sk in Russia, Voisey’s Bay in Labrador, and 
Jinchuan in North China, forms preferentially in mafic dikes 
or sills that served as conduits to overlying large intrusions. 
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of the magma followed by segregation of sulphides into bas-
al zones or conduits (Naldrett 1989, 1992). Because of high 
metal grades, conduit-type deposits are now recognized as 
having greater economic potential than basal deposits like 
those in the Duluth Complex of Minnesota (e.g., Schulz et 
al. 2014). In a reconnaissance study of peridotite in north-
ern Michigan, electron-microprobe analysis documented 
low-Ni olivine in this peridotite that suggested early sulphur 
saturation of the magma and hence a potential for Ni-Cu 
mineralization at depth (Klasner et al. 1979). This report 
led, in part, to the 2002 discovery within this peridotite of 
the high-grade Eagle Ni-Cu-Co orebody in the Upper Pen-
insula of Michigan (Ding et al. 2010, 2012). At the end of 
2016, Eagle operations had produced 1.67 Mt of ore @ 3.97 
wt% Ni and 3.19 wt% Cu, with then-unmined reserves (in-
cluding for the East Eagle deposit) of 4.82 Mt @ 2.8 wt% Ni, 
2.4 wt% Cu, 0.1 wt% Co, 0.3 g/t Au, 3.4 g/t Ag, 0.7 g/t Pt, and 
0.5 g/t Pd (Clow et al. 2017). The Eagle mine is the largest 
producer of nickel in the United States.

Pegmatitic lithium-cesium-tantalum

The critical elements lithium, cesium, and tantalum have 
diverse uses including for rechargeable batteries, ceram-
ics, and glass; for high-pressure and high-temperature well 
drilling in oil and gas production and photoelectric cells; 
and for gas turbines, mobile phones, and personal comput-
ers (Bradley et al. 2017a; Jaskula 2021; Tuck 2021; Callaghan 
2021). Lithium-cesium-tantalum (LCT) pegmatites, one of 
three compositionally defined categories of granitic peg-
matite, account for about one-fourth of the world’s lithium 
production and nearly all of the cesium and tantalum pro-
duction (Bradley et al. 2017b). In addition to enrichments 
in lithium, cesium, and tantalum (whence the acronym), 
LCT pegmatites are also typically enriched in rubidium, be-
ryllium, and tin. Lithium enrichment is generally indicated 
by the presence of spodumene [LiAlSi2O6], petalite [LiAl-
Si4O10], lepidolite [(K,Rb)(Li,Al)2(Al,Si)4O10(OH,F)2], mon-
tebrasite [LiAl(PO4)(OH,F)], and/or elbaite [Na(Li1.5Al1.5)
Al6Si6O18(BO3)3(OH)4]; cesium by pollucite [(Cs,Na)2(Al-
2Si4O12)·2H2O]; and tantalum, most commonly, by minerals 
of the columbite-tantalite group [(Fe,Mn)(Nb,Ta)2O6].

Maine’s many LCT pegmatites have been mined for gem-
stones, mineral specimens, feldspar, muscovite, quartz, and 
beryl, with minor spodumene and pollucite produced as 
co-products in a few cases (Cameron et al. 1954; King and 
Foord 1994; King 2000). As of October 2021, the database of 
Mindat.org listed 48 pegmatites in Maine with spodumene, 
17 with tantalite, and 23 with pollucite. Maine’s LCT peg-
matites occur in six clusters, which Wise and Francis (1992) 
termed “series” (Fig. 3). Available geochronology (Bradley et 
al. 2016; D.C. Bradley, unpublished data) shows that the six 
series formed during at least four, and probably as many as 
six, middle- to late Paleozoic episodes: the Waldoboro series 
before 356 Ma, the Phillips series before 324 Ma, the Rum-
ford series before 295 Ma, the Topsham series at 273 Ma, 
the Oxford series at 264 Ma, and the undated Georgetown 

series. Pegmatites of the Waldoboro series were described 
by Sundelius (1963). The Oxford, Rumford, and Topsham 
series have been the most thoroughly investigated (e.g., To-
mascak et al. 1998; Brown and Wise 2001; Roda-Robles et 
al. 2015; Simmons et al. 2016, 2020). Pegmatites of all these 
series are late orogenic bodies that were emplaced during 
the staged assembly of Pangea (Bradley et al. 2016).

Until a few years ago, the potential for significant lithium 
resources in Maine appeared to be low. Spodumene occurs 
in various pegmatites of the Rumford series in the Newry 
area, one being the Spodumene Brook locality on Plumbago 
Mountain. Now known as Plumbago North, this pegmatite 
contains spodumene crystals up to 11.5 m in length (Sim-
mons et al. 2020). Also present are montebrasite, beryl, 
cassiterite, pollucite, almandine-spessartine garnet, fluora-
patite, and columbite-group mineral species. Exploratory 
drilling has outlined a preliminary lithium resource of 10 
Mt with an average Li2O content of 4.68 wt% (Simmons et 
al. 2020). This is undoubtedly the most important critical 
mineral resource yet discovered in Maine, and if confirmed 
by more detailed exploration (including compliance with 
NI 43-101 guidelines), it may be the 10th-largest resource of 
pegmatite-hosted lithium in the world. Importantly, the Ne-
wry area shows promise for additional lithium discoveries; 
it is well mapped and hosts a number of LCT pegmatites. 
Giant spodumene crystals, reminiscent of those at Plumba-
go North, have also been reported from the Martin (6.3 m 
long), Kinglet (3 m), and Main (3 m) pegmatites, all in the 
Newry area (Shainin and Dellwig 1955; Barton and Gold-
smith 1968; King and Foord 2000). None of Maine’s other 
five LCT pegmatite series has yet shown comparable evi-
dence of world-class lithium resources.

Known cesium resources in Maine are insignificant. In the 
1800s and 1900s, pollucite was mined at times from three 
pegmatites of the Oxford series (e.g., Bennett), and from the 
Dunton pegmatite of the Rumford series. Total production 
of cesium, however, was only about 15 t (King and Foord 
2000). For comparison, the original cesium reserve at the 
giant Tanco LCT pegmatite in Manitoba was over 350 000 
t at an average grade of 23.3 wt% Cs2O (Černý and Simp-
son 1978). Despite the presence of Ta-bearing minerals in a 
number of Maine pegmatites (e.g., tantalite-Mn [MnTa2O6] 
and tantalowodginite [Mn(Ta,Sn)Ta₂O₈]; King and Foord 
2000), these minerals commonly occur as relatively small 
(<6 cm), isolated crystals (authors’ observations). There ap-
pears to be no significant past production or resource po-
tential for tantalum in the state.

Additional research will be needed to better evaluate 
Maine’s pegmatites, with special attention to undiscovered 
lithium endowment. Important issues include evaluating 
known pegmatites, finding new pegmatites in areas where 
others are known, and elucidating the origins of each of the 
pegmatite fields. The last issue can be framed this way: why 
did the LCT pegmatites form in six geographically distinct 
clusters during an approximately 100 m.y. interval? Al-
though the Rumford pegmatite series has the greatest po-
tential for lithium, most past research on the mineralogy 

http://mindat.org/
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Černý 1982). The problem with this model, as applied to 
western Maine, is that there are no identified plutons with 
ages close to the 264 Ma zircon age of the Mt. Mica pegma-
tite (Bradley et al. 2016). The same problem also applies to 
the other five LCT pegmatite series in Maine: a lack of age 

and origins of Maine pegmatites has focused on the substan-
tially younger Oxford series. Three hypotheses have been 
proposed that bear on the genesis of the Oxford pegmatites. 
In the “parental granite” model, LCT pegmatites are highly 
fractionated offshoots from a granite pluton (Trueman and 
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Chromium

Numerous industries rely on chromium for diverse uses 
that chiefly involve stainless steel and superalloys. As of 
2020, the United States was totally dependent on foreign 
sources of this critical metal (U.S. Geological Survey 2021b). 
In the Boil Mountain ophiolite, layered chromite-rich rock 
(chromitite) occurs within ultramafic rocks at the base of 
the ophiolite in the Blanchard Pond area (Moench et al. 
1999), but with an unknown thickness and extent. Concen-
trations of chromite are also present, together with magne-
tite, in amphibolite in the Arnold Pond area to the northeast 
(Harwood 1973). This latter occurrence was interpreted by 
Moench et al. (1999) as a tectonic block of the ophiolite en-
cased in mélange of the Hurricane Mountain Formation; 
other chromitite occurrences in this general area may be 
large xenoliths within younger granite. Nowlan et al. (1987, 
1990a) reported high chromium contents of up to 7000 ppm 
in stream sediments in the Boil Mountain region, but these 
high values reflect in part glacial dispersion from ophiolite 
up to 160 km to the northwest in the Thetford mines area of 
southeastern Québec.

Importantly, the SSZ setting of the Boil Mountain ophi-
olite is considered more favourable than mid-ocean ridge 
ophiolites for containing economic deposits of chromium 
and PGEs, as discussed by Yumul and Balce (1994) and 
Prichard and Brough (2009). Deposits of chromium and 
PGEs in ophiolites are generally very small and thus not 
commercially viable (Foose 1991; Mosier et al. 2012; Zi-
entek et al. 2017). However, some ultramafic bodies in this 
setting may have significant amounts of ore, such as within 
the Zambales ophiolite in the Philippines (Zhou et al. 2000; 
Yumul 2001; Zhang et al. 2020) that in total contain 27.0 Mt 
of high-grade chromite (Mosier et al. 2012). Another exam-
ple is a chromitite orebody at the base of the Oman ophio-
lite that is several hundred metres in diameter and ca. 50 m 
thick (Rospabé et al. 2019).

Processes that post-date the crystallization of ophiolitic 
ultramafic rocks are also important to consider in evaluat-
ing potential for chromium resources. Tectonic overprints 
such as faults and shear zones, which are reported in the 
Boil Mountain Complex (Moench et al. 1995), can localize 
and concentrate chromite into large bodies. One example 
is from the Vourinos ophiolite in Greece where the richest 
chromite ores, exploited at the Xeerolivado mine, occur in 
schlieren zones that represent the highest degree of defor-
mation within the ophiolite complex (Rassios et al. 2020).

Platinum-group elements

Platinum-group elements have diverse uses including in 
the manufacture of catalytic converters, fertilizers, chemi-
cals, fiberglass, jewelry, and computers, and in the refining 
of crude oil (Zientek et al. 2017). As of 2020, the U.S. had a 
79% net reliance on foreign sources of PGEs; sole domestic 
production is from the layered mafic-ultramafic Stillwater 
Complex in Montana. Platinum and palladium contents of 

matches between the numerous, tightly dated plutons and 
the few tightly dated pegmatites. An alternative, the “direct 
anatexis” model, interprets LCT pegmatites as the products 
of low-degree partial melting during anatexis (Webber et 
al. 2019). In this scenario, the Oxford pegmatites formed 
as a result of decompression melting of previously formed 
migmatites, the melting being triggered by post-collisional 
unroofing, with additional heat supplied from below during 
initial rifting at the onset of Pangea’s breakup (Webber et 
al. 2019). However, these special circumstances cannot ac-
count for any of Maine’s five older LCT pegmatite series. 
A third hypothesis follows a very different thread. As pro-
posed by Bradley (2019) and amplified by Hillenbrand et 
al. (2021), this model postulates that LCT pegmatites form 
below salars in active orogenic belts, where downward- 
circulating brines enriched in lithium, boron, and other flux-
ing elements interact with orogenic magmas. This process is 
consistent with the reconstructed paleolatitude of Maine at 
264 Ma, which puts Mt. Mica in arid latitudes where salars 
exist today. Therefore, much depends on reconstructing the 
paleolatitudes of what is now western Maine during the in-
terval of LCT pegmatite formation. Continued research on 
these genetic models is needed, integrating constraints from 
all six of Maine’s LCT pegmatite series.

MINIMALLY EXPLORED AND  
UNEXPLORED DEPOSIT TYPES

Chromium and platinum-group elements in ophiolites

Maine is unique among New England states in having 
a nearly complete ophiolite sequence. The Boil Mountain 
ophiolite in western Maine (Fig. 4), the largest such body 
known in the eastern U.S., is ca. 1500 m thick and has a 
spatial extent of up to 30 km. Boudette (1982, 1991) distin-
guished three main intrusive facies of the ophiolite: (1) a 
lower serpentinite composed of variably altered harzburgite, 
dunite, and websterite; (2) a middle and upper sequence of 
gabbro, epidiorite, and pyroxenite; and (3) semi-concordant 
bodies of tonalite. The ophiolite apparently lacks a sheeted 
dike complex. Overlying the ophiolite are abundant fel-
sic metavolcanic rocks, in addition to mafic metavolcanic 
rocks, which together constitute the Jim Pond Formation. 
The lower contact with the Chain Lakes Massif is tectonic, 
whereas the upper contact with the Jim Pond Formation is 
conformable (Boudette 1982, 1991). U–Pb zircon geochro-
nology indicates that the ophiolite was emplaced in the Early 
Ordovician at 477 ± 6 Ma (Gerbi et al. 2006). The ophiolite 
is cut both by thrust faults and high-angle faults (Osberg et 
al. 1985; Moench et al. 1995). Geochemical data suggest for-
mation in a supra-subduction zone (SSZ) setting related to a 
backarc environment, and not in a mid-ocean ridge setting 
(Coish and Rogers 1987; Gerbi et al. 2006). Widespread ser-
pentinized ultramafic rocks have lherzolite, websterite, and 
harzburgite protoliths; dunite protoliths are inferred locally.
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bales ophiolite, Philippines, ore-grade values of PGEs in 
chromite bodies hosted within cumulate peridotites and 
dunite pods contain up to 550 ppb Ir, 1100 ppb Ru, 760 ppb 
Rh, 5960 ppb Pt, and 8350 ppb Pd (Bacuta et al. 1990). In the 
central Advocate ophiolite, Newfoundland, total PGE values 
in chromitite and dunite are up to 1028 and 216 ppb, respec-
tively (Escayola et al. 2011).

A detailed study of the Leka ophiolite in Norway by Ped-

ophiolite-hosted chromitites are typically very low (<40 ppb 
Pt and <18 ppb Pd, respectively), whereas Ir and Ru can be 
relatively high (up to ca. 350 ppb each) (Mosier et al. 2012). 
Importantly, sulphide-rich chromitites—which are uncom-
mon globally—may have very high platinum and palladium 
concentrations, in some cases totaling more than 20 ppm 
(Economou-Eliopoulos 1996; Tsoupas and Economou- 
Eliopoulos 2008; Prichard and Brough 2009). In the Zam-
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ersen et al. (1993) identified high PGEs both in chromitites 
and enclosing ultramafic rocks. Chromitites within ortho-
pyroxenite veins average 4.77 ppm PGEs + Au (Pt>Pd), with 
maximum values of 4.6 ppm Pt and 2.7 ppm Pd; separate 
sulphide-bearing layers within olivine cumulate zones have 
up to 4 ppm total PGEs (Pd>Pt). Based on these data and lo-
cal geological relationships, Pedersen et al. (1993) suggested 
that exploration for PGE deposits in ophiolites (1) should 
not focus solely on chromitites but also on ultramafic rocks 
just above the chromitites; (2) that if chromitites are absent, 
then sampling should be done close to the base of macro-
rhythmic cumulate units; and (3) that Pt may be preferen-
tially enriched within or near the central parts of the magma 
chambers. Serpentinized ophiolitic dunites, such as those in 
the Zambales ophiolite, contain up to 3.7 ppm Pt + Pd that 
likely reflect remobilization and concentration during the 
serpentinization process (Yumul 2001). Importantly, these 
PGE-rich serpentinized dunites typically are volumetrically 
much larger than tectonically emplaced podiform chromi-
tites, and hence have greater economic potential for exploit-
able PGEs.

Reconnaissance sampling of serpentinized ultramafic 
rocks from the base of the Boil Mountain ophiolite in the 
Blanchard Pond area (n = 45) revealed up to 150 ppb Pt and 
350 ppb Pd from a zone ~1 km long and 50 m thick (Foose 
1998). Importantly, however, samples of chromitite that 
occur in the Blanchard Pond and Arnold Pond areas (Har-
wood 1973; Moench et al. 1999) were not collected for anal-
ysis. Nonetheless, these locally elevated values for Pt and Pd 
suggest a high potential for PGE concentrations within the 
Boil Mountain ophiolite.

Potential for PGEs may also exist in the ultramafic body 
on the north end of Deer Isle ca. 18 km south of Blue Hill 
(Stewart 1998). This oblate body, 1.5 km in diameter, con-
sists of variably serpentinized harzburgite and minor dunite 
(Reusch 2002). Although no PGE data are available for this 
body, it may have potential for ultramafic-hosted concentra-
tions of these metals and hence warrants consideration for 
geochemical sampling.

In addition to remobilization and concentration of PGEs 
that can occur during serpentinization (Bussolesi et al. 
2020), gold may be concentrated in carbonate-altered ultra-
mafic rocks, termed listwanite or listvenite, which typically 
are localized along faults (e.g., Buisson and Leblanc 1986; 
Belogub et al. 2017). Based on analogy with these occur-
rences, ultramafic rocks of the Boil Mountain Complex 
could have potential for gold deposits within serpentinized 
zones. To our knowledge, none of these zones has been sam-
pled geochemically for gold or other metals.

Granite-hosted uranium-thorium

Uranium and thorium are critical to the United States 
economy. Uranium is used for fuel in nuclear reactors and 
in the production of isotopes for industrial, medical, and de-
fense purposes. On a global scale, most production comes 
from unconformity-type deposits within sedimentary rocks 

and from concentrations in evolved granites. Thorium, used 
chiefly for metal alloys and radiation shields, occurs eco-
nomically in placers, veins, and carbonatites (U.S. Geolog-
ical Survey 2021b). More than 95% of the uranium and all 
of the thorium consumed in the U.S. is imported. Although 
neither uranium nor thorium has been mined in Maine, 
many occurrences are known in the state, mostly within 
granitic pegmatites. Grauch and Zarinski (1976) list 43 such 
occurrences in non-sedimentary rocks of Maine.

Some evolved granites are well known for having urani-
um and/or thorium resources (e.g., Cuney 2014). Examples 
are the granite-hosted uranium deposits in the Liueryilin 
district of southeast China where major orebodies formed 
in two-mica granites with low U (<14 ppm) by multistage 
hydrothermal processes that increased uranium contents up 
to 3000 ppm, concentrating uraninite ± coffinite in faults 
and shear zones (Min et al. 2005). Two-mica granites are 
evolved felsic igneous bodies that contain both muscovite 
and biotite as primary magmatic phases. In New England, 
the Conway Granite in northern New Hampshire has been 
known for many years as one of the world’s largest, low-
grade resources of uranium and thorium, estimated to 
contain on average 11 ppm U and 53 ppm Th (Adams et 
al. 1962; Page 1980). Other coeval intrusions of the White 
Mountain Magma Series in New Hampshire have up to 25.5 
ppm U and 77.0 ppm Th (Butler 1975). In Maine, among 
more than a dozen two-mica granites, one of the largest is 
the Permian Sebago pluton (Tomascak et al. 1996; Fig. 1), 
which in places has uranium contents up to 17.5 ppm (Do-
rais and Paige 2000). Prospects within this intrusion were 
drilled in the 1970s by Kerr-McGee and Exxon Corporation 
(W.A. Anderson, oral communication 2018), but no results 
are available. Other granitic bodies in eastern Maine local-
ly have elevated uranium and/or thorium contents, includ-
ing the Meddybemps Granite that in one sample has 25.6 
ppm U and 46.8 ppm Th (Ludman and Hill 1990). These 
and other granites in the southern part of the state, such as 
the Lucerne, Mount Waldo, and Red Beach intrusions con-
tain high radon values in associated groundwaters (Norton 
et al. 1989). Based on analogy with the large granite-hosted 
uranium deposits of southeast China, faults and shear zones 
that cut these uraniferous granites may be favourable sites 
for hosting potentially economic deposits.

The National Uranium Resource Evaluation (NURE) 
program was initiated by the U.S. Atomic Energy Commis-
sion (AEC) in 1973 with the goal of identifying uranium 
resources in the United States. Many surveys were conduct-
ed throughout the nation including in Maine. Of particular 
interest were the results of two projects, including recon-
naissance hydrogeochemical and stream sediment surveys 
(Smith 1997) and aeromagnetic and aeroradiometric sur-
veys (Hill et al. 2009). Aerial gamma-ray data obtained for 
the southern part of the state (Figs. 5 and 6) show regional 
anomalous highs on and surrounding the Permian Sebago 
pluton, the Devonian Lucerne and Tunk Lake plutons, and 
the western part of the Devonian Deblois pluton; high gam-
ma-ray values occur mostly within the Devonian granite- 
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migmatite terrane of Solar and Tomascak (2016), except for 
the two elongate eastern lobes. Other anomalous areas in 
western Maine coincide with various Devonian granitic in-
trusions such as the Phillips, Adamstown, and Mooselook-
meguntic plutons.

Many contractors were involved in the collection of both 
the geochemical and airborne data. Unfortunately, these data 
were reported in a variety of formats. There was a concerted 
effort by the USGS to reformat all the data, but according 
to Smith (1997) many problems remain. To our knowledge, 
there has been no follow-up by the USGS or others to do 
additional exploration work on the geochemical or airborne 
anomalies identified during the NURE program, nor has 
there been any systematic sampling of the two-mica gran-
ites for uranium or thorium potential. In 1989, the Maine 
government enacted legislation prohibiting the mining of 
uranium and thorium in the state (MRS Title 38, Section 
489-B).

Tin in granitic plutons and veins

Tin has not been mined in the United States since 1993 

(Kamilli et al. 2017). Seventy-five percent of the U.S. tin sup-
ply was imported in 2020, mostly from Peru, Indonesia, Ma-
laysia, and Bolivia (Merrill 2021b). The balance came from 
recycling. Tin is used principally as solder, but also as tin-
plate and in alloys. The United States has no tin reserves, and 
hence this metal is considered critical and strategic for na-
tional security (McGroarty and Wirtz 2012). Approximately 
70% of the world’s tin output is from cassiterite in placer 
deposits, the remainder being derived from granitic plutons, 
greisens (mica-rich altered granites), and granite-related 
veins. Tin-bearing veins and greisens characteristically oc-
cur within the upper portions of shallowly emplaced, felsic 
and highly fractionated granites and in overlying country 
rocks. Such granites are typically silica rich, and peralumi-
nous, metaluminous, or less commonly alkaline (Černý et 
al. 2005). For example, many granite plutons in southern 
and west-central New Brunswick are enriched in tin (Wil-
son and Kamo 2016; Mohammadi et al. 2020) including eco-
nomic concentrations of this and other metals at the large 
Mount Pleasant Sn-Zn-In-W-Mo-Bi deposit (Kooiman et 
al. 1986; Yang et al. 2003). Maine has many tin occurrences, 
but with few exceptions these are small concentrations in 
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lacked promising results according to Lippitt (1984).
Tin exploration programs elsewhere in Maine included 

reconnaissance surveys in the coastal belt between Ells-
worth and the New Brunswick border. Of particular interest 
in the coastal belt was the discovery in the 1970s of a large 
boulder containing abundant cassiterite (F.M. Beck files, 
1980–2000). Stream-sediment heavy mineral, rock-chip, 
and stream-water surveys were conducted on drainages sur-
rounding many of the granite bodies. Anomalous tin and 
tungsten contents were evident in the vicinity of the biotite 
granites, but no obvious source for the “tin boulder” was 
discovered during this survey.

One other small non-pegmatitic tin occurrence warrants 
mention. The Piper Hill (Bergensdahl) prospect, in York 
County, is a vein that contains molybdenite, pyrite, pyrrho-
tite, chalcopyrite, orpiment, galena, sphalerite, and argentite 
(Morrill 1958). Cassiterite is likely present, although stan-
nite or a different Sn-sulphosalt may occur; no tin mineral 
has been identified. The host lithology is a calc-silicate rock 
near the Mesozoic Pickett Mountain syenite pluton (U.S. 
Geological Survey 2021a).

granite pegmatites that lack resource potential.
Only one non-pegmatitic deposit in Maine has been 

mined and produced tin. The Winslow tin mine, located 
just south of Waterville, was operated in 1880 and 1881. A 
shaft reportedly 29 m deep with one or more crosscuts was 
described in the Maine Mining Journal in 1881 (King 2000). 
An unknown number of ingots of tin were smelted from the 
ore. The ore forms a series of veins up to ca. 50 cm in diam-
eter that define a zone ca. 4.5 m wide and at least 67 m long; 
cassiterite is the sole tin mineral accompanied by minor ga-
lena, with a gangue composed of quartz, fluorite, calcite, and 
muscovite, all hosted in calcareous slate of the Silurian Wa-
terville Formation (King 2000). The nearest exposed pluton 
is a granite body ca. 10 km to the west. Billiton Exploration, 
USA, Inc., undertook a regional and detailed survey in the 
vicinity of the Winslow tin mine in the early 1980s (Lip-
pitt 1984). This survey included geologic mapping, region-
al and local gravity surveys, soil geochemical surveys, and 
diamond core drilling. The targets were suspected buried 
granitic cupolas within highly evolved granites that might 
have economic concentrations of tin in greisen veins asso-
ciated with the cupolas. Owing to extreme deflection of the 
drill pipes, the targeted cupolas were not reached at depth. 
Drilling of the down-dip extension of the near-surface vein 
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Niobium, tantalum, and rare earth 
elements in alkaline intrusions

Niobium, tantalum, and REE are critical minerals in the 
United States because of supply risk and minimal or no do-
mestic production. Chief uses of these metals are in high-
strength steel alloys; cell phones, computer drives, and im-
planted medical devices such as pacemakers; and in glass, 
magnets, and catalysts in petroleum refining, catalytic con-
verters, and for making phosphors in cathode ray tubes and 
flat panel display screens, respectively (Schulz et al. 2017; 
Van Gosen et al. 2017). Many alkaline igneous rocks glob-
ally contain significant concentrations of these metals (e.g., 
Dostal 2016). Based on current knowledge, this is the only 
type of REE occurrence reported in Maine, although the 
economic potential is tenuous. Two Paleozoic ultrapotassic 
syenite intrusions in the eastern part of the state (Turner 
Mountain syenite; Wang et al. 2014) and in central-coast-
al Maine (Lincoln syenite; West et al. 2007) have somewhat 
elevated concentrations of light rare earth elements (LREE). 
Maximum LREE values are higher for the Lincoln syenite, 
including 96.3 ppm La, 210 ppm Ce, and 100 ppm Nd (West 
et al. 2007).

One of the most promising intrusions from a resource 
standpoint is the Carboniferous Litchfield pluton in 
south-central Maine (West et al. 2016). This alkaline syenite 
complex, ca. 16 km southwest of Augusta (Fig. 7), is the type 
locality for litchfieldite that is a coarse-grained nepheline 
syenite containing albite, microcline, nepheline, sodalite, 
cancrinite, and calcite, with local magnetite, Fe-rich biotite, 
and in places zircon crystals up to 4 cm in length. Barker 
(1965) also reported the presence of the Nb-rich mineral py-
rochlore [(Na,Ca)2Nb2O6(OH,F)]. Susceptibility to weath-
ering has limited the exposure of this intrusion. The com-
posite pluton is a geographic depression with its extent and 
compositional heterogeneity inferred by surface boulders 
(West and Ellenberger 2010). Lithologically, the pluton can 
be divided into several units based on mineralogy, although 
scarce exposures make this division somewhat conjectural. 
Whole-rock geochemical data for six samples (West et al. 
2016) lack enrichment in Y (<15 ppm) and REE (e.g., La <28 
ppm), but show locally high Zr and Nb (up to 1809 and 68.0 
ppm, respectively). Other reported occurrences of nephe-
line ± cancrinite such as at the South Cochnewagon Pond 
locality ca. 25 km southwest of Augusta, apparently are in 
glacial boulders (King and Foord 1994) and are unlikely to 
have been transported ca. 15 km west from the Litchfield 
pluton, thus suggesting the presence of additional bedrock 
sources of these mineralogically distinctive boulders from 
other (one or more) unmapped alkaline igneous intrusions 
in the area.

Nearly a dozen alkaline igneous complexes and stocks, 
some including peralkaline units, are reported from south-
western Maine. These intrusions occur in a south-south-
east-trending belt and are inferred to be part of the Me-
sozoic White Mountain Magma Series based on spatial, 
compositional, and geochronological similarities. The Os-

ceola Granite, one phase of this magma series in northern 
New Hampshire, contains up to 158 ppm Nb, 12.1 Ta, 289 
ppm La, 566 ppm Ce, and 270 ppm Nd (Eby et al. 1992). 
In Maine, whole-rock analyses by Gilman (1989, 1991) of 
samples from small Mesozoic intrusions included results for 
two samples from the Triassic Abbott Mountain pluton (Fig. 
1) that separately contain 140 ppm Nb and 1010 ppm Zr; no 
REE data were reported for this pluton or others analyzed 
in these studies. The Jurassic Rattlesnake Mountain pluton 
locally has higher contents of Nb (up to 203.9 ppm) and Zr 
(up to 1136.0 ppm), within nepheline syenite and trachyte, 
but has relatively low REE, e.g., maximum of 105 ppm La 
(Creasey 1989). The anomalous values for niobium and zir-
conium warrant additional analyses of these plutons, and of 
other alkaline intrusions in the region, for proper evaluation 
of potential economic resources of these metals, and possi-
bly also for REE.

A small area in northern Maine may also have resource 
potential for this deposit type. Results of a 2021 airborne ra-
diometric survey by the U.S. Geological Survey identified a 
high-Th zone ca. 800 m long and 300 m wide within altered 
trachyte tuff (Duff et al. 2022). The trachyte host rock in this 
area, within the Ordovician Winterville Formation, locally 
contains very high concentrations of REE, Zr, Nb, Ta, Th, and 
Ba (C. Wang, written communication 2022). More work 
will be required to evaluate this occurrence and determine 
whether it is an economically viable Nb-Ta-REE deposit.

Tungsten in skarn and replacement deposits

Tungsten is a critical metal used mainly in the manufac-
ture of steel and other alloys, for cemented carbide parts in 
hardening tools, and in light bulbs, X-ray tubes, radiation 
shields, and industrial catalysts (U.S. Geological Survey 
2021b). Tungsten occurs in several types of mineral depos-
its, but on a global basis the most important economically 
are granite-related skarn deposits. Scheelite is the main host 
mineral; wolframite is subordinate. Historically, these skarn 
deposits, together with local granite-hosted greisens and 
veins, have provided the vast majority of tungsten produc-
tion and resources (Green et al. 2020). Important examples 
in North America include the Pine Creek deposit in eastern 
California (Newberry 1982) and the high-grade Cantung 
and Mactung deposits in Northwest Territories and Yukon 
Territory, respectively (Elongo et al. 2020). The last mine 
production of tungsten concentrates in the United States 
was in 2015; currently, the U.S. is wholly dependent on im-
ports of this metal.

A different type of tungsten deposit consists of stratabound 
concentrations of scheelite in regionally metamorphosed 
rocks lacking a clear relationship to granites or other felsic 
intrusions (e.g., Cheilletz 1988). These deposits, typically 
within calc-silicate rocks, consist of scheelite together with 
quartz, sericite, garnet, pyroxene, plagioclase, clinozoisite, 
and local vesuvianite, fluorite, apatite, scapolite, and molyb-
denite (Gibert et al. 1992; Höll and Eichhorn 2000; Guo et 
al. 2016); tourmaline is abundant locally (Raith 1988). The 
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garnet in stratabound scheelite deposits typically has a ma-
jor component of grossular [Ca3Al2(SiO4)3] (Gibert et al. 
1992; Guo et al. 2016), whereas in granite-related scheelite 
skarns the garnets can be compositionally diverse, with ma-
jor proportions of grossular, almandine [Fe2+

2Al2(SiO4)3], 
andradite [Ca3Fe3+

2(SiO4)3], or spessartine [Mn3Al2(SiO4)3] 
(Meinert 2000). Limited published data for stratabound 
scheelite deposits suggest that associated pyroxenes contain 
a large component of hedenbergite [(Fe,Ca)Si2O6], in con-
trast to scheelite skarn pyroxenes that have compositions 
dominated by diopside [(Mg,Ca)Si2O6] and/or hedenber-
gite (Meinert 2000). Long-standing controversy surrounds 
the origin of the stratabound deposit type, specifically as 
to whether the tungsten mineralization formed during em-
placement of a hidden granite or instead by metamorphic 
fluids that were focused along chemically reactive carbonate 
layers (Raith and Prochaska 1995). An older model involv-
ing syngenetic-exhalative processes on the seafloor (e.g., 
Boyer and Routhier 1974) is not considered viable by most 
workers. The economically most important stratabound de-
posit is Mittersill (Felbertal) in Austria, which is the largest 
scheelite mine in Europe, having a production of 7.0 Mt @ 
0.5% W and unmined resources of 6.1 Mt @ 0.5% W (Bu-
reau de Recherches Géologiques et Minières 2002); the total 
amount of contained tungsten at Mittersill (>65 500 t) ranks 
high in comparison to all large tungsten skarns of the world 
(cf. Green et al. 2020). The genesis of the Mittersill deposit 
is still debated, but the weight of evidence suggests forma-
tion by metamorphic fluids and not magmatic-hydrother-
mal fluids derived from a hidden granite (Raith and Stein 
2006). Geologically and mineralogically similar stratabound 
scheelite deposits in other metamorphic terranes, such as 
those in France (Gibert et al. 1992), Norway (Larsen 1991), 
Australia (Barnes 1983), Pakistan (Leake et al. 1989), and 
Myanmar (Guo et al. 2016), are probably metamorphogenic 
in origin.

In Maine, several small prospects of granite-related 
scheelite or wolframite are known along the coast (U.S. Geo-
logical Survey 2021a) but likely have limited resource po-
tential, although new exploration efforts could change this 
outlook. A more promising region in our estimation is the 
western part of the state, where widespread tungsten anom-
alies occur in stream sediments and panned concentrates 
(Nowlan et al. 1987, 1990b). Most of the high concentra-
tions, in the range of 60 to 3000 ppm W, are within or near 
Devonian granite plutons (Fig. 7) that intrude early Paleo-
zoic metasedimentary rocks including local carbonate stra-
ta that would be favourable for development of skarns via 
replacement by magmatic-hydrothermal fluids. Important-
ly, however, other high values in sediment and concentrate 
samples—above 120 ppm W—were collected 3 to as much 
as 15 km from known granite contacts, e.g., south of Ma-
drid, west of Farmington, and within the Farmington area. 
Some of these anomalies likely reflect glacial transport from 
granite plutons to the north or northwest, but others instead 
may be derived from local bedrock. The latter possibility 
is supported by the presence in this region of numerous 

outcrops containing scheelite in quartz ± calcite veins and 
quartz-garnet lenses within metasedimentary rocks, such as 
several occurrences in the Farmington area (Trefethen et al. 
1955; Moench et al. 1999). It is unclear, without more de-
tailed field investigations, whether these bedrock scheelite 
occurrences as well as the many tungsten anomalies in 
panned concentrates are linked to stratabound deposits or 
granitic skarns. No examples of the former type are known 
in New England and vicinity, but a small scheelite skarn is 
present at Lac Lyster, just north of the Vermont-Québec 
border within the contact aureole of a Devonian granite 
pluton (Gauthier et al. 1994). Most of the bedrock scheelite 
occurrences and panned concentrate anomalies in western 
Maine are likely very small and lack economic significance, 
but some may have resource potential (cf. Case et al. 2022). 
One candidate is on the south border of the Umbagog plu-
ton where locally abundant scheelite (0.7 wt% W) occurs in 
the lower part of the Ordovician Quimby Formation, within 
a calc-silicate unit 9 m thick that extends along strike for 
at least 11 km (Moench et al. 1999). Other scheelite occur-
rences and prospects are known within calc-silicate layers 
of several other metasedimentary rock units in this region, 
including Silurian strata of the Rangeley, Greenvale Cove, 
and Smalls Falls formations (Moench et al. 1999). In the 
southern part of the state, excluding pegmatites, scheelite 
has been found in metasedimentary rocks in skarn-type 
assemblages with quartz, calcite, garnet, diopside, molyb-
denite, vesuvianite, epidote, scapolite, wollastonite, apatite, 
pyrite, and/or axinite near the towns of Sanford and Cornish 
(Morrill 1958) and Phippsburg (Mindat.org 2021).

Tungsten and bismuth in polymetallic veins

Some polymetallic Mo-rich veins in Maine contain crit-
ical elements such as tungsten and bismuth. Bismuth is in-
cluded in this category owing to total dependence of the 
United States on foreign sources and the importance of this 
metal in cosmetic, industrial, laboratory, and pharmaceuti-
cal industries, and in the foundry industry as an additive to 
improve metallurgical quality (Merrill 2021a). Polymetallic 
Mo-rich veins are typically associated closely with granitic  
plutons, including at the giant Sisson Brook W-Mo-Cu de-
posit in central New Brunswick (Fyffe and Thorne 2010; 
Zhang 2015) that has proven and probable ore reserves of 
334.4 Mt @ 0.066% W and 0.021% Mo (Northcliff Resources 
Ltd. 2022). In eastern Maine, two Mo-rich prospects with 
minor tungsten and bismuth are known at the Catherine Hill 
and Cooper prospects. Mineralization at the Catherine Hill 
prospect, in the western lobe of the Devonian Deblois Gran-
ite, consists of disseminations and fracture-fillings of mo-
lybdenite and pyrite with lesser scheelite and wolframite in 
a gangue of quartz and minor fluorite (Emmons 1910; Mor-
rill and Hinckley 1959; Young 1963). The Cooper prospect, 
containing molybdenite, scheelite, chalcopyrite, quartz, and 
fluorite, is similarly hosted in a Devonian granite but with 
associated pegmatite (Emmons 1910; Young 1963; Burbank 
1965). The minimal amount of data available on these two 

http://Mindat.org
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prospects limits an understanding of the deposit type (e.g., 
alternatively porphyry Cu-Mo) and an assessment of poten-
tial resources of tungsten and bismuth. The Golden Circle 
prospect near the mid-coast consists of one or more Au-
Ag-Bi-Te veins containing sylvanite [(Ag,Au)Te2] and na-
tive bismuth (U.S. Geological Survey 2021a) along the pro-
jected trend of a nearby Devonian granite. This assemblage 
suggests an epithermal metallogenic association, but more 
work will be required to evaluate this model. Importantly, 
however, the presence of large ore reserves of tungsten in 
the granite-related Sisson Brook deposit in New Brunswick 
suggests a moderate potential for this deposit type within or 
near Devonian granites of eastern and coastal Maine.

Relevant to western Maine is the St-Robert W-Pb-Zn-Ag-
Bi-Au vein deposit in southeastern Québec 10 km northwest 
of the border (Cattalani 1987; Gauthier et al. 1994; Athurion  
2013). Production from the central zone of this deposit in 
1958 was 1000 t @ 6.28 wt% Pb, 0.91 wt% Zn, 0.64 wt% Bi, 
0.06 wt% Cu, and 381 g/t Ag. Reserves in this zone are re-
ported to be 129 000 t @ 0.6 wt% WO3 and 6000 t @ 1.36 
wt% Pb, 0.5 wt% Bi, and 105 g/t Ag; an additional 250 000 t 
@ 11.3 g/t Au has also been identified (Gauthier et al. 1994). 
The St-Robert vein system forms a northeast-trending min-
eralized zone dominated by quartz veins containing pyrite, 
sphalerite, Ag-rich galena, scheelite, cosalite [Pb2Bi2S5], 
chalcopyrite, bismuthinite [Bi2S3], and pyrrhotite. The host 
rock is a metasedimentary hornfels of the Devonian Fron-
tenac Formation; presence of this hornfels and proximity 
of the veins to quartz-feldspar porphyry dikes suggest a ge-
netic link to an unexposed felsic intrusion at shallow depth 
(Moench et al. 1999). Importantly, however, the St-Robert 
vein system parallels a major pre-ore regional fault and 
hence may be controlled by it. Based on the presence in 
westernmost Maine of similar northeast-trending regional 
faults, such as the Woburn and Thrasher Peak faults in the 
Crawford Pond area (Moench et al. 1999), a resource poten-
tial may exist there for polymetallic vein deposits containing 
tungsten and bismuth, in addition to other metals such as 
lead and zinc.

Vanadium in black shales

Vanadium is used in a variety of industrial applications 
including steel alloys, ceramics, glasses, pigments, chemical 
catalysts, and redox-flow batteries (Kelley et al. 2017). The 
majority of the world’s vanadium is mined from vanadifer-
ous titanomagnetite concentrations in mafic plutons, with 
minor production coming from sandstone-hosted deposits 
and some other sources. Although not mined in the past, 
black shales have recently been identified as potentially 
containing important vanadium resources. For example, 
in eastern Nevada, detailed exploration of Devonian black 
shales has identified two deposits with economic potential, 
at the Carlin and Gibellini prospects that have measured + 
indicated reserves of 24.6 Mt at an average grade of 3440 
ppm V and 23.0 Mt @ 1625 ppm V, respectively (Phenom 
Resources Corp. 2021; Nevada Vanadium Mining Corp. 
2022). Much larger resources occur in Cretaceous oil shale 
at Julia Creek in Queensland, Australia (220 Mt @ 1680 ppm 
V; QEM Limited 2021) and in Neoproterozoic black shale at 
Häggån in Sweden (90.0 Mt @ 2350 ppm V; Mining Tech-
nology 2018). Black-shale hosted vanadium deposits are 
also known in South China, Madagascar, and other coun-
tries (Kelley et al. 2017). To date, none of these shale-hosted 
vanadium deposits has been mined on a large scale but sev-
eral, including those in Nevada, are currently being evalu-
ated for development and mining; at the Gibellini deposit, 
mine construction is scheduled to begin in 2022. The pri-
mary concentration of vanadium in black shales is generally 
attributed to a specific redox facies that reflects deposition 
within bottom waters or pore fluids that were suboxic with 
very low dis-solved oxygen contents, at the redox couple 
where V4+ is re-duced to V2+ (e.g., Algeo and Li 2020).

Black shales and metamorphic equivalents (graphitic 
schists) occur in many parts of Maine. These strata, in ear-
ly Paleozoic formations, are exposed chiefly in central and 
eastern Maine, with some known along or near the coast. 
Despite extensive geological mapping, however, few of these 
formations have been studied by whole-rock geochemis-
try. One of the best known is the Smalls Falls Formation, 
of Silurian age, but reconnaissance data indicate that this 

Figure 7. (next page) Simplified geologic map of Maine showing regional metamorphic zones and locations of mines, 
prospects, and important (key) occurrences (including areas with geochemical anomalies) of critical minerals or elements. 
Geology and abbreviations for cities and towns, coastal bays, and igneous plutons and other igneous bodies after Fig. 1. 
Abbreviations for mines, prospects, and key occurrences (including for areas of geochemical anomalies): (1) Ophiolite- 
hosted Cr: AP, Arnold Pond; BP, Blanchard Pond; (2) Sn in granitic plutons and veins: PH, Piper Hill (Bergensdahl); WL, 
Winslow; (3) Nb, Ta, and REE in alkaline intrusions: LF, Litchfield; SC, South Cochnewagon Pond; TH, thorium anomaly; 
(4) W in skarn and replacement deposits: CN, Cornish; PB, Phippsburg; SF, Sanford; UP, Umbagog pluton contact; green
dotted lines outline western Maine geochemical anomalies (120-3000 ppm W) in nonmagnetic heavy-mineral panned con-
centrates; (5) W and Bi in polymetallic veins: CH, Catherine Hill; CO, Cooper; CP, Crocker Pond area; GC, Golden Circle;
(6) V in black shales: BM, Bowers Mountain Formation; PF, Penobscot Formation; (7) Sb in granite-related settings: DH,
Drew Hill; GB, Gouldsboro; HT, Hector; WS, West and Soule; (8) Sb in orogenic veins and replacements: CM, Carmel; LR,
Lawrence; LV, Levant; SR, Shorey; (9) Te in epithermal deposits: BB, Big Hill and Barrett; (10) Be in evolved and altered
felsic tuffs: CI, Cranberry Islands; (11) Graphite in high-grade metamorphic rocks: MV, Milletville; PL, Phillips; (12) Ti,
Zr, and REE in heavy-mineral sands: HB, Hunnewell barrier; (13) U in peat: GH, Great Heath.



Copyright © Atlantic Geoscience, 2022Slack et al. – Potential for critical mineral deposits in Maine, USA

ATLANTIC GEOSCIENCE · VOLUME 58 · 2022 173

widespread stratigraphic unit lacks elevated vanadium con-
tents (<220 ppm; Slack et al. 2020). Black shale and schist 
of the Ordovician Penobscot Formation, on the west side 
of Penobscot Bay (Fig. 7), has up to 1600 ppm V (Foley et 
al. 2001), but importantly only a few samples from this unit 

have been analyzed. The Penobscot Formation thus could 
have potential for vanadium resources. Potential also may 
exist in Early Ordovician black shales of the Miramichi belt 
in eastern Maine, including within the Bowers Mountain 
Formation (Fig. 7; see Ludman et al. 2018), based on mostly  
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high vanadium contents of 723 to 3016 ppm (avg 1917 ± 
778 ppm; n = 7) reported for approximately coeval black 
shale of the Bright Eye Brook Formation in southwestern 
New Brunswick (Hennessy and Mossman 1996). A previous 
study by Fyffe and Pickerill (1993) reported comparable val-
ues for this formation, with average concentrations for three 
samples at two sites of 2429 and 1617 ppm V. The Greenfield 
Formation in eastern Maine, correlated by Ludman et al. 
(2018) with the Bowers Mountain Formation to the north-
east, is lithologically similar in containing black shale but 
also has Mn-rich mudstone and iron formation, suggesting 
a more oxidizing depositional environment above the V4+/
V2+ redox couple that consequently would have prevented 
high vanadium concentrations during sedimentation (see 
Algeo and Li 2020), hence the Greenfield Formation proba-
bly lacks a potential resource of this metal.

Antimony in granite-related settings

Antimony has diverse uses including in batteries, chemi-
cals, ceramics, glass, flame-retardant materials, heat stabiliz-
ers, and plastics (Seal et al. 2017). Concentrations of stibnite, 
the predominant economic antimony mineral, are mined 
mainly from orogenic deposits without a link to granitic 
intrusions. Granite-related stibnite veins and breccias are 
also economically important in some countries. In western 
New Brunswick, the Lake George antimony deposit (~2 Mt 
@ 3.0–4.2 wt % Sb), which at one time was the largest anti-
mony producer in North America, forms quartz + stibnite 
± arsenopyrite veins in Silurian greywacke and slate within 
the contact aureole of an Early Devonian granodiorite plu-
ton (Scratch et al. 1984; Seal et al. 1988). The antimony ores 
there formed paragenetically late, following earlier stages of 
W-Mo quartz and Au-bearing quartz-carbonate vein miner-
alization (Lentz et al. 2020).

Several granite-related antimony deposits are known in 
Maine. One is at the Drew Hill (Eben Lake) prospect west 
of Houlton. This deposit, in early Paleozoic metasedimen-
tary rocks within the contact aureole of a Devonian granite 
accompanied by felsic and local mafic dikes, consists of stib-
nite-rich quartz veins in metasedimentary hornfels. Other 
mineralized zones occur in this area, including (1) pyrite 
and pyrrhotite in massive replacements of marble; (2) py-
rite, chalcopyrite, and arsenopyrite in phyllite-hosted veins; 
and (3) pyrite, galena, and chalcopyrite in quartz veins with-
in hornfels and phyllite (Houston 1956; Pavlides and Can-
ney 1964).

Several polymetallic Sb-bearing vein deposits related 
to igneous plutons occur in coastal Maine. The largest of 
these was exploited at the Gouldsboro Pb-Cu-Zn-Ag-Au-Sb 
mine, which produced a minor amount of lead and copper 
ore from 1878 to 1928. This deposit consists of thin fissure 
veins of sulphides and sulphosalts (tetrahedrite, stephanite) 
in a gangue of quartz and orthoclase, hosted within a quartz 
diorite cut by granitic and pegmatitic dikes (Emmons 1910; 
Li 1942; Young 1962). Other small Sb-bearing deposits in 
the area were exploited at the Hector and West and Soule 

Sb-Cu-Au-Pb-Ag mines (Morrill and Hinckley 1959; Young 
1962; U.S. Geological Survey 2021a).

Antimony in orogenic veins and replacements

A major source of global antimony production is from 
the giant Xikuangshan deposit in China. This deposit, the 
largest in the world, contains ca. 50 Mt of ore at an average 
grade of 4.0 wt% Sb (Yang et al. 2006). Xikuangshan and 
other geologically similar deposits in South China are char-
acterized by Sb, Sb-Au, Sb-Hg, and Au veins and siliceous 
replacements in deformed Devonian and Cretaceous car-
bonate and minor clastic sedimentary rocks, with the ore-
bodies being controlled by fault intersections and anticlinal 
structures (Hu and Peng 2018; Zhang et al. 2019; Yan et al. 
2022).

Small antimony prospects and occurrences are known 
within deformed early Paleozoic metasedimentary rocks 
in the Bangor area of Maine (Fig. 7) in a geological setting 
broadly similar to that in parts of South China. Examples 
are the Carmel and Levant Sb prospects, the Shorey Sb-Au-
Ag prospect, and the Lawrence Sb-Cu-Au-Pb-Ag prospect 
(Morrill and Hinckley 1959; U.S. Geological Survey 2021a). 
No granitic or igneous bodies are known in this area, and 
hence are classified here as having formed by orogenic Sb-
rich hydrothermal systems. Although the host rocks to these 
prospects are predominantly clastic, limestone has been 
mapped locally as in the Stetson quadrangle northwest of 
Bangor (Griffin 1971) and hence is likely a favourable lithol-
ogy for hydrothermal replacement mineralization, as docu-
mented at the Xikuangshan deposit (Hu and Peng 2018). To 
our knowledge, none of the antimony prospects or occur-
rences in the Bangor area has been studied or explored us-
ing modern concepts and methods, or application of current 
ore deposit models (Slack 2022).

Tellurium in epithermal deposits

Tellurium is a critical element because of its use in pho-
tovoltaic solar cells (Goldfarb et al. 2017). Some epithermal 
mineral deposits have elevated contents of tellurium includ-
ing up to hundreds of ppm in local ore zones. Such deposits 
typically contain appreciable amounts of silver and gold to-
gether with variable amounts of zinc, lead, and copper (John 
et al. 2018). Host rocks are chiefly subaerial volcanic rocks, 
both felsic and mafic; less common are submarine volcanics 
that formed in relatively shallow seawater, a setting termed 
hybrid epithermal-VMS by many workers. In addition to 
precious and base metals, and tellurium, some epithermal 
deposits contain trace quantities of a variety of critical met-
als including As, Bi, Sb, Se, Sn, and W, some of which can be 
recovered economically (Goldfarb et al. 2016, 2017; John et 
al. 2018).

Maine has two important epithermal-type deposits locat-
ed in the Eastport-Machias area near the New Brunswick 
border. These are the Big Hill and Barrett deposits, both 
of which are hosted by shallow-marine felsic and mafic  
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volcanic rocks of the Silurian Leighton Formation (Gates 
and Moench 1981; Piñán Llamas and Hepburn 2013). The 
only mining in this area was for lead in the early 1900s at Big 
Hill; no production figures are recorded. Exploration and 
drilling in the area took place intermittently in the 1960s 
until the early 1980s (Young 1968; Lepage et al. 1991).

The Big Hill deposit has proven (drilled) reserves of 4.44 
Mt @ 1.58 wt% Zn + Pb, 0.15 wt% Cu, 63.5g/t Ag, and 0.28 
g/t Au, and indicated reserves of 20.0 Mt @ 1.75 wt% Zn + 
Pb and 17.0 g/t Ag (Schaaf 1985). Mineralization there com-
prises irregular veins and disseminations of quartz, galena, 
and sphalerite with minor pyrite, chalcopyrite, pyrrhotite, 
and silver sulphides hosted mainly in basalt of the Leighton 
Formation (Li 1942; Young 1968). Wolfden Resources Cor-
poration (2022) is currently involved in exploration of the 
Bill Hill (Big Silver) deposit.

The smaller Barrett deposit contains 0.35 Mt @ 1.75 wt% 
Cu, 20.6 g/t Ag, and 7.9 g/t Au. Major mineralized zones 
consist of chalcopyrite and sphalerite, with local gold, all 
occurring as amygdules, replacements, and breccia fillings 
within basalt of the Leighton Formation (Emmons 1910; Li 
1942; Gates and Moench 1981).

Deposits of the Eastport-Machias area are best classi-
fied as hybrid epithermal-volcanogenic (e.g., Hronsky et al. 
2012). This classification is based on the high concentrations 
of precious metals and on evidence of predominantly shal-
low-water deposition of the host Leighton Formation (Gates 
and Moench 1981; Piñán Llamas and Hepburn 2013). We 
emphasize that elsewhere, hybrid epithermal-volcanogenic 
sulphide deposits may have high concentrations of tellu-
rium and other critical elements that can be recovered as 
byproducts during mining. For example, the Eskay Creek 
deposit in western British Columbia, mined from 1995 to 
2008, produced 2.1 Mt of ore averaging 2221 g/t Ag and 48.4 
g/t Au with appreciable Cu and Zn, plus locally elevated Ba, 
Cd, As, Sb, Pb, Te, and Hg; these critical elements occur lo-
cally in the Eskay Creek deposit and also in geologically and 
mineralogically similar deposits elsewhere in the district 
(Lindsay et al. 2021). Note, however, that no analytical data 
are available for critical elements that may be present in the 
polymetallic deposits of the Eastport-Machias area.

Beryllium in evolved and altered felsic tuffs

The light element beryllium is widely used in many indus-
tries including medical, defense, computer, aerospace, and 
telecommunications, among others (Foley et al. 2017). The 
United States is self-sufficient in beryllium based on pro-
duction from the giant volcanogenic Spor Mountain deposit 
in western Utah that is the largest in the world, containing 
9.6 Mt of ore at an average grade of 0.25 wt% Be (Foley et al. 
2012; Ayuso et al. 2020). However, beryllium nevertheless 
is listed as a critical element because the U.S. Department 
of Defense requires a long-term domestic supply given that 
U.S. production has diminished in the past decade. Other 
countries rely on beryllium contained in pegmatite-hosted  
beryl. The beryllium in the Spor Mountain deposit is con-

centrated in the mineral bertrandite, a hydrous Be-rich 
silicate mineral [Be4Si2O7(OH)2] that occurs in limestone 
clasts within alkaline lithic-rich rhyolite tuffs of Tertiary age. 
Abundant fluorite and high uranium contents (up to 2000 
ppm U) are also characteristic of the ores (Lindsey et al. 
1973). An integrated model for the formation of this deposit 
involves low-temperature (<200°C) hydrothermal alteration 
of calcite in the clasts by a Be-F aqueous complex, which 
together with water and dissolved silica yield products of 
bertrandite plus fluorite and CO2 (Foley et al. 2012). Three 
important components of the model are (1) occurrence of 
lithic-rich alkaline rhyolite tuff; (2) presence of carbonate 
rocks stratigraphically below the tuffs to provide a source for 
the calcite-rich clasts, and (3) post-depositional hydrother-
mal alteration by F- and Be-rich fluids that are concentrated 
via dissolution of these elements in the host alkaline tuff.

A major limitation to applying the Spor Mountain mod-
el to Maine is the apparent lack of alkaline rhyolite tuffs in 
Maine. Some large-volume rhyolite tuffs are known in the 
state (Seaman et al. 2019) including the thick ignimbrites of 
the Devonian Traveler Rhyolite that contains groundmass 
fluorite, but limited whole-rock geochemical data for major, 
trace, and rare earth elements suggest that both members 
of this tuff are calc-alkaline and not alkaline (Hon 1976). 
Widespread rhyolites also occur in the coastal volcanic belt 
of the Penobscot Bay area (Pinette and Osberg 1989; Schulz 
et al. 2008) and the Machias-Eastport area (Gates and Mo-
ench 1981; Piñán Llamas and Hepburn 2013), all of which 
are compositionally calc-alkaline or tholeiitic and not alka-
line.

One possible candidate for undiscovered beryllium min-
eralization in Maine is in lithic-rich rhyolite tuffs of the 
Late Silurian Cranberry Island series (Fig. 7). Described 
by Seaman et al. (1999), these volcanic rocks are mainly 
tholeiitic although one sample of dacite has a high Na2O + 
K2O content that plots compositionally in the alkaline field; 
several samples of rhyolite ignimbrite contain elevated La 
(up to 47.6 ppm), Y (up to 280 ppm), and Zr (up to 384 
ppm), but uranium concentrations are uniformly low (<3.2 
ppm). No whole-rock data are available for beryllium or 
fluorine. Importantly, the lithic clasts are rhyolite, granite, 
basalt, or siltstone, without reported carbonate. Basement 
to the Cranberry Islands volcanic rocks is not exposed in 
the area, but likely is dominated by siliciclastic metasedi-
mentary rocks (e.g., Cambrian Ellsworth Schist), although 
limestones of this approximate age are known elsewhere in 
the coastal region, such as on the west side of Penobscot Bay 
(i.e., Coombs Limestone), and potentially could underlie the 
Cranberry Islands at depth. On balance, the possibility for 
Spor Mountain-type beryllium mineralization in the Cran-
berry Islands volcanic rocks is considered to be low, but we 
nonetheless suggest a speculative potential based on several 
favourable criteria. More focused mineralogical studies and 
whole-rock geochemical analyses (i.e., for Be and F) are rec-
ommended, in order to better evaluate this volcanic series 
for cryptic beryllium mineralization.
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Graphite in high-grade metamorphic rocks

Graphite is a critical component used in many industries 
including for electronics, lubricants, metallurgy, steelmak-
ing, and recently for batteries in electric vehicles (Simandl 
et al. 2015; Robinson et al. 2017). Since the 1990 closure of 
the last graphite mine in the U.S., in Montana, the nation 
has been totally dependent on foreign sources of this miner-
al. The economically most important deposit type contains 
flake graphite, which commonly occurs in high-grade met-
amorphic terranes dominated by metasedimentary rocks. 
Major deposits that contain large reserves and/or resources 
of abundant flake graphite include Zavalyevskiy in Ukraine 
(100.0 Mt @ 5.5% graphitic C; Robinson et al. 2017) and 
Graphite Creek in northwestern Alaska (102.8 Mt @ 8.0% 
graphitic C; King et al. 2019).

The setting and origin of the Graphite Creek deposit can 
be used as a template for evaluating the potential of other 
regions with similar geology. At the Graphite Creek deposit, 
flake graphite is concentrated in veins and massive lenses 
up to 0.5 m thick within upper amphibolite- to granulite- 
facies, quartz-plagioclase-biotite paragneiss of late Paleozo-
ic age, and near Late Cretaceous granitic intrusions (Case 
et al. 2020). In Maine, many granitic pegmatites contain 
small amounts of flake graphite (Smith 1906), but these are 
not commercially viable. Importantly, however, three small 
graphite mines and prospects in the western part of the state 
are within highly metamorphosed sedimentary rocks like 
those that host the Graphite Creek deposit. The graphite 
mine on Plumbago Mountain southwest of Farmington, the 
Milletville prospect west of Paris, and the Phillips mine in 
Madrid, are all in amphibolite- to granulite-facies metased-
imentary rocks, and most have spatially associated granitic 
intrusions (Fig. 7). More work will be required to evaluate 
the potential of these small mines and prospects for con-
taining significant undiscovered resources of flake graphite.

Titanium, zirconium, and rare earth 
elements in heavy-mineral sands

Heavy-mineral sands are important sources of critical 
minerals worldwide (Van Gosen et al. 2014). Such sands 
may contain economic concentrations of resistant minerals 
like rutile, ilmenite, zircon, and monazite that can be mined 
for titanium, zirconium, and REE. These metals are of crit-
ical importance to the U.S. economy because of minimal 
domestic production and importance in the manufactur-
ing of paint, paper, and metal alloys; in the chemical and  
nuclear-reactor industries; and in glass, magnets, and cat-
alysts in petroleum refining, catalytic converters; and for 
making phosphors in cathode ray tubes and flat panel dis-
play screens (Woodruff et al. 2017; Jones et al. 2017; Van 
Gosen et al. 2017). Heavy-mineral sands have been mined 
on the U.S. Atlantic Coastal Plain since 1949 (Van Gosen et 
al. 2014); current mining of ilmenite and rutile in these types 
of sands is ongoing in Florida, Georgia, and South Carolina 
(Gambogi 2021). Several publications have suggested a po-

tential exists for important accumulations of heavy-mineral 
sands both onshore and nearshore coastal Maine (Kelley et 
al. 1997; Buynevich and FitzGerald 2001), but to date there 
has not been a comprehensive analysis for such deposits in 
the state.

Most sand deposits onshore in Maine are products of 
erosion of the landscape by Pleistocene glaciation and 
subsequent fluvial processes that redistributed meltwater 
sediments. The majority of these deposits are in southern 
and coastal Maine (Thompson and Borns 1985), occurring 
as outwash plains, deltas, esker ridges, beaches, and ice- 
contact deposits. Many of these readily accessible deposits 
have been exploited for aggregate resources. Most of the 
glacial sand deposits were reworked by marine processes 
as sea-level fell to a low of -60 m below current sea level, 
and then rose again in response to long-term isostatic ad-
justment coupled with eustatic sea-level rise during the late 
Pleistocene and early Holocene (Barnhardt et al. 1995).

The work summarized in Kelley et al. (1998), based on 
maps created during a decade-long research program, is 
the most comprehensive presentation of the geologic envi-
ronments of the inner continental shelf of Maine. Results 
of this mapping generally extend offshore to Maine’s terri-
torial limit of three nautical miles, and mostly extends to 
depths beyond the -60 m post-glacial lowstand. About 8% 
of the ocean bottom materials in the entire region surveyed 
is sand. Kelley et al. (1998) provided statistical summaries 
of the ocean bottom types, divided into key physiographic 
zones. The nearshore ramp zone, a region that slopes gen-
tly seaward with widely spaced, shore-parallel bathymetric 
contours, contains the majority of sand resources and rep-
resents nearly 350 km2 of ocean bottom and 66% of this 
zone. Other physiographic zones have considerably less 
sand, but the shelf valley zone may have locally abundant 
sand bodies.

The most detailed analysis of heavy minerals in onshore 
deposits was done by Buynevich and FitzGerald (2001) in 
their study of progradation in coastal barrier beach systems. 
Among the studied field localities were three paraglacial 
barrier beach systems near the mouth of the Kennebec Riv-
er in mid-coastal Maine. Their analysis of progradation in-
cluded the collection of ground penetrating radar data and 
coring. One core taken at the Hunnewell barrier (Fig. 7) 
through reflectors recognized in ground-penetrating radar 
(GPR) data revealed medium- to fine-grained sands with 
a significant content of heavy minerals (>30 vol% magne-
tite + ilmenite + garnet) at a depth of between 2 and 3 m. 
These heavy-mineral sands are interpreted as lag deposits 
produced by erosion during significant storms. Unfortu-
nately, Buynevich and FitzGerald (2001) did not analyze for 
monazite, zircon, or other critical minerals (I.V. Buynevich, 
oral communication 2021) that are likely present in trace 
amounts, at least. Similar erosional lag deposits probably ex-
ist in other onshore deposits of Maine, but additional work 
has not been done to assess their resource potential.

Several researchers have analyzed offshore deposits for 
heavy mineral content. Luepke and Grosz (1986) collected 
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and analyzed 12 vibracore samples from Saco Bay in south-
ern Maine, one of the nearshore ramps that contains abun-
dant sand as noted by Kelley et al. (1998). Heavy minerals of 
economic interest—ilmenite, leucoxene, rutile, zircon, and 
aluminosilicates (sillimanite and andalusite)—constitute an 
average of about 14 wt% of the heavy minerals in the ana-
lyzed sediments, and an average of about 0.1 wt% of the bulk 
samples. Monazite was not detected in any of their samples. 
Grosz (1987) summarized what was then known of heavy 
mineral deposits along the Atlantic continental shelf. This 
study noted several areas in the Gulf of Maine where heavy 
minerals in surficial materials of the ocean bottom contain 
at least 4 wt% heavy minerals, including one offshore Saco.

As part of the inner continental shelf mapping effort, Kel-
ley et al. (1997) collected 1303 grab samples of all bottom 
types. For 31 sand-rich samples collected in bays spanning 
the coast (Saco Bay, Casco Bay, Penobscot Bay, Machias Bay, 
Oak Bay in New Brunswick; Fig. 1), heavy minerals were 
separated using standard techniques. The highest concen-
tration in a single sample, 6% of the dry sample weight, was 
found in Casco Bay, where the bay-wide average was higher 
than elsewhere, 2.6%. Although each of the areas studied was 
variable, Oak Bay contained the lowest concentrations with 
a mean of 0.21%. Mineral species were identified via mi-
croscopy, X-ray diffraction, or both techniques. The highest 
average concentration of ilmenite was in Oak Bay (6.19%), 
followed by Casco Bay (3.89%), and Saco Bay (3.66%). The 
highest concentrations of zircon were in Saco Bay (1.70%) 
and Machias Bay (1.15%); all other areas averaging less than 
1% zircon. Rutile averaged less than 0.50% in all samples. 
Kelley et al. (1997) did not report REE mineral species, pre-
sumably because they were not present or occurred only in 
trace amounts.

Although some work has been done on heavy-miner-
al sands both onshore and nearshore Maine, these efforts 
were not comprehensive. Importantly, the tantalizing data 
of Buynevich and FitzGerald (2001) do indicate a potential 
for onshore concentrations of heavy minerals. However, 
many readily accessible sand deposits onshore have already 
been mined for aggregate. The results of Kelley et al. (1997) 
suggest the potential for undiscovered heavy-mineral con-
centrations in the sand-dominated nearshore ramp environ-
ment offshore (e.g., Kelley et al. 2003), with areas in southern 
and central Maine having the highest potential, particularly 
for titanium and zircon resources. High-resolution aerora-
diometric surveys like those described by Shah et al. (2021) 
could reveal Th-rich sands that may have economic poten-
tial for REE present in monazite and other minerals.

Uranium in peat

Uranium in peat was mined during the 1980s in Wash-
ington State at the Flodelle Creek deposit (Johnson et al. 
1987). A geological reserve of uranium in this deposit has 
been estimated at 200 t (J.K. Otton in Zielinski and Burruss 
1991). The local bedrock source of the uranium is a Creta-
ceous two-mica granite that contains 9 to 16 ppm U (Ziel-

inski and Burruss 1991).
The studies of Cameron et al. (1986, 1990) on trace ele-

ments in thirty-eight Holocene peat deposits of New Hamp-
shire and Vermont highlight their potential as uranium 
resources. Uranium concentrations in these samples range 
from 1.0 to 467.0 ppm, with a mean of 48.3 ppm. The high-
est values, in western Vermont, occur in peat underlain by 
a Cambrian dolostone, which is ca. 4 km from Proterozoic 
granitic gneiss in the Green Mountains massif. In the New 
Hampshire occurrences, the ultimate source of uranium is 
the two-mica Sunapee granite of Late Devonian to Early 
Mississippian age. Results of these studies suggest that ura-
nium-rich rocks beneath or near peat deposits leach urani-
um into shallow groundwater (Cameron et al. 1986, 1990). 
As groundwater flows, uranium is fixed in peat-hosted or-
ganic matter largely by processes of adsorption and ion ex-
change.

Two-mica granite is recognized for its metallogenic spe-
cialization in concentrating tin, tungsten, beryllium, lithi-
um, fluorine, and uranium (Boudette 1977; Cuney 2014). 
Two-mica granites in New England are the products of tec-
tonic interactions of ancestral North America with island 
arcs, microplates, and continents that thickened the crust 
through Ordovician-Devonian time. Metasedimentary 
rocks near the base of the thickened crust melted partially to 
form felsic magma that migrated upward through the crust 
to crystallize as two-mica granite.

Most two-mica granites in Maine occur in the western 
and coastal regions of the state. Geochemical data collected 
through the North American soil geochemical landscapes 
project (Smith et al. 2014) and airborne radiometric data 
collected through the National Uranium Resource Evalua-
tion (NURE) program (Hill et al. 2009; Kucks 2005) show 
anomalously high concentrations of uranium in the Sebago 
migmatite domain area of western Maine (Figs. 5 and 6). 
The Sebago granite proper occupies only the southernmost 
part of this area, the remainder being underlain by a com-
plex association of high-grade metamorphic rocks, migma-
tite, granitic dikes, and pegmatite (Solar and Tomascak 
2016). The uranium anomaly in the NURE data for the Se-
bago area is similar to that in central New Hampshire stud-
ied by Cameron et al. (1986, 1990). Additionally, water from 
private wells in this area of southern Maine have some of 
the highest uranium concentrations found anywhere in the 
state. According to data compiled by the Maine Department 
of Health and Human Services (MEDHHS 2021), up to 58% 
of tested wells in some area towns exceed the state guideline 
for uranium of 30 µg/l.

In addition to the two-mica granites, the alkali-calcic Lu-
cerne and Deblois plutons (Ayuso and Arth 1991) in eastern 
coastal Maine may also provide uranium to peat deposits 
in the manner described by Cameron et al. (1986). The 
NURE airborne radiometric data (Kucks 2005; Hill et al. 
2009) show anomalously high uranium concentrations in 
close geographic association with these two plutons (Fig. 5). 
Similarly, private well waters in this region of eastern Maine 
underlain by the Lucerne and Deblois plutons have high 
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uranium concentrations (MEDHHS 2021).
Cameron and Mullen (1982) summarized the peat re-

sources of southern and coastal Maine as part of a compre-
hensive effort led by Cameron to investigate peat resourc-
es statewide (Cameron 1975; Cameron and Massey 1978; 
Cameron and Anderson 1979, 1980a, 1980b). The depos-
its characterized by these studies contain air-dried peat 
amounts ranging from 34,300 t to nearly 9.1 Mt, with a total 
in the studied deposits of ca. 36 Mt. Although many peat 
deposits occur in the area underlain by the Sebago Migma-
tite Domain, these tend to be small in area and of low total 
tonnage. The largest peat deposit characterized by Camer-
on and Mullen (1982) of just over 1.8 Mt falls within the 
area underlain by the Deblois granite pluton. In a focused 
study of the Great Heath, Cameron and Anderson (1980a) 
identified nearly 9.1 Mt of air-dried peat that is also under-
lain by the Deblois pluton. Norton (1990) investigated the  
geochemistry of the Great Heath and three other large peat 
deposits in Maine, but this study did not analyze for urani-
um. Although no studies have been done to assess the ura-
nium content of peat in eastern Maine, given the high ura-
nium concentrations there as suggested by the NURE data, 
and by elevated concentrations of uranium in groundwater, 
we conclude that a considerable potential exists for urani-
um resources in peat underlain by the Lucerne and Deblois 
plutons.

DISCUSSION

Our qualitative assessment of potential for the occurrence 
of critical mineral deposits in Maine is based on several fac-
tors. Following the approach used elsewhere in New En-
gland by the USGS for the Glens Falls and Sherbrooke-Lew-
iston 1° × 2° quadrangles (Slack 1990; Moench et al. 1999), 
this assessment ranks the potential into high, medium, and 
low categories. A quantitative mineral resource assessment 
(Singer and Menzie 2010), like those described for some 
major deposit types worldwide (e.g., Zientek et al. 2010), 
cannot be done for Maine owing to a lack of adequate data 
on tonnages and grades for most of the mines and deposits 
in the state. Key consideration in the qualitative assessment 
is given to (1) the presence of known deposits, prospects, or 
occurrences; (2) geological settings that are favourable for 
the formation of certain deposit types; and (3) geochem-
ical data including those obtained on stream sediments 
and panned concentrates in regional surveys, and on rocks 
whether visibly mineralized or not. Descriptive and genet-
ic geologic models for the origin of the mineralization are 
also used (e.g., Pirajno 1999; Hagemann et al. 2016), where 
applicable to Maine (Slack 2019, 2021, 2022). Importantly, 
data on small mines or prospects unworked for a century or 
more can nevertheless be valuable if the nature of the min-
eralization and geological setting are comparable to those of 
major orebodies elsewhere in the world. Geophysical data 
may be helpful for some cases, but in Maine few areas have 
modern coverage by high-resolution aerial magnetic and  

radiometric surveys.
Table 1 summarizes the potential in Maine for occurrence 

of 20 different deposit types and possible contained re-
sources of critical minerals (and elements). A high resource 
potential is assigned only to three deposit types: (1) sedi-
ment-hosted manganese, (2) mafic- and ultramafic-hosted 
Ni-Cu(-Co-PGE), and (3) pegmatitic lithium-cesium-tanta-
lum. In all designated areas, large deposits are either known 
or considered likely to exist based on various criteria includ-
ing the presence of documented prospects that contain crit-
ical minerals and that can be evaluated using modern ore 
deposit models. Also important is the fact that the specified 
critical minerals within these three deposit types are poten-
tially recoverable during mining and processing, assuming 
economic viability of the deposit.

Moderate potential is suggested for 11 other deposit 
types. These include: (1) porphyry Cu-Mo (Re, Se, Te, Bi, 
PGE); (2) chromium in ophiolites; (3) PGE in ophiolitic 
ultramafic rocks; (4) granite-hosted uranium-thorium; (5) 
tin in granitic plutons and veins; (6) niobium, tantalum, 
and REE in alkaline intrusions; (7) tungsten and bismuth 
in polymetallic veins; (8) vanadium in black shales; (9) an-
timony in orogenic veins and replacements; (10) tellurium 
in epithermal deposits; and (11) uranium in peat. Deposit 
types such as VMS that are known in some cases to have 
elevated concentrations of critical elements are nonethe-
less designated as having low resource potential because 
the contained critical elements are typically present in solid 
solution within other minerals (e.g., pyrite) that would like-
ly not be recovered economically during mine beneficiation. 
Other small deposits such as Pb-Zn, Cu, and Mo veins (U.S. 
Geological Survey, 2021a) that apparently lack elevated con-
centrations of critical elements are not discussed.

Only the sediment-hosted manganese deposits in north-
eastern Maine and the pegmatitic lithium (spodumene) de-
posit at Plumbago Mountain in the western part of the state 
have reported mineral resources. However, in both areas, 
more exploration work such as extensive drilling and sam-
pling will be required in order to accurately define mineral 
reserves that are compliant with internationally recognized 
codes such as NI 43-101 and JORC. The other deposit types 
for which we assign a moderate or low potential for critical 
minerals (Table 1) need significant field-based efforts to bet-
ter characterize local geological settings and the nature and 
extent of mineralization, plus detailed laboratory studies to 
accurately define the mineralogical siting of the critical el-
ements and whether these can be extracted during milling 
and beneficiation of the ores.

After this manuscript was completed the USGS released a 
new list of critical minerals for the United States (U.S. Geo-
logical Survey 2022). With respect to minerals and elements 
considered in this report, deletions include rhenium and 
uranium, with additions of nickel and zinc. Nickel is already 
discussed, but zinc is not. Potential for new zinc resources 
in Maine will likely be restricted to VMS deposits within 
pre-Devonian volcanic belts that occur throughout the state 
(Fig. 1).
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AbstrAct

As a result of new geological mapping, the Goldenville and Halifax groups in the eastern Meguma terrane have 
been divided into formations. They have a total stratigraphic thickness of about 7750 m and correspond to only 
the upper half of the Goldenville Group and lower half of the Halifax Group in the northwestern and southeastern 
areas of the terrane. The revised stratigraphy combined with compiled and new whole-rock major and trace element 
and Sm–Nd isotopic analyses enable more detailed documentation of the chemical changes with stratigraphy 
that were demonstrated in previous studies. Based on chemical compositions, the protolith compositions of the 
analysed samples range from lithic arenite to wacke to shale. Major and trace element characteristics are consistent 
with deposition in an active continental margin, basins associated with island arcs, or most likely at a passive 
continental margin with volcanic rocks in the source area. Chemical compositions show a scattered but overall 
increasing abundance of lithophile elements such as la and Th with stratigraphic position. Epsilon Nd(t) values 
become increasingly negative up-section, and depleted mantle model ages become increasingly older. The data 
are consistent with increased mixing between sediments derived from Mesoproterozoic upper crustal sources and 
sediments derived from a magmatic arc. These data are consistent with published detrital zircon patterns which 
show increasing amounts of ca. 2 Ga zircon with decreasing age, and with a source area comprising a Pan-
African (800–540 Ma) volcanic arc and/or active margin magmatism and mainly Eburnean crust, most likely in 
the West African craton.

revised stratigraphy in the eastern Meguma terrane, 
Nova scotia, canada, and variations in whole-rock 
chemical and sm–Nd isotopic compositions of the 

Goldenville and Halifax groups

Sandra M. Barr1, Chris E. White2, and Christian Pin3

rÉsUMÉ

À la suite de nouveaux travaux de cartographie géologique, les groupes de Goldenville et d’Halifax dans 
l’est du terrane de Meguma ont été subdivisés en formations. ils ont une épaisseur stratigraphique totale 
d’environ 7  750  mètres et correspondent à seulement la moitié supérieure du groupe de Goldenville et à la 
moitié inférieure du groupe d’Halifax dans les secteurs nord-ouest et sud-est du terrane. la stratigraphie 
révisée combinée à des données compilées et à de nouvelles analyses des compositions isotopiques en Sm–Nd 
et en éléments majeurs et traces de roche totale permet une documentation plus détaillée des changements 
chimiques de la stratigraphie ayant été révélés dans des études antérieures. D’après les compositions chimiques, 
les compositions protolithiques des échantillons analysés varient de l’arénite lithique au wacke et au schiste. les 
caractéristiques des éléments majeurs et traces correspondent à une sédimentation dans une marge continentale
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Meguma is the most outboard terrane in the northern 
Appalachian orogen, exposed on land only in Nova Scotia 
south of the Cobequid–Chedabucto fault zone (Fig. 1, 
inset). it is characterized by a thick succession of Cambrian 
to lower Ordovician metasedimentary rocks (Goldenville 
and Halifax groups), overlain along the northwestern 
margin by localized areas of Silurian to lower Devonian 

Figure 1. simplified geological map of the Meguma terrane after White (2010) with inset map showing its location in 
the northern Appalachian orogen after Hibbard et al. (2006). Abbreviations: Nb, New brunswick; NL, Newfoundland; 
Ns, Nova scotia; QUE, Quebec.

metavolcanic and metasedimentary rocks of the Rockville 
Notch Group (e.g., Waldron et al. 2009; White et al. 2018 
and references therein). These stratified units are intruded 
by voluminous mainly Middle to late Devonian granitoid 
rocks dominated by the South Mountain Batholith, 
and overlain unconformably by upper Paleozoic and 
lower Mesozoic sedimentary and volcanic rocks (Fig. 1).

White (2010, 2013) divided the Goldenville and Halifax 
formations in the southwestern part of the Meguma terrane 

[Traduit par la redaction]
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active, à des bassins associés à des arcs insulaires ou très probablement à une marge continentale passive 
comportant des roches volcaniques dans la région d’origine. les compositions chimiques affichent une 
abondance sporadique, mais généralement grandissante des éléments lithophiles comme le la et le Th selon 
la position stratigraphique. les valeurs epsilon Nd(t) deviennent de plus en plus négatives en allant vers le haut 
de la section et les âges du modèle mantellique épuisé deviennent de plus en plus avancés. les données sont 
conformes à un mélange accru entre des sédiments en provenance de sources crustales supérieures du 
Mésoprotérozoïque et des sédiments provenant d’un arc magmatique. De telles données correspondent aux 
configurations du zircon détritique publiées faisant état de quantités croissantes de zircon d’environ 2 Ga ainsi 
qu’avec une région d’origine comprenant un arc volcanique panafricain (800 à 540 Ma) ou un magmatisme de 
marge active et une croûte principalement éburnéenne, très probablement dans le craton d’Afrique occidentale.
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GEoLoGIcAL sEttING

The Meguma terrane is generally inferred to have 
originated as a lower Paleozoic continental margin of 
Gondwana, although its original position and underlying 
basement remain uncertain. it has been interpreted to 
have been adjacent to the West African craton during 
the Cambrian (e.g., Schenk 1971, 1981, 1991, 1995, 1997; 
Waldron et al. 2009; van Staal and Hatcher 2010; letsch et 
al. 2018; van Staal et al. 2021a, b), although other workers 
have included the Meguma terrane in Avalonia and/
or interpreted it to have formed as a continental margin 
succession on Avalonia (e.g., Murphy et al. 2004; Romer et 
al. 2011). During opening of the Rheic Ocean, Meguma was 
one of several terranes or terrane assemblages that separated 

into mappable formations (Fig. 2), thus elevating the 
former formations to Goldenville and Halifax groups and 
the former Meguma Group to Supergroup. Because of the 
possibility of confusion where the word Meguma has two 
meanings, in this paper we use the term Meguma only to 
refer to the terrane, and do not refer to the supergroup. in 
combination with the mapping and definition of formations, 
age constraints were provided by studies of trace and 
microfossils (White et al. 2012; Gingras et al. 2011), 40Ar/39Ar 
dating of detrital and metamorphic muscovite (Reynolds et 
al. 2012), and U–Pb dating of detrital zircon (Waldron et 
al. 2009, 2011; Pothier et al. 2015; Henderson 2016). The 
new stratigraphic framework also facilitated investigation of 
variations with time in characteristics such as sedimentary 
geochemistry, isotopic composition, and detrital zircon 
provenance (Waldron et al. 2009; White and Barr 2010), 
and interpretation of possible stratigraphic constraints 
on gold mineralization (White and Barr 2012a, b).

Those studies focused on the southwestern part of the 
Meguma terrane and included few data from the eastern 
half of the terrane because of lack in that area of systematic 
regional mapping and stratigraphic information, except 
in localized areas (Henderson 1986; Hill 1991; Ryan et al. 
1996; Horne and Pelley 2007; White and Scallion 2011). 
However, recent mapping in the eastern Meguma terrane 
has resulted in a new bedrock geology map (Fig. 3) and 
revised stratigraphy (White and Vaccaro 2019, 2020; White 
and Nickerson 2021). Hence, the purpose of this paper is 
to present a revised assessment of variations in whole-
rock chemistry, Sm–Nd isotopic composition, and detrital 
zircon signatures in the Meguma terrane that incorporates 
the new understanding of stratigraphy in the eastern 
part of the terrane. We present whole-rock chemical and 
Sm–Nd isotopic analyses for 22 samples from both the 
southwestern and eastern parts of the Meguma terrane 
which, in combination with previous data, provide better 
constraints on chemical variations with stratigraphy.

from Gondwana and eventually accreted to composite 
laurentia, although the details of its journey remain unclear 
(e.g., Nance et al. 2010; Murphy et al. 2011; van Staal and 
Barr 2012; van Staal et al. 2021a, b; Warsame et al. 2021).

The Goldenville and Halifax groups have been interpreted 
as turbiditic continental rise and/or slope deposits (Schenk 
1971, 1981, 1991, 1995, 1997; Waldron and Jensen 1985; 
Waldron 1992). They are unconformably overlain by a 
thinner sequence of early Silurian to Early Devonian slate, 
quartzite, and metavolcanic rocks of the Rockville Notch 
Group (White 2010, 2019; White and Barr 2012a, b, 2017; 
White et al. 2018). All these rocks were deformed into 
regional-scale upright shallow north- and south-plunging 
folds with well-developed north-striking steep axial-planar 
foliation (e.g., Culshaw and lee 2006) and regionally 
metamorphosed at grades varying from lower greenschist- 
to upper amphibolite-facies between 406 and 388 Ma 
(Muecke et al. 1988; Raeside and Jamieson 1992; Hicks et al. 
1999; Reynolds et al. 2012; White and Barr 2012a, b). They 
were also intruded by numerous, late syn- to post-tectonic, 
mainly Middle to late Devonian, peraluminous granitic 
plutons (e.g., Clarke et al. 1997, 2000; Bickerton et al. 2022). 
Deformation, regional metamorphism, and plutonism were 
associated with a Middle to late Devonian orogenic event 
that has been traditionally called the Acadian orogeny. 
However, the main events of the Acadian orogeny are 
interpreted to have been associated with late Silurian-Early 
Devonian accretion of Avalonia to the composite margin of 
Ganderia and laurentia (Hibbard et al. 2007; van Staal and 
Barr 2012, van Staal et al. 2021a, b), a model which does 
not readily accommodate younger events in the Meguma 
terrane outboard of Avalonia. Alternatively, in recognition 
of its younger age, the orogenic event in Meguma also has 
been termed Neoacadian, but that term is also inappropriate 
because it refers to a late Devonian to Early Carboniferous 
event in New England (Robinson et al. 1998), also far 
inboard of the Meguma terrane. Hence, to emphasize its 
unique character and timing, we here introduce the term 
Kejimkujik orogeny for the Middle Devonian orogenic 
event in Meguma to distinguish it from the more inboard 
older Acadian and younger Neoacadian events. Subsequent 
Carboniferous motion on the Cobequid–Chedabucto 
fault zone and renewed transpression throughout the 
Meguma terrane (e.g., Culshaw and leisa 1997; Culshaw 
and Reynolds 1997) was likely related to docking of 
Gondwana (Africa) outboard of the Meguma terrane 
before and during the Alleghanian orogeny (Murphy et al. 
2011; van Staal and Barr 2012; White and Barr 2012a, b).

Waldron et al. (2011) noted similarities in the Cambrian 
to Tremadocian lithological successions of the Meguma 
terrane and the Harlech Dome of North Wales, including 
the presence of Cambrian Series 3 (Miaolingian) 
manganese-rich sedimentary rocks. They proposed that 
both Meguma and North Wales were part of the Megumia 
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Figure 2. Geological map of the northwestern and southeastern parts of the Meguma terrane after White (2013) and White 
and barr (2012b). Locations of samples a01 to a13 and b01 to b19 are shown; UtM for sample locations are listed in table 
A1. Pluton abbreviations: bPP, barrington Passage, PMP, Port Mouton; QP, Quinan; sP, shelburne; sIP, seal Island; 
W, Wedgeport.
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Figure 3. New geological map of the eastern Meguma terrane after White and Nickerson (2021) and unpublished 
data. Locations of samples  c01 to c13 are shown; UtM for sample locations are listed in table A1.
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domain that occupied a rift at the margin of Gondwana 
in the early Paleozoic. Acritarch data (White et al. 2012) 
suggest that deposition continued in the Halifax Group 
at a time when rocks of the Harlech Dome were being 
uplifted and eroded and the Meguma terrane lacks evidence 
for the Ordovician volcanism present in North Wales, 
so if these areas were contiguous in the Cambrian, their 
histories diverged in the Ordovician (Pothier et al. 2015).

strAtIGrAPHY oF tHE GoLdENVILLE 
ANd HALIFAX GroUPs

The Chebogue Point shear zone and South Mountain 
Batholith are used to divide the Meguma terrane into three 
areas here termed northwestern (NW), southeastern (SE), 
and eastern (E) (Fig. 1). The lithologically distinctive and 
typically manganiferous beds of the correlative Bloomfield, 
Tupper lake Brook, Moshers island, and Beaver Bank 
formations provide a marker horizon at ca. 500 Ma 
throughout the terrane and were assigned to the uppermost 
Goldenville Group by White (2010). The underlying units 
have broad similarities but differ in detail among the NW, 
SE, and E areas of the terrane (Fig. 4). The thickest unit is the 
Church Point Formation in the NW area, with an estimated 
stratigraphic thickness of about 7.8 km, although the base is 
not exposed (Fig. 4). The oldest rocks of the formation occur 
in the core of an anticline on the coast between Yarmouth 
and Cape St. Mary (Fig. 2), from which U–Pb detrital zircon 
data suggest a maximum depositional age of about 540 Ma 
with large errors (Waldron et al. 2009; Henderson 2016). in 
the area southeast of the Cheborgue Point shear zone, the 
rocks that appear to be laterally age-equivalent to the Church 

Point Formation are subdivided into three formations 
(Moses lake, Green Harbour, and Government Point).

in the eastern area of the terrane, the most extensive unit 
is the Taylors Head Formation (Fig. 3), with lithological 
similarities and similar stratigraphic thickness to the 
Government Point Formation (Fig. 4). Based on this 
correlation, the underlying Tangier and Moose River 
formations are interpreted to be laterally equivalent to 
the upper part of the Green Harbour Formation (Fig. 4).

The manganiferous Bloomfield, Tupper lake Brook, 
Moshers island, and Beaver Bank formations are overlain 
by sulphidic slate, metasiltstone, and metasandstone of the 
lowermost formation of the Halifax Group, named Acacia 
Brook and North Alton formations in the NW area and 
Cunard Formation in the SE and E (Fig. 4). The overlying Bear 
River, lumsden Dam, Feltzen, and Glen Brook/Bluestone 
Quarry formations are interpreted to be age equivalent 
because of lithological similarity and the presence in most of 
lower Ordovician fossils (White et al. 2012). The youngest 
units of the Halifax Group (Elderkin Brook and Hells Gate 
Falls) outcrop only in the Wolfville area (Fig. 2) where 
fossils indicate a minimum age of late Floian (ca. 470 Ma).

sAMPLE dIstrIbUtIoN ANd 
ANALYtIcAL MEtHods

For this study, twenty-two samples were collected for 
Sm–Nd isotopic analysis to provide increased coverage 
throughout the terrane when combined with data from 13 
samples reported by Waldron et al. (2009) and 16 samples 
compiled from Clarke and Halliday (1985), Clarke et al. 
(1988, 1993), and Currie et al. (1998). The stratigraphic 
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Figure 4. simplified stratigraphic columns for the northwestern, southeastern, and eastern areas of the Meguma terrane 
showing sample positions (black circles). stratigraphic units are from White (2010), Pothier et al. (2015), and c. White 
(unpublished) are labelled and coloured similar to Figures 2 and 3. stratigraphic thickness estimates and sample depositional 
ages are based on maps in Figures 2 and 3 and cited U–Pb data. Fossil occurrences are from White et al. (2012), Pratt and 
Waldron (1991), and cumming (1985). sm–Nd data sources are from this study and Waldron et al. (2009), clarke and 
Halliday (1985), clarke et al. (1988, 1993), and currie et al. (1998), as tabulated in table A1.
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Metamorphic grade varies widely over the Meguma terrane 
as a result of both regional and contact metamorphism 
(e.g., Raeside and Jamieson 1992; Mahoney 1996; White 
and Barr 2012a, b). Samples analyzed in this study are in 
the greenschist facies (chlorite and biotite zones), although 
some data compiled from previous work are from higher 
grade samples. Based mainly on grain size and abundance 
of quartz relative to other minerals, the samples range 
from pelitic to psammitic. Overall, the proportion of finer 
(pelitic and semi-pelitic) material increases up-section in 
the Goldenville and Halifax groups and, overall, the Halifax 
Group is finer grained and more pelitic than the Goldenville 
Group. Our study focussed on the coarser-grained semi-
pelitic and psammitic samples in both groups, and hence 
pelitic rocks are less well represented in the dataset. 
Petrographic features show little variation throughout the 
stratigraphy in all three areas, except that the three lowermost 
psammitic samples in the Church Point Formation in 
the northwestern area (Fig. 2) lack detrital muscovite.

in general, psammitic samples retain more clastic-
looking textures and are less recrystallized than the 
pelitic and semi-pelitic samples, but all samples are 
metamorphosed and original sedimentary features such 
as laminae which are readily visible in hand sample are 
obscured by new mineral growth when viewed in thin 
section. in the psammitic samples, the original clay matrix 
has been recrystallized to sericite, chlorite, and epidote, but 
sand-sized detrital grains appear little affected. Such grains 
include quartz, Na-rich plagioclase, muscovite, zircon, 
tourmaline, and opaque grains. Most psammitic samples 
have more than 5% matrix and are classified as feldspathic 
wacke to quartz wacke (classification of Boggs 2001).

Detrital muscovite is a prominent component of 
psammitic samples throughout the Goldenville and Halifax 
groups, except near the base of the section in the NW 
area, but no biotite of detrital origin was observed. Single-
grain 40Ar/39Ar dating of detrital muscovite in the Meguma 
terrane by Reynolds et al. (2012) showed evidence for a 
Mesoproterozoic source, interpreted to be the Amazonian 
craton, but the nature of the source — metamorphic or 
igneous — was not indicated by the chemical characteristics 
of the muscovite. Most of the analyzed muscovite 
grains show evidence of late Neoproterozoic to early 
Cambrian resetting just prior to sediment deposition, 
interpreted by Reynolds et al. (2012) to be consistent 
with rapid uplift associated with a rifting environment.

PEtroGrAPHY

White and Barr (2010) presented a detailed assessment 
of the whole-rock chemical variations in the NW and SE 

WHoLE-rocK cHEMIstrY
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positions and ages of the samples (Fig. 4) were estimated 
from field relations and locations on the new maps of the 
Meguma terrane (Figs. 2, 3). Locations for the published 
samples are constrained as much as possible based on 
information provided in the original papers. In addition to 
the isotopic data, whole-rock chemical data are available 
for most of the samples, as well as petrographic 
information for samples from the present study and 
Waldron et al. (2009). Whole-rock chemical analyses for 
samples from this study were done by Bureau Veritas 
Laboratory, Vancouver, BC. Major elements were analyzed 
by X-ray fluorescence after LiBO2 fusion and rare earth 
and refractory elements by Inductively Coupled Plasma -
Mass Spectrometry (ICP-MS) following lithium 
metaborate/tetraborate fusion and nitric acid digestion or 
Aqua Regia digestion. The data are listed in Supplementary 
data Table S1 (see footnote 1), in combination with 
chemical data compiled from the sources of the isotopic 
data where available. The new Sm–Nd isotopic analyses 
were done at the Université Blaise Pascal, Clermont-
Ferrand, France, following techniques adapted from those 
described by Pin and Santos (1997) and LeFèvre and Pin 
(2002). The samples were decomposed by fusion with a 
LiBO2 flux at ca. 1150°C in an induction furnace and the 
resulting melt was quenched in 1.25M HCl, after addition 
of a mixed 149Sm–150Nd-enriched tracer. Then, a fraction 
containing the LREE was separated from most other 
elements by cation exchange chromatography. This LREE 
fraction was further purified by extraction chroma-
tography on a micro-column filled with TRU resin 
(Eichrom). Then, Nd and Sm suitable for mass 
spectrometry were isolated from lighter lanthanides and 
from each other by using another extraction 
chromatography column filled with Ln resin (Eichrom) 
and operated on-line downstream of the TRU micro-
column. The Sm concentrations were determined by 
isotope dilution thermal ionization mass spectrometry (ID-
TIMS) with an upgraded, fully automated VG54E 
instrument, with sample loaded in a drop of phosphoric 
acid on a single tantalum filament. The 143Nd/144Nd 
isotope ratios (and 150Nd/144Nd ratios allowing 
determination of the Nd concentrations by isotope 
dilution) were measured with a Triton mass spectrometer 
operated in static multicollection mode at Laboratoire GIS, 
Université de Nîmes, with Nd loaded on a double rhenium 
filament assembly. The 143Nd/144Nd ratios are given 
relative to a value of 0.512110 for the JNdi-1 isotopic 
standard (Tanaka et al. 2000), and the precision of 
147Sm/144Nd ratios is ± 0.2%. The new isotopic data are 
listed in Appendix Table A1, together with a compilation of 
other published data, listed in inferred stratigraphic order 
with estimated age in each of the NW, SE, and E areas.

1Supplemental Data. Table S1. Please visit https://
journals.lib.unb.ca/index.php/ag/article/view/32794/1882528212 to 
access the supplementary material
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areas of the Meguma terrane; here we restrict our discussion 
to data from 43 samples from which we also have Sm–Nd 
isotopic data; the remaining 8 samples with Sm–Nd data 
lack whole-rock chemical data. Samples with chemical data 
include 18 from the eastern area of the terrane that was not 
covered in the study by White and Barr (2010), and a subset 
of about 30 samples from throughout the terrane which 
includes trace elements such as la and Sc that were not 
available in the dataset utilized by White and Barr (2010).

Overall, the samples display an increase in SiO2 content 
from ~44% in pelitic samples to close to 80% in the most 
quartz-rich psammitic samples (Fig. 5a). None of the 
analyzed samples from the SE area has SiO2 content less 
than 55%, but otherwise all 3 areas contain similar ranges of 
sample compositions. loss-on-ignition varies from less than 
1% in high SiO2 samples to more than 6% in some lower 
SiO2 samples (Fig. 5a). Hence, to facilitate comparisons, 
the analyses were recalculated to total 100% excluding 
loss-on-ignition before plotting on Figures 5b, c, d and 6a.

On a chemical classification diagram using ratios of 
Fe2O3/K2O and SiO2/Al2O3 (Fig. 5b), the samples lie mainly 
in the shale, wacke, and lithic arenite fields, with a few 
plotting in the high-iron shale/sandstone fields. None of the 
samples are close to the quartz arenite field, consistent with 
maximum SiO2 contents of ~80% and the results of White 
and Barr (2010) from a much larger data set (~600 samples) 
from the NW and SE areas. On the plot of molar Al2O3/
Al2O3+ CaO+Na2O+ K2O (Chemical index of Alteration 
or CiA; Nesbitt and Young 1982) against SiO2 (Fig. 5c) the 
lower SiO2 samples generally display higher CiA than the 
higher SiO2 samples. in the CiA calculation for Figure 5c, 
corrections were made for CaO included in apatite and 
carbonate minerals, following Mclennan (1993) so that 
the CiA reflects mainly weathering of silicate minerals. 
According to Mclennan (1993), CiA values of about 45 
to 55 indicate virtually no weathering, whereas values 
close to 100 indicate intense weathering with complete 
removal of alkali and alkaline earth elements. in general, 
samples from the Goldenville and Halifax groups with 
higher SiO2 (more quartz) have lower CiA than the lower 
SiO2 samples. Most of the pelitic and semi-pelitic samples 
fall in the intermediate stage of silicate weathering (CiA 
60–80), close to the mean CiA value of 72 for suspended 
(fine-grained) sediment in 44 modern rivers reported by 
li and Yang (2010). These data are interpreted to indicate 
that the sediments that formed the Goldenville and Halifax 
groups were moderately weathered or reworked sediments.

On the tectonic setting discrimination diagram using 
K2O/Na2O ratio and SiO2 (Fig. 6a), most samples plot in 
the active continental margin field, consistent with the 
results from the larger dataset of White and Barr (2010). 
However, on a Th-la diagram, the majority of samples 
plot in the field for island arcs with continental crust, 
rather than in the combined active and passive continental 

Figure 5. diagrams illustrating whole-rock chemical 
characteristics using data from supplementary data 
table s1. (a) Loss-on-ignition (LoI) plotted against sio2. 
(b) Fe2o3/K2o vs sio2/Al2o3 with fields from Herron
(1988). (c) chemical Index of Alteration (cIA) of Nesbitt
and Young (1982) against sio2. cIA is molar Al2o3/
(Al2o3+cao+Na2o+K2o), with cao corrected for P2o5
and carbonate minerals following McLennan (1993).
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margin field (Fig. 6b). Scatter to higher la values outside the 
defined continental island arc field is common in samples 
from the NW and SE areas, whereas the samples from the 
eastern area plot mainly in the that field. A similar result 
is shown by a diagram using ratios of Ti/Zr and la/Sc, 
with samples from the NW and SE areas showing wider 
range in la/Sc ratios at high Ti/Zr and plotting outside the 
defined field (Fig. 6c). less scatter is displayed in the Th-
Sc-Zr ternary diagram and almost all samples plot in the 
continental island arc field (Fig. 6d). Hence, overall, these 
data support the conclusion of White and Barr (2010) that 
the chemical characteristics of the Goldenville and Halifax 
groups are not consistent with a source that provided 

Figure 6. tectonic setting discrimination diagrams for sedimentary rocks. (a) K2o/Na2o against sio2 with fields from 
roser and Korsch (1986). (b) La against Th. (c) ti/Zr against La/sc. (d) ternary Th-sc-Zr/10 diagram. Fields in (b), (c), 
and (d) are from bhatia and crook (1986) for greywacke samples deposited in various tectonic settings: AcM, active 
continental margin; cIA, continental island arc; oIA, oceanic island arc; PcM, passive continental margin.
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compositionally mature sediments but were more likely 
derived from a source area that included volcanic material.

in their study of mainly major element chemical data for 
samples from the NW and SE parts of the Meguma terrane, 
White and Barr (2010) did not detect systematic changes 
in composition with stratigraphic position through the 
Goldenville and Halifax groups, suggesting that provenance 
did not change significantly over time. However, results 
from this study suggest that some trace elements and trace 
element ratios do show such variations. For example, using 
estimated age as an approximate measure of stratigraphic 
position, plots of age against la, Th, and la/Sc and Th/Sc, 
although scattered, all tend to increase up section (Fig. 7a–d).
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Figure 7. Plots of estimated sample age against (a) La, (b) Th, (c) La/sc, and Th/sc. Legend in (a) is the same as in (b) except 
no La data are available for older samples from the Eastern area. Legend in (c) is the same as in (d).

sm-Nd IsotoPIc coMPosItIoNs

Samples with estimated depositional ages between about 
530 Ma and 544 Ma occur only in the NW and SE areas (Fig. 
4). The eNd(t) numbers for those samples show a wide range 
from +0.89 to –6.67 (Fig. 8a). Although the overall pattern 
is obscured by three outlying samples b02, b03, and a06 
which have positive eNd(t), the remaining samples older than 
~530 Ma, although scattered, display a trend of increasingly 
negative eNd(t) with decreasing age. Among the younger 
samples (<530 Ma), including those from the eastern area 
where the stratigraphically lowest samples are estimated 
to have an age of ~520 Ma (Fig. 4), the eNd(t) ranges from 
-3 to -9.96, and a scattered trend of increasingly negative 
numbers with decreasing age is similarly present (Fig. 8a).

The corresponding plot of depleted mantle model ages 
against age also shows wide range, especially in the samples 
estimated to have an age of ~530 Ma or older, where TDM
varies 1.20 Ga to 1.86 (Fig. 8b). Among the younger samples 

(<530 Ma), the range in TDM is similar (1.63 to 2.22 Ga). 
Depleted-mantle model ages in sedimentary rock have 
no geological significance and represent an average of all 
the components in the source (e.g., Arndt and Goldstein 
1987). However, the data indicate that the sedimentary 
rocks contain increasing amounts of older, more evolved 
components with decreasing age, as also noted by 
Waldron et al. (2009) in a smaller subset of these data. 
The trend is also apparent on an expanded-scale plot of 
eNd(t) against age showing the Meguma terrane data in 
comparison with isotopic evolution of depleted mantle 
(DePaolo 1981) and various crustal units through time 
(Fig. 9a). Fields are shown for evolution of Neoproterozoic 
Pan-African granite and metamorphic rocks and Eburnean 
metamorphic rocks in Cameroon from Toteu et al. (2001), 
and for Amazonian Mesoproterozoic crust from Santos et 
al. (2008). Meguma terrane samples become increasingly 
negative with decreasing age, as is apparent in the curve 
in the sample data (Fig. 9a) that is consistent with an 
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increasing proportion of older (Mesoproterozoic) sediment. 
The pattern in the Meguma terrane samples is similar to that 
in the Cameroon Pan-African samples. The Pan-African 
field is similarly interpreted to be a result of mixing between 
relatively juvenile and older, more evolved sources (Toteu 
et al. 2001). However, unlike the Cameroon Pan-African 
samples, the sources for the Meguma terrane samples do 
not extend to ages as old as the Paleoproterozoic (Eburnean) 
sources for the Pan-African field (Fig. 9a). The mixing model 
is supported further by a plot of eNd(t) against Th/Sc ratio on 
which the samples fall on the mixing line between average 
island-arc andesite and average upper continental crust 
(Fig. 9b). They also plot in the field for deep-sea turbidites of 
both quartzose and non-quartzose composition deposited 
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Figure 8. Plots of (a) eNd(t) against estimated depositional 
age and (b) depleted mantle model age against estimated 
depositional age from Figure 4. Isotopic data for the 
Goldenville and Halifax groups are from table A1.

at active continental margins from Mclennan et al. (1990). 
Mclennan et al. (1990) interpreted these samples to reflect 
variable mixtures of younger arc-derived detritus and 
older upper continental crust sources. Unlike the deep-sea 
turbidite samples, the Meguma terrane samples do not show 
evidence for the involvement of older (Paleoproterozoic) 
crust, consistent with the data shown in Figure 9a.        

As shown by earlier work (e.g., Waldron et al. 2009; 
Pothier et al. 2015) additional evidence for increasing 
contribution of older crust with time in the sediment 
sources for the Goldenville and Halifax groups is provided 
by the detrital zircon age spectra (Fig. 10). Although no new 
detrital zircon data were obtained in this study, additional 
data from Henderson (2016) and White et al. (2018) have 
been added which were not available for the compilations 
by Waldron et al. (2009) and Pothier et al. (2015). Two 
additional spectra from the NW area from Henderson 
(2016), one from the lowermost part of the Church Point 
Formation (Fig. 10a) and one from the High Head member 
(Fig. 10c), confirm the results from those areas reported by 
Waldron et al. (2009). The samples contain almost entirely 
Neoproterozoic zircon grains with peaks in the Cryogenian 
and Ediacaran. Taking errors into account, the maximum 
depositional ages of 579 ± 7 Ma and 551 ± 8 Ma interpreted 
by Henderson (2016) are similar to those of Waldron et 
al. (2009) at 544 ± 18 Ma and 529 ± 19 Ma, respectively.

The spectrum obtained by Henderson (2016) for a sample 
from the Green Harbour Formation (Fig. 10e) is especially 
significant because it is the stratigraphically lowermost 
detrital zircon sample available from the SE area (Fig. 4). The 
spectrum includes the abundant Cryogenian and Ediacaran 
peaks seen in the older samples from the Church Point 
Formation but also includes a Tonian peak at 860 Ma and 
a Paleoproterozoic peak at ~2080 Ma (Fig. 10e). A similar 
Paleoproterozoic peak is seen in the sample from the upper 
part of the Church Point Formation in the NW area (Fig. 10f).

Henderson (2016) also reported an age spectrum from 
a sample from the Government Point Formation in the SE 
area (Fig. 10g), with results similar to those in a somewhat 
younger sample (Fig. 10h) reported by Waldron et al. 
(2009) but with more resolution of Paleoproterozoic (2075 
Ma) and Tonian (881 Ma) and Cryogenian-Ediacaran 
peaks. She interpreted a maximum depositional age of 
535 ± 5 Ma. Two samples from the overlying Halifax 
Group have similar signatures with more numerous 
Paleoproterozoic and Mesoproterozoic peaks (Fig. 10i, j).

The increased proportion of Paleoproterozoic and 
Mesoproterozoic zircon grains in these samples is 
consistent with the increasingly negative eNd(t) and 
older depleted mantle model ages (Fig. 8a, b) which 

dEtrItAL ZIrcoN AGEs
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Figure 9. Plots of (a) eNd(t) against estimated depositional age and (b)eNd(0) against th/sc ratio. In (a) fields for Nd isotopic 
evolution are shown from toteu et al. (2001) for Pan-African granite and metamorphic rocks and Eburnean high-grade 
metamorphic rocks from cameroon. Mesoproterozoic Amazonian crust is from santos et al. (2008). the depleted-mantle 
evolution curve is from the model of dePaolo et al. (1991). cHUr is chondrite uniform reservoir. diagram (b) is after 
McLennan et al. (1990) and shows the field for deep-sea turbidites (both quartzose and non-quartzose) deposited at active 
continental margins and derived from variable mixtures of younger arc-derived detritus and older upper continental crust 
sources. curved line shows mixing relationship between average island-arc andesite (dark grey circle) and upper continental 
crust (light grey circle). Meguma terrane samples follow that curve but do not show evidence for involvement of older crust, 
consistent with (a).
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suggest increased contributions of older material during 
sediment deposition. These results corroborate the trends 
reported by Waldron et al. (2009) based on fewer detrital 
zircon spectra and on Sm–Nd data. Eight detrital 
zircon spectra from the overlying Rockville Notch Group 
are also shown in Figure 4 and show patterns similar to 
those in the underlying Halifax and upper Goldenville 
groups, with mainly Cryogenian and Ediacaran peaks and 
scattered older peaks (Fig. 10k–r). The “Eburnian” peak at 
2000–2200 Ma in these profiles is generally interpreted to be 
consistent with West African provenance for Cambrian-
Devonian sediments deposited in the Meguma terrane 
(e.g., Krogh and Keppie 1990; Waldron et al. 2009; White 
et al. 2018). That peak persists to the exposed base of the 
Goldenville Group in the NW area, but it is weak (Fig. 10a).

dIscUssIoN

Deposition of the Goldenville and Halifax groups at an 
active continental margin, in basins within a Japan-type 
island arc with continental crust, or in a passive margin with 
volcanic rocks in the source area is suggested by the whole-
rock and trace-element chemical data presented here. These 
environments differ from the classical view of deposition of 
the Goldenville and Halifax groups at a continental passive 
margin of sediment derived from a quartz-rich continental 
source (e.g., Schenk 1971, 1981, 1991, 1995, 1997; Keppie 
and Krogh 1990; Romer et al. 2011). However, it is consistent 
with the conclusion of White and Barr (2010) that the 
petrographic and chemical characteristics of the sediments 
are the result of derivation from Pan-African orogenic belts 
containing recycled sediments from older cratons as well as 
juvenile material from igneous units in those belts.

The increasingly evolved eNd(t) isotopic signatures 
recorded in the samples are consistent with the continued 
addition of sediment derived from older, more evolved 
crust, or less addition of juvenile material from Pan African 
magmatism. However, the detrital zircon populations show 
that Neoproterozoic sources were dominant throughout 
deposition of the Goldenville and Halifax groups and 
Rockville Notch Group. The abundance of Eburnean zircon 
reaches a maximum in the upper Goldenville and Halifax 
groups, and then diminishes through the deposition of the 
Rockville Notch Group. This change is consistent with a 
model proposed by MacDonald et al. (2002) that bimodal 
magmatism in the Rockville Notch Group is indicative of 
rifting of the Meguma terrane from Gondwana, the likely 
source of Eburnean zircon. The almost complete absence of 
Mesoproterozoic zircon in most age spectra suggests that 
Amazonia was not the source area and external detritus was 
derived from the West African craton. Although the most 
negative eNd(t) values and depleted mantle model ages suggest 
that sediment was derived from Mesoproterozoic crust, 

that interpretation is not supported by the detrital zircon 
spectra. instead, the data suggest that the Mesoproterozoic 
model ages result from mixing of Paleoproterozoic and 
Neoproterozoic sources.

The evolutionary pattern could have resulted from erosion 
of a given crustal segment that progressively unroofed 
deeper and older levels, thereby generating an inverted 
stratigraphy in the resulting sedimentary basin (e.g., 
Ugidos et al. 2003). However, instead of vertical change, 
a lateral change of source is also likely to occur during 
the opening and evolution of a rift basin or rifted margin. 
The rift shoulders would be the major, relatively proximal 
contributors in the early stages, until removed by erosion 
and subsidence, thus allowing sediment transport from 
more distant and much more widespread sources located in 
the plate interior, through potentially extremely long river 
systems (e.g., Uguidos et al. 2003; Thomas et al. 2017).

Potential sources of sediment are numerous among the 
terranes that occurred at the periphery of the West African 
craton of Gondwana near Neoproterozoic-Cambrian 
transition. For example, Cadomia (e.g., linnemann et al. 
2014) contains ca. 2.0 Ga icartian basement and exposes 
a tectonic collage of units recording a complex, protracted 
igneous evolution from early ensimatic arc remnants at ca. 
750–630 Ma to continental arc magmatism at ca. 580 Ma 
and a crustal melting event and abundant granites at ca. 540 
Ma interpreted to reflect the final pulse of the Cadomian 
orogeny. Hence Cadomia as well as other Pan-African 
belts such as that in Cameroon (Fig. 9a) could have been 
the source of the lower Paleozoic sediments with an active 
margin or volcanic arc signature deposited on the Meguma 
terrane.

A similar pattern of Neoproterozoic-dominated detrital 
zircon populations and increasingly negative eNd(t) has also 
been documented in Avalonia in New Brunswick and Nova 
Scotia (Satkoski et al. 2010; Barr et al. 2012). However, 
Cambrian to early Ordovician sediments deposited in 
those areas contain a higher proportion of Mesoproterozoic 
zircon than the Goldenville and Halifax groups, and a 
less prominent Eburnean peak. Furthermore, Avalonia 
is generally viewed as an oceanic ribbon continent and 
unlikely to have provided the more than 13 km-thick (after 
lithification and metamorphism) pile of relatively uniform 
sediment that is represented by the exposed rocks of the 
Goldenville and Halifax groups. Hence Avalonia is a less 
likely contributor to the Goldenville and Halifax groups 
than Cadomia or other Pan-African belts combined with 
the landmass of the West African craton.

coNcLUsIoNS

Combined with improved understanding of stratigraphy in 
the eastern part of the Meguma terrane, the additional 
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RÉSUMÉ

Les suites ignées bimodales et les roches sédimentaires clastiques immatures connexes sont caractéristiques 
de nombreuses zones faillées d’échelle crustale à minéralisation aurifère orogénique à l’échelle planétaire. Dans 
l’orogenèse appalachienne du centre de Terre-Neuve, la ceinture du conglomérat du lac Rogerson et le bassin 
de Botwood sont des suites magmatiques contrôlées par des failles et des séquences de roches sédimentaires 
du Silurien tardif (du Wenlock au Pridoli), étroitement associées à une minéralisation aurifère orogénique; 
l’évolution spatio-temporelle de la déformation par failles et le magmatisme ainsi que la sédimentation connexe 
n’ont toutefois pas été tout à fait résolus.

U–Pb geochronology of Late Silurian (Wenlock to Pridoli) 
volcanic and sedimentary rocks, central Newfoundland 

Appalachians: targeting the timing of transient extension 
as a prelude to Devonian orogenic gold mineralization
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ABSTRACT

Bimodal igneous suites and associated immature clastic sedimentary rocks are characteristic of many orogenic 
gold-mineralized, crustal-scale fault zones globally. In the central Newfoundland Appalachian orogen, the 
Rogerson Lake Conglomerate belt and Botwood basin are Late Silurian (Wenlock to Pridoli), fault-controlled 
sedimentary rock sequences and magmatic suites closely associated with orogenic gold mineralization; however, the 
spatio-temporal evolution of faulting and associated sedimentation and magmatism are not fully resolved.

U–Pb zircon geochronological results were obtained by using an integrated approach employing LA-ICPMS 
(laser ablation-inductively coupled plasma mass spectrometry) followed by CA-ID-TIMS (chemical abrasion-
isotope dilution-thermal ionization mass spectrometry) on the same detrital samples. Using this approach, a 
maximum depositional age for sedimentary rocks of the Rogerson Lake Conglomerate sequence is 421.9 ± 1.0 
Ma (Pridoli), which confirms that they are younger than, and stratigraphically overlie, ca. 422–420 Ma igneous 
rocks exposed along the central Newfoundland gold belt. Towards the stratigraphic middle of the Botwood basin 
in north-central Newfoundland, a tuffite layer intercalated with graded siltstone produced a maximum depositional 
age of 427.9 ± 3.1 Ma (Wenlock; Homerian). The age of emplacement of an autobrecciated, flow-banded rhyolite 
dome of the Charles Lake volcanic belt along the northwestern Botwood basin is 429.3 ± 0.7 Ma (Wenlock; 
Homerian). The high-precision CA-ID-TIMS zircon data establish a clear link between Wenlock to Pridoli 
magmatism and sedimentation throughout central Newfoundland. Furthermore, these geochronological results are 
consistent with a structural model involving the southeastward (present-day coordinates) advancement of a transient 
extensional fault system across strike of the Exploits Subzone between ca. 429 and 418 Ma, with propagation along 
strike to the southwest (Rogerson Lake Conglomerate belt) between ca. 422 and 418 Ma. Extensional faulting may 
have contributed to basin formation, subsidence, and exhumation of pre-Late Silurian rocks of the Exploits Subzone.

Time-transgressive, extension-related magmatism and clastic sedimentation appear to mark the transition 
between the Salinic and Acadian orogenic cycles along the central Newfoundland gold belt. Transient Wenlock to 
Pridoli lithospheric extension may have been important for increasing heat and fluid flow in the crust as a prelude to 
Devonian crustal thickening, fluid focussing, and orogenic gold mineralization.

doi:10.4138/atlgeo.2022.009ATLANTIC GEOSCIENCE 58, 215–237 (2022) 
2564-2987|22|0215–0237$4.45|0
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INTRODUCTION

Fault-controlled magmatic suites and upper-crustal, im-
mature clastic sedimentary rock sequences containing pan-
els of polymict conglomerate are characteristic of many oro-
genic gold-mineralized fault systems globally (e.g., Hodgson 
1993; Evans 1996; Poulsen et al. 2000; Bleeker 2002). Such 
rock sequences are not only key targets for gold explora-
tion, but also provide records of fault zone dynamics that 
drive gold mineralization events (e.g., Bleeker 2012, 2015). 
Accordingly, constraining the setting, age, and process evo-
lution of igneous and clastic sedimentary rocks associated 
with orogenic gold mineralization is essential for under-
standing the controls on mineralization.

In the central Newfoundland Appalachians, an ap-
proximately 400 km-long system of crustal-scale, north-
east-southwest trending fault zones of the Exploits Subzone 
(Dunnage Zone) are delineated by post-Ordovician mag-
matic suites and immature clastic sedimentary rock se-
quences and closely associated orogenic gold mineralization 
(Figs. 1 and 2; Tuach et al. 1988; Tuach 1992; Evans 1996; 
Wardle 2005). The setting, timing, and associated faulting 
processes in this mineralized terrane are not fully under-
stood because outcrop is sparse and gold-focussed explora-
tion in areas of little outcrop has a relatively short history 
(~35 years, see Sandeman et al. this volume). The processes 
of polyphase fault reactivation that control orogenic gold 
mineralization, for example, are only beginning to be con-
strained (Figs. 1 and 2; Willner et al. 2018, 2022; Honsberger 
et al. 2022). Additionally, the occurrence of extension-relat-
ed Silurian basins in central and western Newfoundland 
with strongly bimodal magmatic suites and clastic sedi-
mentary rock sequences (Fig. 1; Colman-Sadd et al. 1990; 

Kusky and Kidd 1996; O’Brien 2003; Whalen et al. 2006) is 
in contrast to compressional deformational structures doc-
umented throughout the Dunnage Zone (e.g., Karlstrom et 
al. 1982; Valverde-Vaquero et al. 2006; van Staal and Barr 
2012). Accordingly, some workers have interpreted these 
Silurian basin rocks to have formed during thrusting (e.g., 
Karlstrom et al. 1982; van Staal et al. 2014), whereas others 
considered such sequences to represent pull-apart basins 
related to protracted strike-slip motion (Kusky et al. 1987; 
Buchan and Hodych 1992; Kusky and Kidd 1996; O’Brien 
2003). To resolve such discrepancies related to the Silurian 
tectonic evolution of central Newfoundland, stratigraphic, 
structural, geochemical, and geochronological data must 
be integrated. High-precision geochronological data are 
particularly useful in the Exploits Subzone because of rapid 
transitions (<5 million years) between deformational events 
and tectonic environments spanning the Salinic (Late Siluri-
an) and Acadian (Early Devonian) orogenic cycles (e.g., van 
Staal et al. 2014).

In the present investigation, regional field observations, 
targeted geochronology sampling, and integrated LA-ICPMS 
and CA-ID-TIMS U–Pb zircon geochronological analyses 
of volcanic and sedimentary rocks establish the spatio- 
temporal dynamics of Wenlock to Pridoli extensional fault-
ing in central Newfoundland, which may have been the op-
erative process marking the transition between the Salinic 
and Acadian orogenic cycles. Silurian clastic sedimentary 
rocks in central Newfoundland were the subjects of a previ-
ous U–Pb LA-ICPMS geochronological study (Pollock et al. 
2007) and, as well, one sample of these rocks was analyzed 
as part of a combined U–Pb-Hf isotopic study (Hender-
son et al. 2018). These previous investigations focussed on  
detrital zircon provenance but maximum depositional and

On a obtenu des résultats géochronologiques U–Pb sur zircon au moyen d’une approche intégrée employant 
l’ablation par laser et la spectrométrie de masse avec plasma à couplage inductif (LA-ICPMS), suivies d’une 
analyse par abrasion chimique, par dilution isotopique et par spectrométrie de masse à thermoionisation (CA-ID-
TIMS) des mêmes échantillons détritiques. Selon cette approche, l’âge maximal de sédimentation de la séquence 
de conglomérat du lac Rogerson est de 421,9 ± 1,0 Ma (Pridoli), ce qui confirme qu’elle est plus récente et qu’elle 
recouvre stratigraphiquement les roches ignées d’environ 422 à 420 Ma affleurant le long de la ceinture aurifère du 
centre de Terre-Neuve. Vers le milieu stratigraphique du bassin de Botwood dans le centre-nord de Terre-Neuve, 
une couche de tuffite interlitée de siltite granoclassée a produit un âge de sédimentation maximal de 427,9 ± 3,1 Ma 
(Wenlock, Homérien). L’âge de mise en place d’un dôme de rhyolite à rubanement de coulée, autobréchifié, de la 
ceinture volcanique du lac Charles le long du nord-ouest du bassin de Botwood est de 429,3 ± 0,7 Ma (Wenlock, 
Homérien). Les données de datation sur zircon par CA-ID-TIMS haute précision établissent un lien clair entre 
le magmatisme du Wenlock au Pridoli et la sédimentation partout dans le centre de Terre-Neuve. De plus, 
ces résultats chronologiques correspondent à un modèle structural présumant un avancement vers le sud-est 
(coordonnées actuelles) d’un système de failles d’extension transitoire en travers de l’orientation longitudinale 
de la sous-zone Exploits entre environ 429 et 418 Ma, avec une propagation le long de l’axe longitudinal vers le 
sud-ouest (ceinture du conglomérat du lac Rogerson) entre 422 et 418 Ma. La déformation par failles d’extension 
pourrait avoir contribué à la formation du bassin, à l’affaissement et à l’exhumation des roches préalables au 
Silurien tardif de la sous-zone Exploits.

Le magmatisme apparenté à l’extension, transgressif au fil du temps, et la sédimentation clastique semblent 
marquer la transition entre les cycles orogénique, salinique et acadien le long de la ceinture aurifère du centre de 
Terre-Neuve. L’extension lithosphérique transitoire du Wenlock au Pridoli pourrait s’être avérée importante pour 
accroître la chaleur et la circulation des fluides dans la croûte en guise de prélude à l’épaississement de la croûte, à 
la concentration des fluides et à la minéralisation aurifère orogénique du Dévonien.

[Traduit par la redaction]
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crystallization ages for the sedimentary and igneous 
rocks were not determined more precisely by CA-ID-TIMS. 
Absolute minimum ages of deposition for clastic sedimen-
tary rocks in central Newfoundland have been estimated 
from U–Pb rutile and 40Ar/39Ar white mica ages of ca. 410 
Ma (Honsberger et al. 2022) and ca. 390 Ma (Willner et al. 
2018), respectively, in quartz veins that cut polymict con-
glomerate (Rogerson Lake Conglomerate).

GEOLOGICAL SETTING

The island of Newfoundland exposes Mesoproterozoic to 
Ordovician accretionary terranes from four fault-bounded 
tectonostratigraphic zones of the northern Appalachian 
orogen: Humber, Dunnage (Notre Dame and Exploits sub-
zones), Gander, and Avalon zones (Fig. 1; Williams 1978; 
Williams et al. 1988). Orogenic gold mineralization in cen-
tral Newfoundland, however, is not structurally controlled  
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Figure 1. Simplified geologic map of the island of Newfoundland showing major fault zones, post-Ordovician magmatic 
and sedimentary rocks, and select gold-mineralized zones and historic volcanogenic massive sulfide (VMS) mines (mod-
ified from Colman-Sadd et al. 1990). Blue lines delineate polyphase fault zones that separate the tectonostratigraphic 
zones defined by Williams (1978), Williams et al. (1988), and Hibbard et al. (2006). The names of the boundary fault 
zones (blue lines) are labelled with blue text. The red lines with red text are fault/shear zones that occur internal to the 
tectonostratigraphic zones. Red text along blue lines is the name of the fault/shear zone that reactivates and overprints the 
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lithofacies map of the northern Appalachian orogen based on Williams (1978) and Hibbard et al. (2006).
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sensu stricto by the fault zones that separate the tectonos-
tratigraphic zones. Instead, gold mineralization is hosted 
along younger fault/shear zones that overprint, reactivate, 
and crosscut older stratigraphy and tectonostratigraph-
ic zone boundaries (Figs. 1 and 2; e.g., Honsberger et al. 
2022). In the Exploits Subzone (Fig. 2), for example, gold 
mineralization occurs along a Devonian crustal-scale thrust 
fault system that imbricates Gander Zone basement of 
the Meelpaeg Subzone and Ordovician Exploits Subzone 
rocks (Kean and Jayasinghe 1980; Colman-Sadd et al. 1990; 
Honsberger et al. 2022). This fault system corresponds to 
the Acadian deformation front and includes the regionally  

extensive, southeast-dipping Victoria Lake Shear Zone 
(Valverde-Vaquero et al. 2006), which correlates with Noel 
Paul’s Line (Williams et al. 1988; Valverde-Vaquero and van 
Staal 2002), a local boundary in central Newfoundland that 
separates rocks of the Dunnage and Gander zones. Accord-
ingly, a northwest-dipping Salinic suture zone representing 
the Dunnage-Gander boundary (e.g., van Staal et al. 2014) is 
not preserved in central Newfoundland because it was over-
printed by Devonian thrusts during far-field compression 
associated with the Acadian orogenic cycle (e.g., Valverde- 
Vaquero et al. 2006). Northwest-dipping structures along 
the central Newfoundland gold belt are associated with  
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Devonian deformation and include the Valentine Lake 
Shear Zone, which hosts an approximately five-million-
ounce orogenic gold deposit at Valentine Lake (Dunsworth 
and Walford 2018; Lincoln et al. 2018; Figs. 1 and 2).

The pre-Silurian terranes of the Exploits Subzone (Fig. 
2) consist of Neoproterozoic magmatic suites (ca. 565 Ma
Valentine Lake and Crippleback Lake intrusive suites) and
overlying Cambrian to Ordovician, volcano-sedimentary
assemblages of the Penobscot and Popelogan-Victoria arc
and backarc systems including the Victoria Lake Super-
group and correlatives (Kean and Evans 1988; Evans et al.
1990; O’Brien 2003; Rogers et al. 2006). Accretion of pre-
Silurian rocks in the Exploits Subzone to composite Lau-
rentia along the Laurentia-Gondwana suture zone or “Me-
kwe’jit Line” (see White and Waldron 2022; Sandeman et al.
this volume) began in the Late Ordovician during the third
and final phase of the Taconic orogenic cycle (Zagorevski et
al. 2007; van Staal and Barr 2012). The subsequent initiation
of subduction of the Tetagouche-Exploits backarc basin be-
neath composite Laurentia (Salinic orogenic cycle) was then
accompanied by deposition of overlying Late Ordovician—
Early Silurian black and grey shale and turbiditic forearc
sequences of the Badger Group (Fig. 2; Colman-Sadd et al.
1990; O’Brien 2003; van Staal and Barr 2012; Waldron et al.
2012). The terminal Salinic suture zone (ca. 435 Ma, van Sta-
al et al. 2014) is interpreted to correspond to the Dog Bay
Line in north-central Newfoundland (Figs. 1 and 2; Wil-
liams 1993; Williams et al. 1993; Pollock et al. 2007). How-
ever, detailed local and regional field-based observations in-
dicate that the Dog Bay Line sensu stricto is a post-Salinic,
southeast-dipping zone of strong deformation associated
with the Acadian orogenic cycle (Dickson 2006; Dickson et
al. 2007; Sandeman 2021). This implies that the precise trace
of the northwest-dipping Salinic suture is not well defined
in the field because it was overprinted by Devonian defor-
mation along the southeast-dipping Dog Bay Line (i.e., Dog
Bay fault, Sandeman 2021), which is the preferred interpre-
tation herein.

In central Newfoundland, Wenlock to Pridoli bimodal 
igneous rocks and associated polymict conglomerate and 
arenitic sandstone of the Rogerson Lake Conglomerate se-
quence (Kean and Jayasinghe 1980) are juxtaposed against, 
and nonconformably overlie, Neoproterozoic tonalite, 
trondhjemite, and granodiorite basement (±mafic dykes) 
of the Valentine Lake and Crippleback Lake intrusive suites 
(Colman-Sadd et al. 1990; van Staal et al. 2005; Figs. 2–4). 
The gold-mineralized Rogerson Lake Conglomerate is the 
diagnostic immature clastic sedimentary rock that delin-
eates the structurally controlled central Newfoundland gold 
belt (Fig. 2; Evans 1996; Wardle 2005). This polymict con-
glomerate (±intercalated grey to pinkish sandstone) ranges 
from unmetamorphosed to lower greenschist facies and is 
purplish-grey to grey, poorly sorted and clast supported, and 
contains locally-sourced, deformed to undeformed, pebble 
to cobble-sized clasts of felsic and mafic igneous rocks, sand-
stone, siltstone, shale, and jasper, within a matrix of sand, 
silt, and clay (Kean and Jayasinghe 1980; Valverde-Vaquero 

and van Staal 2002; Rogers et al. 2005; Pollock et al. 2007; 
Honsberger et al. 2019). The purplish-red jasper clasts are 
distinctive and suggestive of an Early Ordovician ironstone 
source similar to that now exposed on Bell Island offshore 
the Avalon Peninsula (Fig. 1; Todd et al. 2018). The Roger-
son Lake Conglomerate is imbricated with ca. 422 Ma felsic 
volcanic and volcaniclastic rocks, granitoid and gabbro bod-
ies, and is locally cut by lower greenschist facies mafic dykes 
(Honsberger et al. 2019, 2020). The Neoproterozoic to Late 
Silurian rocks in central Newfoundland are cut by orogenic 
gold-bearing quartz vein systems that define the main min-
eral resource of the central Newfoundland gold belt (Evans 
1996; Honsberger et al. 2022).

 Northeast along strike of the Rogerson Lake Conglom-
erate belt, related clastic sedimentary rocks of the Botwood 
Group (Williams 1962) occur in the Botwood basin (Figs. 1 
and 2; Kusky et al. 1987; O’Brien 2003). Sedimentary rocks 
of the Botwood Group include gold-mineralized, grey, 
green, and red sandstone and siltstone intercalated with fel-
sic tuff (Wigwam Formation; O’Brien 1993; Colman-Sadd 
1994; Williams et al. 1995; Dickson et al. 2000). Magmatic 
rocks associated with the Botwood Group include: the ca. 
424–418 Ma bimodal Mount Peyton Intrusive Suite (Strong 
1979; Blackwood 1982; Strong and Dupuy 1982; Dickson 
1993; Sandeman et al. 2017); the ca. 422 Ma Laurenceton 
and Stony Lake volcanic rocks and equivalents (Williams 
1972; Colman-Sadd et al. 1990; Dunning et al. 1990; McNi-
coll et al. 2006; van Staal et al. 2014; Honsberger et al. 2022); 
the ca. 422 volcanic rocks and dykes of the composite Fogo 
Island Intrusive Suite (Elliot et al. 1991; Sandeman and 
Malpas 1995; Kerr 2013; Donaldson et al. 2015), and ca. 
420 monzonite intrusions (Fig. 2; Honsberger et al. 2020). 
Carbonate-bearing and fossiliferous sandstone and siltstone 
sequences of the Indian Islands Group (Boyce and Dickson 
2006; Dickson 2006; Dickson et al. 2007) comprise the rocks 
of the easternmost Botwood basin. Some workers interpret 
these sedimentary rocks to represent peri-Gondwanan detri-
tal sediments deposited exclusively on the Ganderian side of 
the Salinic suture zone (Williams 1993; Williams et al. 1993; 
Currie 1995; Pollock et al. 2007), whereas others have ques-
tioned their lithologic distinction from similar but fossil- 
poor clastic sedimentary rocks of the adjacent Botwood 
Group (Dickson 2006; Dickson et al. 2007).

Northwest of the Botwood Group, the Hodges Hill In-
trusive Suite, which represents a slightly older pulse of Late 
Silurian magmatism (ca. 429 to 426 Ma; Whalen et al. 1997, 
2006; Dickson 1999, 2000; van Staal et al. 2014; G. Dunning, 
personal communication 2021), crosscuts the Mekwe’jit 
Line (Figs. 1 and 2; Colman-Sadd et al. 1990). The Hodges  
Hill Intrusive Suite comprises granitic to gabbroic units 
that are cut by intermediate and mafic dykes and intrudes, 
in the east, contemporaneous bimodal volcanic rocks of the 
Charles Lake volcanic belt (Figs. 1 and 2; Dickson 1999, 
2000). Slightly older, Late Silurian (ca. 429–426 Ma) mag-
matic and clastic sedimentary rocks of the Topsails Intrusive 
Suite and Springdale Group (Chandler et al. 1987; Whalen et 
al. 1997, 2006), respectively, occur farther northwest and are 
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associated with Latest Silurian to Devonian gold mineral-
ization along fault splays of the Baie Verte – Brompton Line 
(Fig. 1; Evans 2004). Southeast of the central Newfoundland 
gold belt, Cambrian to Ordovician metamorphic terranes of 
the Gander Zone are uplifted along Early Devonian, Acadi-
an thrust faults and intruded by Early to Middle Devonian 
granitoid rocks (Fig. 2; Colman-Sadd et al. 1990; Kerr 1997; 
Valverde-Vaquero et al. 2006).

STRUCTURAL CONTEXT

The central Newfoundland gold belt is hosted within a 
cross-sectional triangle zone-like structural domain that is 
bounded by southeast- and northwest-dipping imbricated 
fault/shear zones and an inferred, relatively flat-lying, blind 
detachment fault at depth (Figs. 2–4; van der Velden et al. 
2004; van Staal and Barr 2012; Honsberger et al. 2020, 2022; 

Figure 3. Cross-section interpretation along A-A′ (see Fig. 2). The black star marks the location of the Rogerson Lake 
Conglomerate sandstone (BNB18-IHNL-072) that was sampled for LA-ICPMS and CA-ID-TIMS U–Pb detrital zircon geo-
chronology. Gold mineralization (yellow circles and orange lines on section) represent the Wilding Lake prospect. Pictures 
are as follows: A) Rogerson Lake Conglomerate sandstone geochronology sample BNB18-IHNL-072; B) Strongly deformed 
and gold-mineralized Rogerson Lake Conglomerate; C) Relatively undeformed Rogerson Lake Conglomerate.
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-mineralized Valentine Lake Shear Zone (Figs. 2 and 3;
Dunsworth and Walford 2018; Lincoln et al. 2018). These
fault/shear zones were active from at least the Late Silurian
to the Early Devonian as the Meelpaeg nappe (Ganderian

Bleeker and Honsberger 2022). The southeast-dipping fault/
shear zones include the Victoria Lake Shear Zone and Wood 
Brook Fault Zone (Valverde-Vaquero et al. 2006), whereas 
the northwest-dipping structures include the orogenic  gold

Figure 4. Cross-section interpretation along B-B′ (see Fig. 2). Geochronology sample locations are projected horizontally 
onto the line of section and are marked by black and white stars. The black star marks the location of the felsic tuffite sam-
ple (BNB19-IHNL-291) analyzed by both LA-ICPMS and CA-ID-TIMS U–Pb zircon geochronology, whereas the white 
star marks the location of the flow-banded rhyolite sample (BNB18-IHNL-092) analyzed only for CA-ID-TIMS U–Pb 
geochronology. Gold mineralization (yellow circle on section) represents the Moosehead prospect. Pictures are as follows: 
A) Flow-banded rhyolite geochronology sample BNB18-IHNL-092; B) Felsic tuffite outcrop sampled for geochronology;
C) Felsic tuffite geochronology sample BNB19-IHNL-291.
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deformation front) advanced to the northwest as a result 
of far-field collision of Avalonia with composite Laurentia 
during the Acadian orogenic cycle (Valverde-Vaquero et al. 
2006; van Staal and Barr 2012).

At Valentine Lake, the Valentine Lake Shear Zone cross-
cuts, uplifts, and juxtaposes the Valentine Lake Intrusive 
Suite against the Rogerson Lake Conglomerate in the over-
all footwall of the Victoria Lake Shear Zone (Figs. 2 and 3; 
Honsberger et al. 2020). The Valentine Lake gold deposit is 
hosted within structurally controlled, fault-fill and exten-
sional quartz vein systems that emanate from the Valentine 
Lake Shear Zone and crosscut the Valentine Lake Intrusive 
Suite (Lincoln et al. 2018). Approximately 30 km northeast 
of the Valentine Lake deposit, gold-mineralized quartz veins 
of the Wilding Lake gold prospect form offshoots of the 
Wood Brook Fault Zone and cut southeast-younging stra-
tigraphy of the Rogerson Lake Conglomerate sequence (Fig. 
3; Honsberger et al. 2019). The Valentine Lake Shear Zone 
structure extends farther to the northeast along the north-
western boundary of the Crippleback Lake Intrusive Suite 
before merging with the Northern Arm Fault (Figs. 1 and 
2), a zone of protracted, oblique dextral strike-slip faulting 
that marks the northwestern margin of the Botwood basin 
(Kusky et al. 1987; Colman-Sadd et al. 1990; O’Brien 2003).

The northeastern extension of the Victoria Lake Shear 
Zone system is the Great Burnt Lake Shear Zone, which up-
lifts Ganderian rocks of the Mount Cormack Complex and 
buries sandstone-siltstone sequences and monzonite intru-
sions of the southern Botwood basin (Fig. 2; Colman-Sadd 
1980, 1985; Dec and Colman-Sadd 1990; Valverde-Vaquero 
et al. 2006; Honsberger et al. 2020, 2022). Farther northeast 
in the Botwood basin, the gold-mineralized Mount Peyton 
Intrusive Suite is bounded by southeast-dipping fault zones; 
a thrust fault system to the northwest, which we hereby 
name the “Botwood Basin Fault Zone”, and a thrust struc-
ture to the southeast that may correlate with the Dog Bay 
Line in north-central Newfoundland (Figs. 2 and 4; Dick-
son et al. 2000; O’Brien 2003). In the overall footwall of the 
“Botwood Basin Fault Zone”, orogenic gold mineralization 
of the Moosehead prospect is hosted within sandstones and 
siltstones (±mafic dykes) of the Wigwam Formation (Fig. 4; 
Froude 2021; Sandeman et al. this volume). A southeast-dip-
ping fault zone bounds the southeastern-most contact of 
the Botwood Group, in contrast to the presumably north-
west- to west-dipping fault trace of the Gander River Com-
plex (Blackwood 1982; Miller 1988; O’Neill and Blackwood 
1989), which delineates a peri-Ganderian, Cambro-Ordovi-
cian ophiolite tract that separates rocks of the Dunnage and 
Gander zones (Figs. 1–4; Colman-Sadd et al. 1990; van Staal 
and Barr 2012).

U–PB GEOCHRONOLOGY SAMPLING

  In order to constrain the spatio-temporal history of 
faulting, magmatism, and sedimentation along the central 
Newfoundland gold belt, sampling for geochronological 

analysis was undertaken in the Rogerson Lake Conglom-
erate belt and Botwood basin (Figs. 1–4). In the Rogerson 
Lake Conglomerate belt, a sample of fresh, pink-grey,  
medium-grained, muscovitic sandstone containing local 
heavy mineral laminae and conformably overlying polymict 
conglomerate was processed for detrital zircon to be ana-
lyzed by LA-ICPMS and follow-up CA-ID-TIMS U–Pb dat-
ing methods. The same analytical approach was applied to a 
reworked felsic tuff (i.e., tuffite) intercalated with graded, 
muscovitic siltstone beds of the Wigwam Formation along 
the limb of a local anticline in the Botwood basin. The tuffite is 
a distinctive ~5 to 10 cm, yellowish-beige coloured layer in 
the field that contains medium-grained and angular epi-
clastic quartz and feldspar fragments (Fig. 4). An autobrec-
ciated, flow-banded rhyolite dome of the Charles Lake vol-
canic belt adjacent to the Northern Arm Fault near Grand 
Falls, and along the northwestern margin of the Botwood 
basin, was sampled for direct CA-ID-TIMS dating of zircon 
to examine magmatic linkages with the felsic tuffite sample. 
UTM coordinates for geochronology samples are given in 
Supplementary data Tables S1 and S2 (see footnote 1).

ANALYTICAL METHODS

Laser ablation-inductively coupled 
plasma mass spectrometry

Following crushing and pulverization, initial separation of 
heavy minerals occurred on a Wilfley table, with sub-
sequent paramagnetic and density separations performed, 
respectively, with a Frantz isodynamic separator and using 
methylene iodide. The freshest, least cracked zircon grains 
were hand picked under a binocular microscope with inci-
dent light (Fig. 5). Zircon grains from the sandstone sample 
(BNB18-IHNL-072) were annealed prior to analysis (Mat-
tinson 2005), whereas zircon grains from the tuffite sample 
(BNB19-IHNL-291) were not pre-treated.

Grains were mounted on sticky tape and partially ab-
lated using a 193 nm New Wave excimer laser and an Ag-
ilent 7900 inductively coupled plasma mass spectrometer. 
Depending on the sample, the laser generally operated at 5 
Hz and about 5 J/cm2 fluence with typical beam diame-ter of 
20–30 microns. Data were collected on 88Sr (10 ms) 206Pb 
(30 ms) 207Pb (70 ms) 232Th (10 ms) and 238U (20 ms). 
Prior to analysis, spots were pre-ablated with a larger beam  
diameter for 2 s (10 pulses) to clean the surface. Following a 
10 s period of baseline accumulation, the laser sampling 
beam was turned on and data were collected for 25 s before 
a washout period that preceded the next spot analysis. 
About 150 measurement cycles per sample were accumu-
lated and resulting ablation pits are about 15 microns deep. 

1Supplemental Data. Table S1 and S2. Please visit https://
journals.lib.unb.ca/index.php/ag/article/view/32815/1882528251 and 
https://journals.lib.unb.ca/index.php/ag/article/
view/32815/1882528252 to access the supplementary material 
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topic composition of the common Pb contaminant. 88Sr 
in zircon was monitored in order to detect intersection of 
the beam with zones of alteration or inclusions, and data 
showing high Sr or irregular time resolved profiles were 
either  averaged over restricted Sr-free time windows or 
rejected. The Th/U ratio of zircon was calculated using the 
208Pb/206Pb ratio and the 207Pb/206Pb age. This is more accuate 
 than measuring the Th/U ratio directly because Th+ yield is 
strongly biased by oxidation in the plasma and, as well, 
the Th/U  ratio in the standard available to correct the bias 
is not constant. Low Th/U (<0.1) is characteristic of meta-
morphic and hydrothermal zircon, whereas most zircon 
crystallized from felsic melts has Th/U in the range 0.1–1.0.

Two zircon standards were analysed: one from a quartz 
diorite from the Marmion batholith in northwest Ontario 
(DD85-17), which is dated at 3002 ± 2 Ma by ID-TIMS 
(Tomlinson et al. 2003); and one from a monzodiorite from 
the Pontiac province of Quebec (DD91-1) dated at 2682 ± 1 
Ma (Davis 2002). Sets of four sample measurements are 
bracketed by measurements of DD85-17. DD91-1 was used as 
a secondary standard. Differences between standards were 
time interpolated when correcting sample measurements. 
Average age errors noted in the text, and error ellipses in 
Figures 6 and 7, are expressed at 2σ (twice the 1σ errors in 
Supplementary data Table S1 (see footnote 1).  Ages and 
errors were calculated and plotted using the Isoplot 
program of Ludwig (1998, 2003). MSWD (mean square of 
weighted deviations) are expected to be around 1 or slightly 
higher with correctly chosen analytical errors for 207Pb/206Pb 
ages if the age population is unimodal. Pb/U errors do not 
include possible  biases from  compositional differences 
between samples and standard, therefore scatter above and 
below concordia may be pronounced. Uranium decay 
constants are taken from Jaffey et al. (1971).

Chemical abrasion-isotope dilution-thermal 
ionization mass spectrometry

Prior to analyses, zircon crystals were thermally annealed 
and chemically etched (‘chemically abraded’), which 
provides penetrative removal of alteration zones where Pb 
loss has occurred and generally improves concordance 
(Mattinson 2005). These zones correlate with high U zones 
that have suffered radiation damage prior to alteration. The 
pre-treatment involved placing zircon grains in a muffle 
furnace at ~900°C for ~24–60 hours to repair radiation 
damage and anneal the crystal lattice, followed by a modified 
single-step partial dissolution procedure in ~0.10 ml of 
~50% HF and 0.020 ml 7N HNO3 in Teflon dissolution 
vessels at 200°C for 3–8 hours. Zircon grains were rinsed 
with 8N HNO3 at room temperature prior to dissolution. A 
205Pb-233–235U spike or 202–205Pb-233–235U spike (EARTHTIME 
community tracers) was added to the Teflon dissolution 
capsules during sample loading. The zircon grains were 
dissolved using ~0.10 ml of concentrated HF acid and ~0.02 
ml of 7N HNO3 at 200°C for 3–5 days, then dried to a 
precipitate and re-dissolved in ~0.15 ml of 3N HCl overnight 

(a)

(b)

(c)

Figure 5. Images of representative zircon crystals analyzed 
for LA-ICPMS and CA-ID-TIMS U–Pb geochronology.  
(a) BNB18-IHNL-072, whole grains; (b) BNB19-
IHNL-291, whole grains; (c) BNB18-IHNL-092, polished
grains (CA-ID-TIMS only). Images were taken with a
binocular microscope with incident light.

   Data were edited and reduced using custom VBA soft-
ware (UtilLAZ program) written by D. W. Davis, University 
of Toronto. 206Pb/238U ratios showed increasing fractionation 
throughout zircon runs caused by loss of refractory U with 
increasing penetration depth. No corrections were made for 
common Pb because the 204Pb peak is too small to be mea-
sured precisely. If present, common Pb would have the effect 
of pushing data to the right of the concordia curve along a 
shallow mixing line with the slope determined by the iso-
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measuring system for Pb and U was 16 and 14 ns, respect-
ively. The mass discrimination correction for the Daly de-
tector is constant at 0.05% per atomic mass unit. Amplifier 
gains and Daly characteristics were moni-tored using the 
SRM 982 Pb standard. Thermal mass discrimination correc-
tions are 0.10% per atomic mass unit. Decay constants are 
those of Jaffey et al. (1971). All age errors quoted in the text 
and table, and error ellipses in the concordia diagrams, are 
expressed at the 95% confidence interval. Plotting and age 
calculations used Isoplot 3.00 (Ludwig 2003).

(Krogh 1973). U and Pb were isolated from zircon using 50 μl 
anion exchange columns with HCl, dried to a small droplet in 
H3PO4, deposited onto outgassed rhenium filaments with silica 
gel (Gerstenberger  and Haase 1997), and analyzed with a 
VG354 mass spectrometer at the University of Toronto (Jack 
Satterly Geochronology Laboratory) using a Daly detector in 
pulse counting mode. Corrections to the 206Pb-238U ages for 
initial 203Th disequilibrium in the zircon have been made 
assuming a Th/U ratio in the magma of 4.2. All common Pb 
was assigned to procedural Pb blank. Overall dead time of the 

Figure 6. U–Pb LA-ICPMS geochronological results for zircon. (a) Concordia plot showing U–Pb LA-ICPMS isotopic data 
on annealed whole-grain zircon (N=46) from Rogerson Lake Conglomerate sandstone sample BNB18-IHNL-072. The inset 
shows the youngest grains (red ellipses) t hat give a mean 207Pb/206Pb age of 453 ± 18 (MSWD=0.66, N=9). Black ellipses 
represent data that are not included in the age estimates;  (b) Relative probability  density plot of 207Pb/208Pb ages on annealed 
whole-grain zircon from Rogerson Lake Conglomerate sandstone sample BNB18-IHNL-072; (c) Concordia plot showing all 
U–Pb LA-ICPMS isotopic data (N=90)  and, as well, data for the 19 youngest whole-grain zircons (inset) from felsic tuffite 
sample BNB19-IHNL-291. The red ellipses represent data for the younger population and give a mean 207Pb/206Pb age of 443 
± 26 (MSWD=0.8, N=6). The blue ellipses represent data for the older population and give a mean 207Pb/206Pb age of 499 ± 15 
(MSWD=1.0, N=14). The black ellipses represent data that are not included in the age estimates; (d) Relative probability 
density plot of 207Pb/206Pb ages on whole-grain zircons from felsic tuffite BNB19-IHNL-291. Note: all error ellipses are 2σ. 
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from 820 to 1695 Ma (Figs. 6c and d). The six oldest detrital 
zircon grains range from 1873 to 2867 Ma. The nineteen 
youngest grains show a bimodal age distribution 
(Supplementary data Table S1 - see footnote 1) (Figs. 6c and d). 
Applying the Unmix Ages utility in Isoplot (Sambridge and 
Compston 1994), gives LA-ICPMS 207Pb/206Pb age estimates of 
443 ± 26 Ma (30%) and 498 ± 15 Ma (70%) under the 
assumption that there are just two age populations, 
whereas the 206Pb/238U ages of the nineteen youngest 
grains range from 422 to 498 Ma and correspond to Unmix 
ages of 439 ± 3 Ma (37%) and 480 ± 2 Ma (63%) 
(Supplementary data Table S1 - see footnote 1) (Fig. 6c).

Four of the youngest, fresh zircon grains numbered 22, 
46, 71, and 72 give concordant CA-ID-TIMS 206Pb/238U dates 
of 470.8 ± 1.7 Ma (grain 46), 443.7 ± 6.0 Ma (grain 72), 438.0 
± 0.9 Ma (grain 22), and 427.9 ± 3.1 Ma (grain 71) (Supple-
mentary data Table S2 - see footnote 1) (Figs. 7c and d). 
The youngest grain at 427.9 ± 3.1 Ma provides a maximum 
age for the time of deposition of the felsic tuff, with 
minor physical reworking (and mixing) into tuffite 
soon thereafter.

BNB18-IHNL-092: Rhyolite dome, 
Charles Lake volcanic belt

A range in concordant 206Pb–238U dates from 458 Ma to 
429 Ma was determined from ten CA-ID-TIMS zircon grain 
analyses (Supplementary data Table S2 - see footnote 1) (Fig. 
7e). A single result is 458.2 ± 2.7 Ma (Z1), data for three 
zircon analyses cluster at 438–437 Ma (Z2-4), three cluster 
at 434–433 Ma (Z5-7), and the youngest three data overlap 
with a weighted mean age of 429.3 ± 0.7 Ma (Z8-10). This 
latter date is interpreted as a maximum age for emplacement 
of the rhyolite. It is apparent from the results that there was a 
significant xenocrystic and/or antecrystic zircon component 
acquired at the magma source or during emplacement.

DISCUSSION

One of the biggest challenges to interpreting Silurian fault 
zone histories in central Newfoundland is that compression 
and strike-slip associated with Devonian to Carboniferous 
orogenesis overprint Silurian structures (e.g., van Staal and 
Barr 2012; Willner et al. 2018). Integrated LA-ICPMS and 
CA-ID-TIMS geochronology of sandstone of the Rogerson 
Lake Conglomerate sequence (BNB18-IHNL-072), felsic 
tuffite intercalated with graded siltstone of the Botwood ba-
sin (BNB19-IHNL-291), and a flow-banded rhyolite dome of 
the Charles Lake volcanic belt (BNB18-IHNL-092) provides 
new insights into the precise timing of Wenlock to Pridoli 
tectonics leading to Devonian orogenic gold mineralization 
in central Newfoundland. In order to place constraints on 
the time of deposition of the Rogerson Lake Conglomerate 
and Botwood basin sequences, the youngest detrital zircon 
grains were identified first by LA-ICPMS and then subject-
ed to high-precision CA-ID-TIMS dating. For such samples, 

GEOCHRONOLOGICAL DATA

U–Pb LA-ICPMS isotopic data for zircon are given in 
Supplementary data Table S1 (see footnote 1) and geochrono-
logical results are plotted in Figure 6. In order to more 
closely constrain the precise time of deposition of the 
Rogerson Lake Conglomerate sequence and Botwood 
basin, the youngest, freshest zircon grains detected by LA-
ICPMS in the sandstone (BNB18-IHNL-072) and tuffite 
(BNB19-IHNL-291) samples were removed from the sticky 
tape mounts and analyzed by CA-ID-TIMS (Supplementary 
data Table S2 - see footnote 1) (Fig. 7). The pre-screening of 
detrital zircon grains by LA-ICPMS helps minimize the 
number of analyses required by TIMS. The flow-banded 
rhyolite sample was analyzed by CA-ID-TIMS only (Fig. 7e).

BNB18-IHNL-072: Sandstone, Rogerson 
Lake Conglomerate sequence

Abundant zircon crystals consist of mixed populations of 
fresh and rounded, clear to beige grains (Fig. 5a), with some 
larger, cracked grains displaying visible reddish alteration. 
Fifty-two annealed whole grains were analyzed, six of which 
were discarded due to alteration and discordance over 15% 
(Supplementary data Table S1 - see footnote 1). The LA-
ICPMS 207Pb/206Pb ages range from 415 to 3021 Ma (Supple-
mentary data Table S1 - see footnote 1) (Figs. 6a and b). The 
nine youngest grains have a mean 207Pb/206Pb age of 453 ± 
18 Ma (MSWD=0.66, N=9) and a mean 206Pb/238U age of 
455 ± 12 Ma (MSWD=16, N=9; Supplementary data Table 
S1 - see footnote 1) (Fig. 6a). The LA-ICPMS U–Pb anal-yses 
show two additional age peaks of detrital grains at ca. 1100 
and 1660 Ma, and scattered ages from 1886 to 3021 Ma (Figs. 
6a and b).

Four of the youngest, least altered zircon grains dated by 
LA-ICPMS were removed from the sticky tape mount and 
individually chemically abraded. Grains numbered 43, 45, 
48, and 51 yield concordant CA-ID-TIMS 206Pb/238U dates of 
435.8 ± 0.8 Ma (grain 43), 435.2 ± 0.5 Ma (grain 51), 431.1 
± 0.8 Ma (grain 48), and 421.9 ± 1.0 Ma (grain 45) (Supple-
mentary data Table S2 - see footnote 1) (Figs. 7a and b). 
The youngest grain at 421.9 ± 1.0 Ma provides a maximum 
age for the time of deposition of the sandstone sample.

BNB19-IHNL-291: Felsic tuffite, Botwood basin

Zircon crystals consist of small rounded subhedral grains 
and euhedral laths yellow to clear in color (Fig. 5b). Grains 
are fresh with few inclusions and cracks. Of one-hundred 
and twelve whole-grain analyses, twenty-two were discard-
ed due to alteration and discordance over 15% (Supplemen-
tary data Table S1 - see footnote 1). The LA-ICPMS 
207Pb/206Pb dates range in age from 403 to 2867 Ma and 
show a complicated age profile with a significant detrital 
component (Supplementary data Table S1 - see footnote 
1) (Figs. 6c and d)). The analyses peak at ca. 480 Ma and
the majority of grains form a continuous age distribution
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Conglomerate sandstone and Botwood basin tuffite-siltstone 
produced maximum 206Pb/238U depositional ages of 421.9 ± 
1.0 Ma (Pridoli) and 427.9 ± 3.1 Ma (Wenlock; Hom-
erian), respectively (Supplementary data Table S2 - see 
footnote 1) (Fig. 7). The ages are considered maxima because 
it cannot be discounted that younger detrital and/or igneous 
zircon grains are present in portions of the rock units that 
were not processed for geochronology. Absolute minimum 
depositional age constraints for the basal Rogerson Lake 
Conglomerate are ca. 410 Ma (Honsberger et al. 2022) 
and ca. 390 Ma (Willner et al. 2018), which are, respec-
tively, for rutile and white mica in quartz veins that crosscut 
the Rogerson Lake Conglomerate. U–Pb CA-ID-TIMS 
zircon geochronology produced an igneous crystallization 
age of 429.29 ± 0.70 Ma (Wenlock; Homerian) for the auto-
brecciated, flow-banded rhyolite dome of the Charles Lake 
volcanic belt along the western margin of the Botwood 
basin (Fig. 7e); therefore, these volcanic rocks appear to be 
genetically related to the felsic tuffite.

The maximum depositional ages for the rhyolite dome 
and tuffite are interpreted to represent the time of Homerian  
(ca. 430–427 Ma) volcanism and associated volcanogenic 
sedimentation in the western Botwood basin. In this inter-
pretation, felsic volcanism was active between at least ca. 
429 and 428 Ma, with deposition of felsic tuff and siltstone 
of the Wigwam Formation at ca. 428 Ma, accompanied by 
minor physical reworking of the tuffaceous material. The 
Pridoli maximum age for deposition of the Rogerson Lake 
Conglomerate sandstone suggests that sedimentation may 
have been initiated later along this belt than to the north-
west and northeast in the Botwood basin. Furthermore, the 
maximum ca. 422 Ma detrital zircon age for the Rogerson 
Lake Conglomerate sandstone sample confirms that ca. 
422–420 Ma igneous rocks in central Newfoundland 
are included as clasts and grains within the Rogerson Lake 
Con-glomerate sequence, again, consistent with locally 
derived sediment sources. The new U–Pb CA-ID-TIMS 
zircon ages establish that Wenlock to Pridoli magmatism 
preceded sedimentation in both the Botwood basin and 
along the Rogerson Lake Conglomerate belt (Fig. 8).

The ca. 429 (rhyolite dome) age and ca. 428 Ma (tuffite) 
maximum age for felsic volcanism and volcanogenic sedi-
mentation are consistent with available age determinations 
for the bimodal Hodges Hill Intrusive Suite (ca. 429–426 
Ma, Dickson 2000; G. Dunning, personal communication 
2021), thus, the rhyolite dome and other volcanic rocks of 
the Charles Lake belt are confirmed as contemporaneous 

the mean U–Pb ages determined by LA-ICPMS range from 
Late Cambrian to latest Ordovician and have large statistical 
errors (Supplementary data Table S1 - see footnote 1) (Fig. 6); 
therefore, they  are not sufficient alone to resolve depositional 
ages.

LA-ICPMS detrital zircon age distributions for the sand-
stone and felsic tuffite are very similar (Fig. 6), suggesting 
that the felsic tuffite sample includes detrital zircon grains 
from the intercalated sedimentary (siltstone) fraction. Al-
though analysis of provenance is limited by the relatively 
small numbers of individual LA-ICPMS zircon analyses, 
both the sandstone and tuffite-siltstone samples display 
Neoproterozoic to Cambrian peaks, compatible with detrital 
zircon grains sourced from the underlying Victoria Lake 
Supergroup and its Ganderian basement (Evans et al. 1990, 
Rogers et al. 2006). The ca. 1000 to 1300 Ma zircon grains in 
both samples correspond with typical Mesoproterozoic ages for 
metamorphic rocks of the eastern Laurentian margin in 
western Newfoundland and southern Labrador (e.g., Con-
nelly and Heaman 1993; Tucker and Gower 1994; Gower 
and Krogh 2002; Heaman et al. 2002; Kuiper and Hepburn 
2021). Furthermore, the 1600–1700 Ma grains overlap in 
age with the oldest dated rocks of the Long Range Inlier in 
western Newfoundland (ca. 1631 Ma, Heaman et al. op. cit.) 
and, as well, with Trans-Labrador and Pre-Labradorian oro-
genic events documented in Laurentian basement of south-
ern Labrador (Gower and Krogh 2002). The ages of the few 
Archean zircon grains are similar to Meso- to Neoarchean 
rocks of Laurentia that occur in the Makkovik and Nain 
provinces of central and northern Labrador (e.g., James et 
al. 2002; Ketchum et al. 2002; Hinchey et al. 2020). 

Overall, the U–Pb LA-ICPMS zircon age spectra corrob-
orate the provenance study of Pollock et al. (2007) in that 
strong Paleoproterozoic and Mesoproterozoic Laurentian 
detrital zircon signatures are represented (e.g., Waldron et al. 
2012; Fig. 6). However, the geochronological results herein 
for the sandstone and tuffite-siltstone samples also establish a 
Neoproterozoic to Cambrian detrital zircon source typical of 
the peri-Ganderian Valentine Lake and Crippleback Lake 
intrusive suites (ca. 565 Ma, Evans et al. 1990; Rogers et al. 
2006; Fig. 6). A mixed Laurentian-Gondwanan provenance 
for rocks of the Rogerson Lake Conglomerate sequence and 
Botwood basin, combined with the occurrence of Wenlock to 
Pridoli zircon grains (Figs. 6 and 7), is consistent with local 
depositional sources.

U–Pb CA-ID-TIMS dating of four of the youngest, best 
preserved zircon grains from each of the Rogerson Lake 

Figure 7. (next page) U–Pb CA-ID-TIMS geochronological results for youngest zircon grains, as well as images taken with a 
binocular microscope with incident light. (a) Images of the youngest and best preserved detrital zircon grains identi-fied by 
LA-ICPMS and dated with follow-up CA-ID-TIMS for BNB18-IHNL-072; (b) U–Pb concordia diagram displaying the CA-
ID-TIMS dates of the youngest detrital zircon grains from BNB18-IHNL-072 (youngest grain, 421.9 ± 1.0 Ma);  (c) Images 
of the youngest and best preserved detrital zircon grains identified by LA-ICPMS and dated by follow-up CA-ID-TIMS for 
BNB19-IHNL-291; (d) U–Pb concordia diagram displaying the CA-ID-TIMS dates of the youngest detrital zircon grains 
from BNB19-IHNL-291 (youngest grain, 427.9 ± 3.1 Ma); (e) U–Pb concordia diagram displaying the CA-ID-TIMS date for 
zircon from the flow-banded rhyolite sample BNB18-IHNL-092 (429.29 ± 0.7 Ma). Note: all error ellipses are 2σ.



Copyright © Atlantic Geoscience, 2022Honsberger et al. – U–Pb geochronology of Late Silurian (Wenlock to 
Pridoli) volcanic and sedimentary rocks, central Newfoundland Appalachians

ATLANTIC GEOSCIENCE · VOLUME 58 · 2022 227

with Hodges Hill plutonism. The ca. 429 and 428 Ma dates 
also fall within the age range of the Topsails Intrusive Suite 
and Springdale Group in the Notre Dame Subzone (ca. 429–
426 Ma, Chandler et al. 1987; Whalen et al. 1997, 2006).  
Further, the ca. 422 Ma youngest zircon date from the Rog- 

erson Lake Conglomerate sandstone sample falls within the 
age range of the Mount Peyton Intrusive Suite (ca. 424–418 
Ma, Sandeman et al. 2017), and is also similar to age 
constraints for some rocks of the composite Fogo Island In-
trusive Suite (e.g., ca. 422 Ma, Elliot et al. 1991; Aydin 1995). 

Figure 7

(e)
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Barbarin 1990, 1999; Whalen et al. 1997, 2006; van Staal 
and Barr 2012; van Staal et al. 2014; Whalen and Hildeb-
rand 2019). In this context, listric normal faults facilitated 
exhumation of the middle and lower crust of the Exploits 
Subzone (Victoria Lake Supergroup and correlatives), and 
erosion and deposition of such rocks contributed to the for-
mation of clastic sedimentary cover sequences of the Bot-
wood basin and Rogerson Lake Conglomerate belt (Fig. 9). 
Wenlock to Pridoli lithospheric thinning may have been an 
important primer for orogenic gold mineralization (e.g., 
Bleeker 2015) because it increased heat and fluid flow in the 
crust prior to Early Devonian compression, metamorphism, 
and magmatism.

Considering that latest Silurian extensional faulting in 
central Newfoundland overlaps in time with far-field col-
lision of Avalonia and composite Laurentia (Fig. 8), 
extension may have involved some components of strike-
slip and transtension (Dewey et al. 1998) because sinuous 
collisional boundaries would have produced oblique de-
formation zones (e.g., O’Brien et al. 1993; Dubé et al. 1996; 
O’Brien 2003; Hibbard et al. 2006; van Staal and Barr 2012). 
The relative influence of extension compared to transten-
sion in central Newfoundland, however, remains ambiguous 
because of fault reactivation and deformational overprint. 
Thrust fault reactivation appears to have occurred through-
out the Devonian to accommodate Acadian, intra-terrane, 
thick-skinned thrusting and shortening associated with the 
emplacement of structurally controlled, gold-bearing quartz 
veins (e.g., O’Brien et al. 1993; O’Brien 2003; van Staal and 
Barr 2012; Willner et al. 2018; Honsberger et al. 2022). Such 
Devonian thrust fault systems then may have been reacti-
vated as later oblique, dextral strike-slip, transpressional de-
formation zones (e.g., Lafrance 1989; O’Brien et al. 1993; de 
Roo and van Staal 1994; O’Brien 2003), which we interpret 
to have produced the “lazy Z”-shape (Mann et al. 1983) of 
the Botwood basin and its southwesterly (Rogerson Lake 
Conglomerate belt) and north-easterly extensions (Figs. 1 
and 2). This interpretation is consistent with the occurrence 
of post-Silurian, dextral strike-slip faults (e.g., Northern 
Arm Fault-Reach Fault) along the margins of the Botwood 
basin, implying that a Wenlock to Pridoli extensional fault 
system in central Newfoundland may have been more linear 
than the present map pattern suggests (Fig. 9; cf. Kusky et 
al. 1987; Kusky and Kidd 1996). The occurrence of orogenic  
gold-mineralized, Wenlock to Pridoli igneous and sedi-
mentary rocks in the overall footwall of the Victoria Lake 
Shear Zone (Figs. 1–4) indicates that thrust burial played 
an essential role in the preservation of syn-extensional 
rocks along the central Newfoundland gold belt, opposed to  
uplifting these rocks and exposing them to erosion (e.g., 
Bleeker 2015). 

In the Chaleur Bay synclinorium of northern New Bruns-
wick, latest Silurian, extension-related magmatic suites 
and clastic sedimentary rock sequences of the Dickie Cove 
Group are associated with orogenic gold-mineralized fault 
splays of the Early Devonian, or younger, Rocky Brook–
Millstream Fault Zone (Tremblay and Dubé 1991; Tremblay 

Additionally, the ca. 422 Ma date is consistent with ages 
reported for felsic volcanic rocks of the Laurenceton For-
mation (ca. 421 Ma, van Staal et al. 2014), as well as for fel-
sic igneous rocks along the Rogerson Lake Conglomerate 
belt and within the southern Botwood basin (ca. 422–420 
Ma, Honsberger et al. 2022; Figs. 1 and 2). In sum, the new 
geochronological data from this study, in combination with 
these previously published ages, indicate that volcanism and 
sedimentation along the western Botwood basin were active 
between ca. 429 and 428 Ma, whereas plutonism, volcanism, 
and sedimentation in the southeastern and eastern Botwood 
basin were active between ca. 424 and 418 Ma, with a strong 
pulse of felsic magmatism and associated sedimentation 
along the Rogerson Lake Conglomerate belt at ca. 422 Ma 
(Figs. 8 and 9; see Honsberger et al. 2022).

Transient lithospheric extension is inferred to have con-
trolled the formation of bimodal magmatic suites and asso-
ciated sedimentary rocks in the Botwood basin and Roger-
son Lake Conglomerate belt of central Newfoundland (Fig. 
9). Lithospheric extension provides a mechanism to explain 
mixing and emplacement of mantle-derived mafic magmas 
with their felsic anatectic products, such as the Mount Pey-
ton Intrusive Suite (Strong 1979; Strong and Dupuy 1982) 
and the Fogo Island Intrusive Suite (Aydin 1995; Sandeman 
and Malpas 1995). Furthermore, Wenlock to Pridoli mag-
matism and associated clastic sedimentation corresponds 
to a time-period between the largely compressive stress 
regimes associated with the Salinic and Acadian orogenic 
cycles in central Newfoundland (Fig. 8), when orogenic 
collapse and extension would have been expected (e.g., 
Barbarin 1999). The occurrence of mature sandstones and 
siltstones in the Botwood basin is consistent with longer- 
lived, more-evolved extension in north-central Newfound-
land compared to along the structurally thinner Rogerson 
Lake Conglomerate belt to the south and southwest. As 
such, extension, clastic sedimentation, and magmatism 
were time-transgressive both across- and along-strike of 
the Exploits Subzone, with resultant along-strike variations 
in the volume of sedimentary input (Fig. 9). Therefore, the 
Rogerson Lake Conglomerate belt is not correlative tempo-
rally with the stratigraphic base of the Botwood basin, even 
though the polymict conglomerate is a basal unit.

In our model, predominantly southeast-dipping (present- 
day coordinates) extensional fault systems were active 
along the western Botwood basin at ca. 429 Ma, and prop-
agated southeastward (across-strike) and to the southwest 
and northeast (along-strike) between ca. 424 and 418 Ma 
(Fig. 9). The Wenlock to Pridoli spatio-temporal d evelop-
ment of this extensional fault network is consistent with the 
findings of van Staal et al. (2014), who noted that Silurian 
magmatism gets progressively younger west-to-east across 
the Dunnage Zone. Such extensional fault systems may have 
formed during thinning associated with asthenospheric and 
lithospheric decompression melting and upwelling related 
to slab rollback and break-off, and potentially l ithospheric  
delamination, following the terminal Salinic collision of 
Ganderia with composite Laurentia (Pitcher 1983, 1993; 
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et al. 1993; Wilson 2007; Wilson et al. 2017; Dostal et al. 
2020; Bustard et al. 2021). This fault zone appears to cor-
relate with the Cape Ray–Victoria Lake–Valentine Lake 
fault corridor in southwestern and central Newfoundland, 
strongly suggesting that the orogenic gold system of central 
Newfoundland is continuous along-strike in the northern 
Appalachians.

CONCLUSIONS

Late Silurian (Wenlock to Pridoli), extension-related, bi-
modal magmatic suites and clastic sedimentary rocks of the 
Rogerson Lake Conglomerate belt and Botwood basin 
sequence delineate the central Newfoundland gold belt. 
Integrated LA-ICPMS and CA-ID-TIMS U–Pb zircon tech-
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niques produced a maximum date for deposition of the 
Rogerson Lake Conglomerate sequence at 421.9 ± 1.0 Ma 
(Pridoli); therefore, it is younger than, and stratigraph-
ically overlies, ca. 422 Ma igneous rocks that occur along the 
gold belt. The same analytical approach applied to a tuffite 
layer toward the stratigraphic middle of the Wigwam 
Formation in the Botwood basin produced a maximum 
eruption age of 427.9 ± 3.1 Ma (Wenlock; Homerian), 
which is interpreted to be contemporaneous and cogenetic 
with the Hodges Hill Intrusive Suite, the Charles Lake 
volcanic belt, and associated volcanogenic sedimentation in 
the western Botwood basin. Although provenance inter-
pretations are limited by the relatively small numbers of 
individual zircon analyses, LA-ICPMS detrital zircon age 
distributions are consistent with a mixed Laurentian-
Gondwanan provenance for sedimentary  rocks of the 
Rogerson Lake Conglomerate sequence and Botwood 
basin. An autobrecciated, flow-banded rhyolite of the 
Charles Lake volcanic belt from the northwestern Bot-
wood basin has a U–Pb zircon CA-ID-TIMS age of 429.3 
± 0.7 Ma (Wenlock; Homerian), which we interpret as the 
eruptive age. Collectively, the new U–Pb zircon geochrono-
logical data confirm a clear spatio-temporal link between 
syn-extensional, Wenlock to Pridoli magmatism and sedi-
mentation both along and across strike of the central New-
foundland gold belt (Figs. 8 and 9).

Wenlock to Pridoli magmatic and depositional ages are 
consistent with a structural model involving the overall 
southeastward (present day coordinates) propagation of a 
transient, time-transgressive, extensional fault system across 
the Exploits Subzone between ca. 429 and 418 Ma. Exten-
sional faulting may have contributed to basin formation, 
subsidence, and exhumation of pre-Silurian rocks of the 
Exploits Subzone during that time-period. The earlier part 
of the history is marked by ca. 429–426 Ma syn-extensional 
magmatism (Hodges Hill Intrusive Suite and Charles Lake 
volcanic belt) and sedimentation along the northwestern 
margin of the Botwood basin and farther west in the Dun-
nage Zone (Topsails Intrusive Suite and Springdale Group). 
The later part is preserved as ca. 424–418 Ma syn-exten-
sional magmatic suites and clastic sedimentary rocks along 
the Rogerson Lake Conglomerate belt and its extensions 
to the northeast along and within the Botwood basin (e.g., 
Mount Peyton Intrusive Suite and associated rocks). Tran-
sient lithospheric extension appears to mark the transition 
between the Salinic and Acadian orogenic cycles (e.g., San-
deman et al. this volume) and may have been important for 
increasing heat and fluid flow in the lithospheric mantle and 
crust leading to Devonian fault reactivation, crustal thick-
ening, fluid focussing, and orogenic gold mineralization.
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RÉSUMÉ

Un nouveau spécimen de Batrachichnus salamandroides a été récupéré d’un emplacement fossilifère récemment 
découvert le long de la rive méridionale du Grand Lac, Nouveau-Brunswick, parmi un assemblage ichnofaunique 
diversifié remontant au Pennsylvanien moyen (Bolsovien supérieur, Moscovien inférieur) de la partie supérieure 
de la Formation de Minto. On a réinterprété l’identité de l’auteur des traces de cet ichnogenre y voyant un composite 
de divers taxons tétrapodes du Paléozoïque tardif d’après des similarités des squelettes postcrâniens, notamment 
ceux des paumes et des pieds, des deux temnospondyles et de certains « microsauriens ». Ces résultats révèlent 
que l’auteur des traces de l’ichnogène monospécifique Batrachnichus ne se limite pas seulement à un producteur de 
traces temnospondyle, comme l’avaient supposé des interprétations antérieures, et que certains « microsauriens » 
devraient également être considérés parmi les producteurs de traces possibles de cet ichnotaxon.

[Traduit par la redaction]

A Batrachichnus salamandroides trackway from the  
Minto Formation of central New Brunswick, Canada:  

implications for alternative tracemaker interpretations
Luke F. Allen1,2,3*, Matthew R. Stimson3,4, Olivia A. King3,4, Rowan E. Norrad1,5, 

Spencer G. Lucas6, Arjan Mann7, Steven J. Hinds8, Adrian F. Park8,  
John H. Calder4, Hillary Maddin9, and Martin Montplaisir10

1. Citadel High School, Halifax, Nova Scotia B3H 0A4, Canada
2. Department of Earth Sciences, University of New Brunswick, Fredericton, New Brunswick B3H 0A4, Canada

3. Steinhammer Paleontological Laboratories, Geology/Paleontology section, Natural History Department,
New Brunswick Museum, Saint John New Brunswick E2K 1E5, Canada 

4. Department of Geology, Saint Mary’s University, Halifax Nova Scotia B3H 3C3, Canada
5. Departmentof Earth and Environmental Science, Acadia University, Wolfville, Nova Scotia B4P 2R6, Canada

6. NewMexico Museum of Natural History, Albuquerque, New Mexico 87104, USA
7. Smithsonian Museum of Natural History, Department of Paleobiology, Washington DC, 20560, USA

8. New Brunswick Department of Natural Resources and Energy Development, Fredericton, New Brunswick
E3B 5H1, Canada

9. Department of Earth Sciences, Carleton University, Ottawa, Ontario K1S 5B6,Canada
10. Visual Q Technologies, Moncton, New Brunswick E1E 2K2, Canada

*Corresponding author: luke.allen@unb.ca

Date received: 18 April 2022 ¶ Date accepted: 22 July 2022

ABSTRACT

A new specimen of Batrachichnus salamandroides was recovered from a recently discovered fossil-bearing 
site situated along the southern shore of Grand Lake, New Brunswick, among a diverse ichnofaunal assemblage 
from the Middle Pennsylvanian (upper Bolsovian; lower Moscovian), upper Minto Formation. The identity of 
the tracemaker of this ichnogenus is reinterpreted as a composite of various late Paleozoic tetrapod taxa, based 
on similarities of the postcranial skeletons, notably that of the manus and pes, of both temnospondyls and some 
“microsaurs”. These results indicate that the tracemaker of the monospecific ichnogenus Batrachnichus is not 
limited solely to a temnospondyl tracemaker, as previously interpreted, and that some “microsaurs” should also 
be considered among tracemaker candidates for this ichnotaxon.

doi:10.4138/atlgeo.2022.010ATLANTIC GEOSCIENCE 58, 239–260 (2022)
2564-2987|22|0239–0260$4.30|0

interval from the earliest Mississippian (Tournaisian) of 
Nova Scotia and New Brunswick to the early Permian (Ar-
tinskian) strata of Prince Edward Island (Lucas et al. 2022; 
Figs. 1 and 2). However, the occurrence of “middle” Car-
boniferous (late Bashkirian to early Moscovian) terrestrial 

INTRODUCTION

The Maritimes Basin of Atlantic Canada has yielded the 
most complete record of Carboniferous fossil tetrapod foot-
prints in the world (Lucas et al. 2005, 2022), spanning the 
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ichnofossil localities in Atlantic Canada was unknown prior 
to the present study. Previously documented records of tet-
rapod tracks from the Bashkirian of the Maritimes Basin are 
from: the Joggins Formation in Nova Scotia (Dawson 1863; 
Matthew 1903, 1904; Sternberg 1933; Sarjeant and Moss-
man 1978; Lucas et al. 2005; Cotton et al. 1995; Stimson et 

al. 2012; Stimson et al. 2015; Prescott et al. 2014); the Tyne-
mouth Creek Formation of New Brunswick (Falcon-Lang 
et al. 2010); the Lancaster Formation at Fern Ledges, Saint 
John, New Brunswick (Matthew 1910; Falcon-Lang and 
Miller 2007; Stimson et al. 2016a); and the Grand Anse For-
mation at Johnstons Mills, New Brunswick (Falcon-Lang et 

Figure 1. Map of the Atlantic Provinces of Canada and adjacent areas showing the extent of the latest Devonian to earliest 
Permian Maritimes Basin (after St. Peter and Johnson 2009; Gibling et al. 2019; and Bethoux et al. 2021). Subbasins are 
colour-coded as indicated in the upper legend. Fossil sites are numbered as indicated in the lower legend. In the lower 
legend, blue = Mississippian (1–10), green = Pennsylvanian (11–26), and pink = Permian (27–30); NB = New Brunswick,  
NS = Nova Scotia, and PEI = Prince Edward Island. Inset map shows broader geographic context.
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al. 2007). Tracks from Moscovian–Kasimovian strata have 
been found in the Clifton Formation of New Brunswick 
(Keough et al. 2020) and the Sydney Mines Formation of 
Cape Breton Island, Nova Scotia (Matthew 1903; Fig. 3).

Previous paleontological work on the Minto Formation 
is restricted to paleofloral assemblages documented by 
Bell (1962). A single trigonotarbid invertebrate body fossil 
(Miller and Forbes 2001) and a diverse faunal assemblage 
of aquatic vertebrates, which included undescribed tetrapod 
skeletal remains (Ó Gogáin et al. 2016), represent the only 
known evidence of terrestrial biota from the Minto Forma-
tion of central New Brunswick. Prior to the present study, 
ichnofossils had not been documented from the Minto For-
mation.

The absence of upper Bashkirian to lower Moscovian 
terrestrial tetrapod material represents an apparent gap in 
the fossil record of Atlantic Canada as, in contrast to other 
regions in North America (i.e., Mazon Creek, Illinois, and 
Five Points and Linton, Ohio; Fig. 3). This gap is due to poor 
surface exposure of strata from that time interval available 
for study. In addition, a major turnover in ecological condi-
tions has been postulated during the Kasimovian, when the 
classic tropical ecosystems that made up the iconic image of 
“Coal-Age” ecosystems collapsed as a result of the formation 
of Pangea (Sahney et al. 2010; Pardo et al. 2019). Dunne et al. 
(2018) also suggested that the “Coal Age” collapse was likely 
more of a gradual transition. Taking into consideration the 
extensive Mississippian to Pennsylvanian rocks throughout 

New Brunswick, the lack of fossil tetrapod localities is sur-
prising when comparison to the situation in neighbouring 
Nova Scotia. However, a newly discovered fossil tetrapod 
footprint assemblage from the Minto Formation represents 
a high-diversity population comprising several ichnotaxa 
interpreted to be of both reptilian and amphibian affinity. 
This material occurs alongside various invertebrate ichno-
taxa and a classic Pennsylvanian flora, and can be used as a 
proxy for biodiversity. The Minto assemblage is preserved 
within a mudstone interval on the flanks of an incised 
channel body backfilled with sandstone and conglomerate, 
and is interpreted as the floodplain interdistributary de-
posits of the broader New Brunswick Platform fluvial sedi-
mentary depositional setting (Kalkreuth et al. 2000; St. Peter 
and Johnston 2009). Furthermore, this site offers a 
hitherto unavailable window into Middle Pennsylvanian 
paleoecology and aids in providing a more comprehensive 
understanding of the Carboniferous evolution of Atlantic 
Canada. However, we plan to discuss the full extent of 
this assemblage in future work. Here, we present and 
evaluate a tetrapod trackway of the ichnospecies Batra-
chichnus salamandroides (collected by RN and LA). This 
discovery offers new insights into tracemaker candidates 
for the ichnotaxon, expanding the traditional inter-
pretation of a temnospondyl tracemaker to encompass 
particular “microsaur” tetrapod genera. (“Microsaurs” are 
further discussed below.)

Figure 2. Geological map of part of the Maritimes Basin known as the Marysville Subbasin. (after Dyer 1926; Muller 1951, 
Hamilton 1960, 1962a, b, c; van de Poll et al. 1995). Study area outlined with a red box.
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Figure 3. (a) Maritimes Basin stratigraphy for New Brunswick, Nova Scotia, and Prince Edward Island with the known 
Carboniferous-Permian tetrapod tracks plotted; for key to numbers see Fig. 1. Red box indicates the approximate strati-
graphic horizon of the Minto Formation tetrapod tracks (NBMG 21591). After Lucas et al. (2022). (b) Detail of Cumber-
land and Pictou Group stratigraphy.
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GEOLOGICAL BACKGROUND

In New Brunswick, Devonian–Carboniferous strata are 
deposited within a triangular region that covers roughly 25 
900 km2 within the approximate 250 000 km2 area of the 
Maritimes Basin (Ball et al. 1981; St. Peter and Johnston 
2009; Lavoie et al. 2009; Williams 1974; Dietrich et al. 2011; 
Gibling et al. 2019; Fig. 1). Of the seven lithostratigraphic 
groups within the New Brunswick portion of the Maritimes 
Basin, only the Pictou Group (Middle Pennsylvanian to early  
Permian strata) will be discussed (Fig. 3). Traditionally in 
New Brunswick the Pictou Group has included strata as old 
as the Pennsylvanian Bolsovian (early Moscovian) stage, 
which sit conformably above the underlying Cumberland 
Group, or unconformably on crystalline basement rocks or 
older Mississippian sedimentary rocks. More recently, Jutras 
et al. (2007) reassigned the formations of the Pictou Group in 
central New Brunswick to the Cumberland Group. Bethoux 
et al. (2021) used the traditional stratigraphic classification 
― i.e., the Pictou Group (Bell 1944; Dyer 1926; Muller 1951; 
St. Peter 2000) ― an approach we follow here pending fur-
ther study. The Minto Formation sits at the base of the Pic-
tou Group within the New Brunswick Platform (Dyer 1926; 
Muller 1951). Muller (1951) reassigned the Grand Lake For-
mation of Dyer (1926) to the Pictou Group of Bell (1944) 
and upgraded the Minto, Hurley Creek and Sunbury Creek 
members to formation status (Fig. 3).

Using the traditional stratigraphic nomenclature, the 
Minto Formation is defined as a 200–230-m-thick section 
of grey to reddish-brown and locally maroon strata ex-
posed in central New Brunswick (Dyer 1926; Muller 1951). 
Conformably above the Minto Formation is the Hurley 
Creek Formation, defined as a 45–60-m-thick stratigraph-
ic package containing abundant redbeds that coarsen up-
wards as a whole. Lithologies consist dominantly of red 
and grey mudstones with fine-grained sandstones in the 
lower strata and red (locally green–grey), coarse feldspath-
ic and lithic sandstones with polymictic conglomerates in 
the upper strata (Muller 1951). Muller (1951) estimated the 
overlying Sunbury Creek Formation to have a maximum 
thickness of approximately 90 m and is lithologically 
similar to the basal Minto Formation, but is strati-
graphically younger than the Minto and the Hurley Creek 
formations. The interpreted similarity of the Minto and 
Sunbury formations led St. Peter (1997a, b) to informally 
incorporate the Sunbury Creek into the Minto Formation 
and downgrade the Hurley Creek Formation to member 
status. The member status of the three subdivisions of the 
Minto Formation is currently being revised and will be the 
subject of a future publication by some of the present 
authors. The stratigraphic descriptions of Muller (1951) 
were recently used by Bethoux et al. (2021), and will be 
followed here as the fossil reported in this study was 
discovered from the same fossil locality.

Robertson Point locality
The footprint locality discussed here is situated at Rob-

ertson Point along the southern shoreline of Grand Lake, 
Queens County, central New Brunswick (~45°52′11.64″ 
N, ~66°05′37.40″ W; Figs. 1 and 2, 4a–c). The outcrop ex-
tends 860 m along the southern shore of Grand Lake (be-
tween 45°52′7.77″ N, 66° 5′46.03″ W and 45°52′12.88″ N, 
66° 5′7.65″ W), where a total of 18 m of strata are exposed. 
These strata have a strike of 150° and a shallow dip of 5° to 
the southwest. They are subdivided into two distinct sedi-
mentary units: a lower 6.5-m-thick redbed unit interpreted 
below as belonging to the Hurley Creek Formation and an 
upper 11.5-m-thick unit composed dominantly of grey to 
red shales and buff-coloured sandstones that are interpreted 
below as belonging to the basal Sunbury Creek Formation. 
The contact between these two formations at this locality is 
erosive, with the basal deposits of the Sunbury Creek For-
mation (exposed along the shoreline for roughly 500 m) 
filling eroded hollows cut in the underlying Hurley Creek 
Formation. The basal Sunbury Creek Formation at the fos-
sil locality is composed of coarse pebble conglomerates that 
form a wave-cut platform and, locally, raised sandstone plat-
forms (Figs. 4 and 5, unit 2).

The fossil locality is thus in a shoreline section composed 
of resistant sandstone headlands and actively eroding em-
bayments of mudstone and shale. Recent erosion of the 
shale units within coves adjacent to the sandstone headlands 
has exposed the three-dimensional nature of the channel 
body and the paleo-erosional cut banks at the channel 
margin. The outcrop exhibits the channel incision into the 
shales completely, demonstrating that the shales and re-
sistant sandstone that comprise the headlands are lateral 
equivalents (Fig. 4c). This observation suggests that the shales 
represent the interdistributary zone of a fluvial channel sys-
tem, whereas the incised sandstones and conglomerates may 
be interpreted as the backfilled channel thalweg of the dis-
tributary system. The Batrachichnus trackway (NBMG 21591) 
described below is preserved in the interdistributary shales.

Sedimentology

The sedimentology of the Robertson Point site was first 
described by Bethoux et al. (2021). The lower redbed unit, 
which they assigned to the Hurley Creek Formation, con-
sists of ~6.5 m of maroon to buff-coloured, fine-grained 
sandstones; the sediments were deposited in backfilled 
channel thalwegs locally incised by, or lateral to, red to ma-
roon mudstones and siltstones that represent interdistribu-
tary floodplain deposits with localized paleosols. Macroflo-
ral elements of Cordaites principalis, Calamites sp. and cf. 
Pecopteris suggest a Pennsylvanian age, which is consistent 
with determinations from the Hurley Creek Formation fos-
sils (Muller 1951).

Bethoux et al. (2021) assigned the overlying 11.5 m of 
grey to buff-coloured strata to the Sunbury Creek Forma-
tion of Muller (1951). This formation includes a basal ~6 m  
thick extraformational polymictic conglomeratic unit has 
localized coarse sandstone lenses at the base (Figs. 4 and 
5, unit 1). The conglomerates locally incise up to 2 m into 
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Formation of St. Peter 2000) has been considered Bolsovian 
(late Bashkirian to early Moscovian; St. Peter and Johnson 
2009). With the lack of volcanic rocks or ash beds through-
out these formations, ages were determined through paly-
nological analysis. Palynomorph assemblages were analyzed 
by Hacquebard (1972) and Hacquebard and Barss (1970), 
who determined that the Minto Formation is within the Ves-
tispora Palynomorph Zone ― of Bolsovian age (late Bash-
kirian to early Moscovian). This assignment corroborated 
the paleobotanical age assignment of Bell (1962), whose 
work was focused on the coal resources of the lower Minto 
Formation, stratigraphically below the Hurley Creek and 
Sunbury Creek formations as used in this study.

More recently, samples of grey shale from the present 
study site (13.5 m above the base of the measured section) 
were processed for palynology. The results, as reported in 
Bethoux et al. (2021), showed that the palynomorph assem-
blage at Roberson Point belonged to the Torispora Biozone 
(Bethoux et al. 2021). The Bolsovian stage of the Pennsylva-
nian (latest Bashkirian and early Moscovian) is divided into 
two palynomorph biozones: the older (late Bashkiriane) 
Vestispora Biozone and the younger (early Moscovian) 
Torispora Biozone. The miospore assemblage is dominated 
by Calamospora spp. with subdominant Florinites pumicosus 
and Punctatisporites spp. This age determination is based on 
the presence of the palynomorphs Vestispora fenestrata and ?
Thymospora pseudothiessenii. The Robertson Point outcrop is 
thus considered to be of earliest Moscovian age (i.e., early 
Westphalian C), which conforms with the youngest deter-
mination of Hacquebard (1972) and Hacquebard and Barss 
(1970), agreeing with the relative stratigraphic position of 
the Sunbury Creek Formation of Muller (1951).

METHODS

The Robertson Point fossil site was documented using 
both standard digital photography and drone imaging. Three 
drones with 40 megapixel cameras were used to document 
the fossil site from high altitudes and beyond the water’s 
edge, locations that would otherwise be inaccessible. The 
cliffs were photographed at various elevations to capture the 
3D details of the broader shoreline as well as close-up im-
ages of the fossil site using a 48 megapixel camera mounted 
on a Mavic Air 2 Drone (Fig. 4a). The local stratigraphy was 
logged by hand at centimetre scale using metre sticks and 
later drafted digitally using CorelDraw 2019.

The trackway specimen (NBMG 21591) under discussion 
was coated in ammonium chloride at Saint Mary’s Universi-
ty, Halifax, to accentuate the vertical relief of the footprints 
during specimen photography. Low-angled illumination 
from 6000 lumen work lamps were used to cast shadows and 

the underlying redbeds of the Hurley Creek Formation. 
The basal conglomerates of the Sunbury Creek Formation 
are overlain by 2.5 m of buff-coloured, coarse to very fine-
grained sandstones that locally exhibit trough cross-beds 
and form sheet sandstone beds (Figs. 4 and 5, unit 2). This 
sandstone, the basal portion of which locally contains re-
worked pebbles derived from the conglomerate underneath, 
locally incises the underlying conglomerate unit a depth of 
to 2.5 m. A specimen of a new genus of odonate wing (Be-
thoux et al. 2021) was described from the upper part (~9 m 
above the base of the measured section) of these incising 
sandstone strata; it occurred with transported plant stems 
and constituted the first fossils documented from the Sun-
bury Creek Formation. The top of unit 2 is 13.5 m above the 
base of the measured section at Robertson Point. The upper 
2 m of unit 2 (Fig. 4) comprise heterolithic strata that locally 
incise the strata below. These heterolithic sedimentary beds 
are composed of thinly bedded siltstone and mudstones and 
very-fine trough cross-bedded sandstones.

A fossil-rich unit is located between 12.0 and 15.0 m 
above the base of the measured section (at 45°52′11.68″N, 
66° 5′37.45″W; Figs. 4 and 5, unit 3). This unit is a 3 m thick 
section of light to medium grey fine-grained siltstone that 
laterally grades to a maroon colour. This unit contains abun-
dant well-preserved plant fossils (i.e., transported and in situ 
Calamites, cf. Sphenopteris, and Cordaites principalis); 
abundant vertebrate and invertebrate ichnofossils; and a 
yet-undescribed forewing of a stem-relative of cockroaches 
and mantids (family Archimylacridae according to J. 
Schneider, personal communication to MS 2021). The unit 
varies locally from coarser siltstones at the base to claystone 
with centimetre scale bedding in the middle; both variations 
contain tetrapod and invertebrate ichnofossils, including 
the trackway described in this paper.

The fossil-bearing shales (Figs. 4 and 5, unit 3) are incised 
2 m by a 6.5 m thick channel body composed of buff to grey 
extraformational polymictic conglomerates and coarse-
grained sandstones (Figs. 4 and 5, unit 4). These channel 
bodies preserve abundant carbonized plant axes, likely of 
pteridosperm and cordaitalean affinities (Figs. 4 and 5, unit 
4). The uppermost sandstone strata of unit 4 is locally in-
cised by a 1.5-m-thick, mud-filled channel that is backfilled 
with maroon-coloured mudstone with very fine sandstone 
lenses 5–10 cm thick (Figs. 4 and 5, unit 5).

Age

The Minto Formation (lower Minto Formation of St. Peter 
2000) is assigned a latest Bashkirian age, whereas the over-
lying Hurley Creek Formation (middle Minto Formation of 
St. Peter 2000) straddles the Bashkirian–Moscovian bound-
ary. The overlying Sunbury Creek Formation (upper Minto 

Figure 4. (next page) Fossil site on Grand Lake, NB. (a) Aerial drone images of the fossil site. (b) Geological map plotted 
against LIDAR images for Robertson Point. (c) Aerial Drone images of the fossil site, where numbers correspond to the 
different sedimentary units plotted on Figure 5.
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highlight the footprint morphology (Teichert 1948; Grabau 
and Shimer 1910; Ulrich and Bassler 1923; Stimson et al. 
2012; Stimson et al. 2016a, b). False colour topographic relief 
maps of the trackway were generated by photographing the 
specimen in a tiled pattern with the same zoom factor and 
50–80% overlap. Images were then rendered as a 3D photo-
grammetry model using the digital software Agisoft Photo-
scan. The digital model was subsequently modified into a 
false colour relief map using the digital software packages of 
Metlab, Cloud Compare, and Paraview. The digital software 
program ImageJ was used to record morphometric data of 
the footprints, which were then verified using digital vernier 
calipers. Standard vertebrate ichnotaxonomy measurements 
were collected following the work of Leonardi (1987), Stim-
son et al. (2012), and Marchetti et al. (2020). The footprint 
impressions are considered underprints, yet they express the 
most distal impressions of the digits and sole impressions. 
The morphological quality of the footprints was evaluated 
based on Marchetti et al.’s (2019) numerical preservation 
scale. Measurements were taken using the most distal and 
proximal expressions of the tracks, eliminating extramor-
phological distortion where appropriate.

Figures were drafted using digital drafting and photo 
editing software (e.g., CorelDRAW). This specimen of 
Batrachichnus salamandroides has been accessioned into the 
New Brunswick Museum Geology/Paleontology Collection 
under the specimen number NBMG 21591.

Previous published literature was extensively consulted 
for vertebrate comparative anatomy. Manus and pes recon-
structions, as well as skeletal reconstructions (Carroll 1967, 
1968; Holmes et al. 1998; Carroll and Gaskill 1978; Mann 
et al. 2020), were used to obtain glenoacetabular distance 
measurements; published images of fossil specimens were 
also used where available. Following the work of Stimson et 
al. (2012, 2016b), skeletal reconstructions of temnospondyl 
and “microsaur” candidates were used as models to estimate 
the length of the potential cranial and postcranial skeletons 
of the tracemaker of NBMG 21591. Measurements of the 
skull (tip of the premaxilla to the base of the skull), presacral 
vertebral series (the cervical vertebrae to the base of the pel-
vic girdle), and caudal vertebral series of each tetrapod were 
recorded and calculated as percentages of the respective 
glenoacetabular distance (GAD). To maintain consistency, 
the caudal vertebral series is inferred to be roughly equal in 
length to the GAD.

SYSTEMATIC ICHNOLOGY

Ichnogenus Batrachichnus (Woodworth 1900)

Ichnospecies Batrachichnus salamandroides 
(Geinitz 1861)
(Figs. 6–7, 8a)

Referred Materials. NBMG 21591a and b.
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Description. Specimen NBMG 21591 consists of a single tet-
rapod trackway associated with a single Undichna trail, and 
is preserved as part and counterpart on a dark grey, ~1 cm  
thick siltstone slab that measures 15 by 27 cm (concave 
epirelief) and 30 by 12 cm (convex hyporelief). The track-
way consists of 13 shallow underprints preserved in concave 
epirelief with the counterpart preserving 12 prints in cor-
responding convex hyporelief. Manus and pes imprints are 
paired, resulting in an approximately evenly spaced track-
way pattern. Minimal extramorphological distortion is pres-
ent in the trackway with the exception of faint, shallow dig-
it drags. Manus and pes sets are positioned approximately  
2.65 cm apart, with the manus and pes oriented parallel to 
the midline, and the manus situated much more medially in 
relation to the trackway midline.

Manus prints are slightly wider than long with average 
measurements of 1.07 by 0.83 cm, width and length, respec-
tively. Footprints are preserved as semi-digitigrade tracks 
with faint diminutive sole pads. The manus is tetradactyl. 
Digits increase in length from I–III with digit IV being sub-
equal in length to digit II. The relative digits lengths of the 
manus are thus 1-2-3-2. Digits are evenly and well-spaced 
with digit I and IV diverging laterally in relation to the 
trackway midline. Digits I and IV exhibit greater curva-
ture in their distal portions. Digits II and III display arcu-
ate curvature in opposite directions to form a “pincer-like” 
morphology and are oriented approximately parallel to 
each other. Digits are long and appear elongated, with more 
deeply impressed rounded digit terminations likely associ-
ated with toe pads.

Pes imprints are wider than long, measuring 1.31 by 0.92 
cm, length and width, respectively. Footprints are preserved 
as digitigrade tracks likely associated with undertrack pres-
ervation. Pes is pentadactyl with only the digit tips im-
pressed. Digits increase in length from I–IV with digit V 
being subequal to digit II. The relative digit lengths of the 
pes are thus 1-2-3-4-2. Digits I–IV are evenly and closely 
spaced, and digit V is somewhat divergently spaced. Digit 
terminations appear rounded/blunt, with deeply impressed 
digits III and IV exhibiting terminal curvature.

The trackway extends in a semi-straight path until the part 
of the slab where a change in direction occurs, veering to the 
left on the original concave epirelief surface. Measurements 
taken from this section of trackway were not incorporated 
into the averages due to the alteration of the following val-
ues. The average external trackway width is 5.5 cm, decreas-
ing to 4.7 cm during the turn. The average internal trackway 
width is 1.83 cm, decreasing to 1.29 cm on the turn. The 
average manus pace is 3.8 cm. The manus pace angulation 
averages 74.3°, increasing during the change in direction to 
98.91°. The average pace for the pes measures 5.2 cm. Aver-
age pes pace angulation is 66.5°, increasing to 78.5° during 
the turn. The manus stride measures approximately 4.65 cm 
and increases to 5.98 cm during the change in direction. The 
average stride for the pes is 5.22 cm and increases during the 
change in direction to 6.45 cm.

Following the model of Baird (1952) and Stimson et al. 

(2012, 2016b), the glenoacetabular distance (GAD) was 
measured to be 5.4 cm (Figs. 9a, b); however, given the spac-
ing between the manus and pes impressions, this GAD mea-
surement is equivocal. A second GAD interpretation is also 
possible if an elongated body form is considered, following 
Haubold (1971; fig. 4D). This longer body form would result 
in a longer GAD, which can be measured as 9.9 cm in length 
(Fig. 9c).

Remarks. The ichnotaxonomy of the ichnogenera Batra-
chichnus and Anthichnium was studied in detail by Voigt 
(2005). Voigt agreed with the observations made by Haubold 
et al (1995) that the multiple ichnospecies of Batrachichnus 
and Anthichnium were morphologically similar, and that 
these ichnotaxa encompassed a wide range of morpholog-
ical variability. Voigt (2005) synonymized several ichnotaxa 
under the new combination Batrachichnus salaman-
droides. Batrachichnus is common in the Pennsylvanian 
strata of Atlantic Canada (Stimson et al. 2012; Lucas et al. 
2005; Lucas et al. 2022) and elsewhere (Lucas et al. 2022 and 
references therein). In Atlantic Canada, the stratigraphic 
range of Batrachichnus extends from the lowest 
Mississippian (lower Tournaisian age) strata of the Albert 
Formation in New Brunswick (Stimson et al. 2018; 
Stimson et al. 2019) and the Horton Bluff Formation in 
Nova Scotia (Mansky and Lucas 2013) to the lower Permian 
Cape John Formation at Brule, Nova Scotia.

Baird (1952) and Tucker and Smith (2004) recognized the 
morphological similarities and size continuum between Ba-
trachichnus and Limnopus, the only difference being the size 
of the footprints. Tucker and Smith (2004) thus recognized 
the Limnopus–Batrachichnus spectrum with an ~2.1 cm  
pes length boundary to distinguish the two ichnogenera on 
dimensions (i.e., Batrachichnus pes length less than 2.1 cm, 
Limnopus greater). Some authors propose that Batrachich-
nus and Limnopus are ontogenetic variants (Haubold 2000; 
Tucker and Smith 2004; Stimson et al. 2012), the smaller Ba-
trachichnus size suggesting that it was produced by juveniles. 
Haubold (1971, 1996, 2000), Fichter (1979), Voigt (2005), 
Stimson et al. (2012) and others assigned Batrachichnus to 
small temnospondyl tracemakers, and this interpretation 
has been widely accepted in the literature. However, some 
authors have also informally postulated and speculated that 
“microsaurs” were potential tracemakers of Batrachichnus 
(e.g., Stimson et al. 2012; Petti et al. 2014; Cisneros et al. 
2020).

The Minto trackway exhibits several diagnostic char-
acteristics of Batrachichnus salamandroides: (i) tetradac-
tyl manus, pentadactyl pes; (ii) manus and pes wider than 
long; (iii) manus slightly smaller than pes; (iv) small size 
(pes length <35 mm); and (v) relative digit lengths (ma-
nus:1-2-3-2; pes:1-2-3-4-2). Following the parameters de-
veloped by Marchetti et al. (2019), the footprint preserva-
tional value of the Minto trackway is 2.0 (semi-optimal), 
permitting a confident assignment to the ichnogenus. The 
trackway pattern of NBMG 21591 differs from other track-
ways of Batrachichnus in its evenly spaced arrangement and 
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Figure 6. Trackway specimen NBMG 21591. (a) Photograph of NBMG 21591a (left) and interpretive sketch of the same 
(right). (b) Photography of counter part of NBMG 21591b (left) and interpretive sketch of the same (right).
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Figure 7. Interpretive sketch of NBMG 21591a with trackway measurements.
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specimen of result in a GAD of 144 mm. The skull mea-
sures 94 mm in length (65.28% of the GAD), the presacral 
vertebral series measures 175 mm (121.53% of the GAD), 
the caudal vertebral series, though incomplete, is estimated  
as 144 mm (100% of the GAD), and the complete body 
length is thus estimated to be 413 mm (Fig.10a). The GAD 
of Dendrerpeton can subsequently be represented as 34.87% 
of the total body length. Amphibamus grandiceps from the 
early Moscovian of the Mazon Creek Lagerstätte (Bolt 1979; 
Mann and Gee 2019) and Platyrhinops lyelli from Linton, 
Ohio (Clack and Milner 2009), are additional examples of 
the classic (short-bodied) temnospondyl bauplan. When 
the 54 mm GAD interpretation of trackway NBMG 21591 
is implemented, a total tracemaker body length of 155 mm 
is estimated.

Though typically rare in comparison to temnospondyl 
amphibians, numerous disarticulated “microsaur” remains 
have been discovered from Nova Scotia. The famous Jog-
gins Fossil Cliffs have yielded a diverse “microsaur” fauna 
within the interiors of hollow lycopsid trunks (Dawson 
1894; Steen 1934; Carroll 1966; Carroll and Gaskill 1978). 
However, recent work (Mann et al. 2020) reduced the fau-
nal list to only four accepted “microsaur” taxa: Hylerpeton 
dawsoni and Leiocephalikon problematicum (gymnarthrids), 
Steenerpeton silvae (ostodolepid or rhynchonkid), and Tra-
chystegos megalodon (pantylid). All other “microsaur” ma-
terial at Joggins represent either indeterminate tetrapods 
or have been reassigned to a different tetrapod lineages. A 
less diverse “microsaur” assemblage is found at the slightly 

undefined manus–pes sets. The low pace angulation, long 
distance between manus and pes, short stride length, and 
wide trackway width are indicative of a slow-moving gait. 
Similar trackway patterns occur frequently in Matthewichnus 
caudifur, which have been attributed to more elongated 
tracemakers, most notably “microsaurs” (Kohl and Bryan 
1994; Voigt and Lucas 2015). Furthermore, when experi-
menting with modern salamanders, Peabody (1959) noted 
that tracemaker size also affects trackway pattern. Taking 
a complementary approach to Kohl and Bryan (1994), we 
recognize two potential GAD measurements pertaining to 
both groups of Carboniferous tetrapods. Alongside temno-
spondyls, we therefore consider “microsaurs” as potential 
tracemakers of NBMG 21591 based on abnormal trackway 
parameters that are suggestive of an elongated bauplan com-
monly associated with “microsauria”.

Analysis of candidate tracemakers. No terrestrial verte-
brates have yet been documented from New Brunswick, 
making it necessary to make interpretations from material 
found elsewhere in Atlantic Canada and other coeval locali-
ties in Euramerica. Traditionally, the ichnogenus Batrachich-
nus salamandroides was interpreted to have been produced 
by temnospondyl amphibians (Fichter 1979; Voigt 2005; 
Stimson et al. 2012). An articulated specimen of Dendrer-
peton described from Joggins, Nova Scotia (Holmes et al. 
1998), provides the only articulated temnospondyl skeleton 
found in the Pennysylvanian succession of Atlantic Cana-
da (Fig.10a). Measurements extracted from this articulated 

Figure 8. Details of best manus and pes set. (a) Photograph (left) and photogrammetry with false colour relief (middle and 
right); and (b) interpretive sketch of NBMG 21591a. (c and d) Comparisons with generic temnospondyl (c) and “microsau-
rian” (d) manus and pes based on reconstructions by Holmes et al. (1998) and Carroll (1968), respectively.

Figure 9. (next page) Quantitative comparison of skeletal proportions between the inferred measurements of NBMG 
21591 (top measurements in each panel) with estimated glenoacetabular distances (GAD) plotted as temnospondyl (a) and  
“microsaur” (b and c) body morphologies. (a) Following a short-bodied temnospondyl (Dendrerpeton sp.) using an inter-
preted 54 mm GAD; (b) following a short-bodied “microsaur” (Pantylus) using an interpreted GAD of 54 mm; (c) follow-
ing a longer-bodied “microsaur” (Steenerpeton) using a long interpreted GAD of 99 mm.
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Figure 10. Skeletal measurements of a temnospondyl and select “microsaurs”, calculated as percentages of their respective 
GADs to estimate potential tracemaker body sizes. The short-bodied temnospondyl Dendrerpeton (a) using a GAD of  
54 mm; (b) The short-bodied “microsaur” Pantylus, using an interpreted GAD of 54 mm; and (c) the elongated “micro-
saur” Steenerpeton using an interpreted GAD of 99 mm.
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to Asaphestera intermedium (Steen 1934; Carroll 1966). The 
fine-toothed recumbirostran was described as being pos-
sibly related to ostodolepids or rhynchonkids (Mann et al. 
2020), and likely occupied a terrestrial to semi-terrestrial 
habitat (Carroll and Gaskill 1978). The limbs are relatively 
large and well-ossified; however, the body length is current-
ly indeterminate due to inadequate preservations of the ver-
tebral column. Following the approach of Carroll and Gas-
kill (1978), the presacral vertebral count of Tuditanus (29) is 
used to estimate that of Steenerpeton silvae. Although largely 
conjectural, this interpretation, supported by a mosaic of an-
atomical features shared between the two ‘tuditanimorphs’, 
reveals Steererpeton to be of a more elongated body plan. 
Other examples of “microsaurs” with semi-elongated bod-
ies include Joermungandr bolti from Mazon Creek, Illinois 
(Mann et al. 2021), Trihecaton howardinus from the Late 
Pennsylvanian of Colorado (Vaughn 1972; Carroll and Gas-
kill 1978), and Pelodosotis from the lower Permian of Texas 
(Carroll and Gaskill 1978). The GAD of Steenerpeton silvae 
(Mann et al. 2020) is found to be 144 mm. The skull mea-
sures 44.1 mm (30.63% of the GAD), the presacral vertebral 
series, possessing 29 elements, measures 171 mm (118.8% of 
the GAD), and the caudal vertebral series, not included in 
the reconstruction due to the paucity of preserved elements, 
is be estimated to be 144 mm (100% of the GAD). The GAD 
can thus be represented at 40.1% of the total body length of 
359.1 mm (Fig. 10c). The formula was subsequently applied 
to the potential trackway of 99 mm resulting in a total trace-
maker body length of 246.9 mm (Fig. 10c).

DISCUSSION

Tracemaker candidates for the ichnogenus Batrachichnus 
have hitherto been attributed to temnospondyl amphibians 
(Haubold et al. 1995, 2005; Voigt 2005; Stimson et al. 2012). 
This consensus was made through recognition of a tetradac-
tyl manus and pentadactyl pes corresponding with autopo-
dium reconstructions of contemporaneous temnospondyl 
amphibians in close proximity to known Batrachichnus lo-
calities, for example Joggins (Dawson 1863, 1895; Holmes et 
al. 1998; Stimson et al. 2012). Though assigning zoological 
correlatives to a fossil trace is commonly a challenging task, 
Voigt (2005) suggested that the temnospondyl Dendrer-
peton was the most likely tracemaker for Batrachichnus 
due to morphological congruence. However, the signi-
ficant morphological variability attributed to small amphi-
bian footprints has been noted (Haubold et al. 1995), 
raising the possibility of Batrachichnus having been 
produced by multiple late Paleozoic tetrapod taxa. For 
example, some authors (Stimson et al. 2012; Petti et al. 
2014; Cisneros et al. 2020) proposed that Batrachichnus 
could have additionally been produced by other groups of 
tetrapods, namely “microsaurs”. However, this hypothesis 
has received little attention subsequently in the literature.

“Microsaurs” represent a taxonomically problematic 
group of small-bodied tetrapods that first appeared in the 

younger (late Moscovian) Florence locality in Nova Scotia 
(Carroll 1969; Reisz 1971). The rare taphonomy associated  
with the Joggins tree fauna is also observed at Florence, 
and involves the remains of temnospondyls (Rieppel 1980; 
Holmes et al. 1995), embolomeres (Klembara 1985), synap-
sids (Reisz 1971; Mann and Paterson 2020; Mann and Reisz 
2020), a “protorothyridid” eureptile (Carroll 1969), and a 
“microsaur” (Carroll and Gaskill 1978) preserved 
within in-situ Sigillaria stumps. The only “microsaur” tax-
on recognized from this site is an unidentified gymnarthrid 
(Carroll and Gaskill 1978). Outside of Atlantic Canada, the 
Mazon Creek Lagerstätte in Illinois, USA, contains one of 
the most diverse “microsaur” assemblages of similar age to 
the Minto Formation (Moscovian). Diverse “microsaur” 
faunas from the Middle Pennsylvanian are present in the 
upper Moscovian deposits of Linton, Ohio, and Nyrany in 
the Czech Republic (Hook and Baird 1986, 1988; Carroll 
and Gaskill 1978). We do not regard “microsaurs” occurring 
outside the Maritimes Basin as relevant tracemaker candi-
dates for specimen NBMG 21591. However, the ichnologi-
cal record reveals the presence of tetrapod taxa in the Minto 
Formation that are currently not known from the skeletal 
records, the latter being incomplete due to taphonomic fac-
tors (Lucas et al. 2022). Furthermore, no tetrapod remains 
have yet been discovered at Robertson Point, leaving candi-
dates from these nearby assemblages open to consideration.

Based on their relative geographic proximity and strati-
graphic position to the Minto Formation, pantylids (Trachys-
tegos megalodon) and ostodolepids/rhynchonkids (Steener-
peton silvae) are possible “microsaurian” tracemakers for 
specimen NBMG 21591. Carroll (1968) observed a notable 
correlation between disarticulated remains of Trachystegos 
from Joggins and the postcranial skeleton of the Permian 
pantylid, Pantylus, from Texas. Based on the availability of 
skeletal reconstructions, for this study we use Pantylus as 
a skeletal archetype for short-bodied “microsaurs”. Less-
er-known, short-bodied “microsaurs” include Diablorot-
er bolti (Mann and Maddin 2019) and Batropetes (Carroll 
1991). Pantylus is described from the Wichita Group (low-
er Permian) of Texas and represents a fully terrestrial form 
with a short trunk length (24 presacral vertebrae) and ro-
bust fore- and hindlimbs (Carroll 1968; Carroll and Gaskill 
1978). Measurements taken from the articulated skeletal 
reconstruction of Pantylus (Carroll 1968) provide a GAD of 
117 mm. The skull measures 68.4 mm (59% of the GAD), 
the presacral vertebral series measures 167 mm (142% of the 
GAD), and the caudal vertebral series, though lacking sev-
eral elements, is estimated as 117 mm (100% of the GAD). 
Assuming the reconstruction was correctly interpreted and 
to scale, the total body length of Pantylus is consequently 
352.4 mm. The GAD can thus be represented as 33.2% of 
the total body length. By applying this GAD value to the po-
tential trackway GAD of 54 mm, a total body length of the 
tracemaker of 162.65 mm is estimated (Fig. 10b).

Steenerpeton silvae is a newly recognized “microsaur” from 
the Joggins Fossil Cliffs described by Mann et al. (2020), fol-
lowing the re-examination of material previously assigned 
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Mississippian (Carroll et al. 1991; Lombard and Bolt 1999; 
Clack 2011), diversified during the Pennsylvianian (Mann et 
al. 2020; Mann and Maddin 2019; Mann et al. 2019; Mann 
et al. 2021; Carroll and Gaskill 1978), and persisted through 
to the early Permian (Carroll 1968; Daly 1973; Carroll and 
Gaskill 1978). Traditionally “microsaurs” have been consid-
ered to be stem-amniotes and part of the group Lepospon-
dyli (Zittel 1888; Romer 1950; Baird 1965; Carroll 1966, 
1998; Carroll and Chorn 1995); however, recent taxonomic  
and phylogenetic studies have found this group to be a 
polyphyletic assemblage (Anderson 2007; Pardo et al. 2017; 
Pardo and Mann 2018; Clack et al. 2019). Study of the anat-
omy and systematics of “microsaurs” has recently under-
gone a revival, using new imaging techniques (micro-CT) 
and methods to reveal stereotypical fossorial adaptations 
among the group (Maddin et al. 2011; Huttenlocker et al. 
2013; Pardo et al. 2015; Szostakiwskyj et al. 2015; Pardo and 
Anderson 2016; Mann and Maddin 2019; Mann et al. 2019.) 
These studies have led to the emergence of a well-supported, 
fossorially adapted clade called Recumbirostra (Anderson 
2007), which includes a core-group of some “microsaurs” 
and lysorophians (Pardo and Anderson 2016; Pardo et al. 
2017; Mann et al. 2019). The most recent phylogenetic anal-
yses including recumbirostrans retrieve the clade within 
crown-group amniotes, specifically as early-diverging rep-
tiles (Pardo et al. 2017; Mann and Maddin 2019; Mann et al. 
2019; Mann et al. 2021). Despite the recent surge in research 
on recumbirostran “microsaurs”, further work is still needed 
to confirm the exact phylogenetic placement of the group 
(involving some or all of its members).

Limitations concerning trackway preservation restrict the 
production of small tetrapod tracks, including Batrachich-
nus, to terrestrial, semi-aquatic paleoenvironments. Tetra-
pod footprints preserved in shallow, subaqueous conditions 
exhibit morphological inaccuracies consisting of a reduced 
number of digits, distorted digit position, and a parallel digit 
orientation attributed to the fact that the tracemaker would 
have been buoyed up by the water (Brand and Kramer 
1996). Distortions generated under these conditions hinder 
the ability to confidently distinguish between walking ich-
notaxa (Batrachichnus salamandroides) and swimming vari-
ants (Characichnos, Lunichnium). Aside from a rare instance 
where the limbs were used as stabilizers when swimming di-
rectly above the substrate (Minter and Braddy 2006), diag-
nostic tetrapod trackways produced in deep-water contexts 
are seldom preserved in the late Paleozoic fossil record. The 
presence of the fish ichnotaxon Undichna on the same sur-
face as the Batrachichnnus salamandroides trackway stud-
ied here suggests a close proximity, at least periodically, to 
aquatic environments.

The paleoenvironmental constraints on Batrachichnus 
footprints exclude the aquatic microbrachomorph “micro-
saur” groups such as Hyloplesiontidae and Microbrachi-
dae. The tetrapod trackway under discussion is a shallow 
underprint of plantigrade impressions that are spaced at 
regular intervals (stride and pace) on the same surface as a 
surface impression of Undichna. The co-occurrence of these 

two ichnogenera does not suggest that this tetrapod track-
way was registered into sediments that were deposited un-
der subaquatic settings. Instead, the traces were registered 
on different sedimentary surfaces, with tetrapod trackway 
being registered into a slightly younger stratum at millime-
tre scale above the exposed surface. The tetrapod trackway 
penetrated into an underlying surface that preserved the 
Undichna, which was obviously deposited under subaquatic 
conditions. On this basis, it is feasible to narrow down “mi-
crosaur” candidates to terrestrially adapted recumbirostrans 
(e.g., pantylids, hapsidopariieds, gymnarthrids, brachystel-
echids, ostodolepids, and rhynchonkids) and the currently 
unrevised forms, such as Tuditanus and Trihecaton. Some of 
these terrestrial “microsaurs” bear significant resemblance 
to small-bodied temnospondyls in bauplan, and can be 
found in similar environmental settings (Carroll and Gas-
kill 1978). These settings include coal swamps (Lyell and 
Dawson 1853; Dawson 1894, 1896; Calder 1998; Calder et 
al. 2006; Davies et al. 2005), shallow lakes or ponds (Rayner 
1971), channel flanks (Vaughn 1972; Hook and Ferm 1985, 
1988), and delta floodplains (Rayner 1971). They are thus 
viable contenders as producers of Batrachichnus footprints.

This conclusion is additionally supported by observations 
that the autopodium of terrestrial “microsaurs” and temno-
spondyls share a similar morphology (Carroll 1968; Stimson 
et al. 2012; Fig. 10). The diagnostic tetradactyl manus of Ba-
trachichnus is consistent with both groups, as are identical 
digit proportions (e.g., 1-2-3-2 in the manus), and slightly 
wider than long dimensions. The Minto trackway exhibits 
a slightly longer digit IV; however, morphological variation 
within the ichnogenus is quite extensive, dismissing this 
feature as a viable extramorphological discrepancy (Hau-
bold et al. 1995). Furthermore, the factors relevant in the 
evaluation of footprint morphology, as discussed by Milàn 
and Bromley (2006, 2007), have been erected to compensate 
for some of the extramorphological variability that occurs 
during trackway registration. The effects of substrate condi-
tion, water saturation, taphonomy, erosion, and undertrack 
preservation must all be taken into consideration as factors 
that influence footprint morphology (Haubold et al. 1995; 
Melchor and Sarjeant 2004). It is thus interpreted that the 
footprints produced by “microsaurs” and temnospondyls 
could be rendered virtually indistinguishable on an ichno-
taxonomic level.

The diversity in recumbirostran “microsaur” body pro-
portions, particularly that of the trunk region, provides 
the potential for high levels of variation in certain aspects 
of trackway morphology, specifically the estimated GAD. 
Furthermore, Haubold (1971) noted that the trackway pat-
tern will alter in respect to the tracemaker’s body size. The 
body size of the tracemaker of NBM 21591 is equivocal, as 
two GAD interpretations are considered valid: (1) a GAD 
measuring 99 mm, attributed to an overstepping gait of a 
semi-elongated recumbirostran “microsaur”, and (2) GAD 
measuring 54 mm consistent with known temnospondyls 
in the region, but also consistent with short-bodied “micro-
saurs” (e.g., Pantylus, Tuditanus, and brachystelechids). The 
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latter interpretation is favoured based on the cogent track-
way parameters discussed above. “Microsaur”-produced 
trackways are thus interpreted to encompass a range of 
GAD values ranging from lengths only achievable by elon-
gated recumbirostran “microsaurs” to those of temnospon-
dyl affinity. This observation raises the possibility of past 
tracemaker misidentifications, as the GAD of temnospon-
dyls and short-bodied “microsaurs” would overlap, result-
ing in a dubious zone of tracemaker identity. Despite being 
helpful in determining potential tracemaker candidates, the 
GAD of specimen NBMG 21591 is open to various mea-
surements and cannot be heavily relied on to distinguish 
between a temnospondyl or “microsaur” tracemaker. Fur-
thermore, additional discoveries of tetrapod body fossils are 
needed to aid in resolving the true identities of Carbonifer-
ous trackways.

CONCLUSIONS

Based on prior studies, the original interpretation that 
Batrachichnus was produced by temnospondyls is regard-
ed as a valid hypothesis. However, the results of this study 
support those of Stimson et al. (2012) in expanding pos-
sible tracemakers for Batrachichnus to include terrestrial 
recumbirostran “microsaurs”. “Microsaurs” frequented the 
equatorial regions of Pangea during the Pennsylvanian and 
were a common component in the terrestrial ecosystems 
alongside temnospondyls (Carroll and Gaskill 1978). The 
body lengths of terrestrial recumbirostran “microsaurs” and 
temnospondyls overlap, and together with indistinguish-
able manus and pes morphology, complicate the process 
of discerning between the two groups as potential trace-
makers. A more equivocal approach to selecting associated 
tracemakers for the ichnogenus is encouraged, which may 
inspire subsequent re-examinations of biota inferred from 
Batrachichnus populated ichnoassemblages. This approach 
pertains especially to fossil localities where either tetrapod 
skeletal remains are absent and tetrapod communities are 
being inferred solely from the ichnological record, or where 
both “microsaurs” and temnospondyls are present in the 
skeletal record in addition to tetrapod ichnofossils, for ex-
ample at Joggins (Dawson 1882, 1896; Carroll 1964, 1966, 
1967; Stimson et al. 2012; Mann et al. 2020; Calder et al. 2006).
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insights into the post-glacial evolution of some Celtic coasts 

of northwest Europe”
by Simon K. Haslett and David Willis1
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can be relied upon to identify and date the lost lowlands 
of Cardigan Bay might be a matter for speculation. Such 
legends are far from unique. There are plenty of myths of 
lost lands and sunken cities around the British Isles, many 
supported by botanical and archaeological evidence of the 
large scale loss of real areas (Pennick 1987). One has only 
to consider Doggerland, the great land-mass between 
Britain and the continent that was finally submerged around 
6500 BCE, or well-documented cases of settlements lost 
to storms and coastal erosion more recently such as 
Ravenser Odd at the mouth of the Humber, a pros-
perous port abandoned and overwhelmed in the mid-
fourteenth century. However, it is abundantly clear that 
early maps, including the three cited by Haslett and 
Willis, cannot be used in the way they do to provide 
details of coastal erosion, still less to date the existence and 
disappearance of particular islands.

Haslett and Willis attempt to use Ptolemy’s Geo-
graphy (compiled ca. 150 AD) to argue that roughly 1900 
years ago, the coast of Wales was some eight miles to the 
west of its current position. This is to misunderstand 
the original source completely. Claudius Ptolemy, based 
in Alexandria, did a brilliant job of pulling together dis-
parate sources to produce a map of the known world. 
That map has not survived. What does survive are his 
instructions for making it, and a series of regional maps 
in the form of lists of coordinates or grid references. It is 
probable that the latitudes of a small number of Ptol-
emy’s places were located from astronomical observation. 
But no secure method existed for estimating longitude, 
and the position of most places given by Ptolemy from his 
sources would have been derived from statements of the 
approximate distance and direction between them (as 
in itineraries). For Britain, it may be that Ptolemy was using

DISCUSSION

  In their article ‘The ‘lost’ islands of Cardigan Bay, Wales, 
UK: insights into the post-glacial evolution of some Celtic 
coasts of northwest Europe’, Simon K. Haslett and David 
Willis argue that two islands off the coast of Cardigan Bay 
were lost to erosion by the mid-sixteenth century. Taking as 
their starting point medieval Welsh folklore about these 
islands, the authors use the medieval map of Britain known 
as the Gough Map as evidence that these islands still existed 
above sea level in the later Middle Ages. They then turn to a 
copy of the Gough map made in the sixteenth century by 
Thomas Butler as proof that the islands had disappeared by 
the middle of the sixteenth century. Moreover, they claim 
that Ptolemy’s Geographia shows that ‘the mouth of the 
Afon Ystwyth in the 2nd century CE [was] 10–15 km to the 
west of its present position’ (p. 141). Unfortunately, these 
arguments are based upon a fundamental misunderstanding 
of early maps and, as the present note shows, not one of the 
arguments presented stands up to scrutiny.
    There is no reason to doubt the authors’ understanding 
that during the Pleistocene the Cardigan Bay area was 
occupied by Irish Sea ice from the north and west, and Welsh 
ice from the east. Nor that the Pleistocene left a land surface 
covered by unconsolidated deposits that subsequently 
disappeared as a result of the Holocene sea-level rise (which 
coincided with the Mesolithic archaeological period). It is 
not unreasonable to maintain, as the authors do, that a 
‘memory’ of this land was retained in various historical and 
folkloric sources relating how this ‘Cantre’r Gwaelod’ (the 
Lowland Hundred) was overrun by the sea at some time in 
the past, although the extent to which such myths and legends

1Appears in Atlantic Geoscience, 58, pp. 131–146:  this issue
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three or more independent sources, perhaps one for the 
inland places and two for the coastline, written down several 
generations before Ptolemy’s own time. The opportunities 
for error, both in the original sources and in later written 
copies, are enormous; the whole of Scotland is tipped away 
from pointing north to pointing due east, possibly as a result 
of an error in copying and transmission, as is readily 
appreciated from the earliest surviving maps (thought to 
have been constructed from Ptolemy’s figures in 
Byzantium). Within Britain, many places are mislocated 
(Shannon 2012). It is also important to note that Ptolemy 
makes no attempt to describe coasts. Instead, he gives us a 
series of points in space, between which the coastlines have 
to be interpolated as straight lines. It is impossible, in short, 
to work out from Ptolemy’s data where the coast of Wales 
might have been in his day. To imagine that a Ptolemaic 
map can be interpreted as evidence that the coast was in his 
day some thirteen kilometres (eight miles) from its present 
position is far-fetched in the extreme; to go on to use this 
position to calculate the ‘mean rate of removal of the 
depositional landscape between the recording of Ptolemy’s 
coordinates and the drafting of the Gough Map’ (p. 142) is 
stretching the evidence well beyond breaking point.
  Yet it is the Gough Map on which the Haslett and Willis 
thesis relies most heavily and that is used to show that the 
two lost islands in which they are interested must have still 
existed when it was compiled (Fig.1).
    Since it came to light in the mid-eighteenth century, the

Figure 1. The Gough Map of Britain. ca. 1400. East at the top. ca. 55 × 116 cm. Parchment (two skins joined), Oxford, 
Bodleian Library, Gough Gen. Top. 16 (Bodleian Libraries, University of Oxford).

Gough map has attracted considerable interest but the 
conclusions reached by individual commentators have 
tended to vary, often considerably and sometimes mis-
leadingly. Notwithstanding, the authors of ‘The ‘lost’ islands 
of Cardigan Bay’ have selected from this literature the parts 
they find supportive rather than showing an understanding 
of the problems its (often incompatible) diversity presents. 
Since 2012, the Gough Map has been intensively studied by 
a multi-disciplinary team of historians and scientists. Some 
provisional conclusions were published in 2017 (Delano-
Smith et al. 2017) but ongoing research (funded by the 
Leverhulme Trust, RPG-2019-070) is shedding new light 
and sharpening our understanding of this unique historical 
document. From this, it can be stated with a reasonable 
degree of confidence that the extant map dates from 
approximately 1400 and not from ca.1360 as in the older 
scholarship (e.g., Parsons 1958).
   Although the Gough Map is the finest example of a map of 
Britain pre-dating 1500, the statement by Haslett and Willis 
that it is ‘the earliest known map of Great Britain’ (p.132) is 
not true. A century and a half before the Gough Map, the St 
Albans monk Matthew Paris had drawn four maps of Great 
Britain, improving them as he went along. The basic outline 
that Paris used was taken from a mappa mundi, or world 
map, where the British Isles are generally shown, with little 
detail, at the extremity of the known world. Hundreds of 
these world maps survive from the Middle Ages, from small 
diagrams on the pages of ecclesiastical chronicles and other
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books to large stand-alone detailed compilations for display, 
such as that of ca. 1300 in Hereford Cathedral. A map dating 
from two centuries before Matthew Paris, now in the British 
Library and known as the Cotton or Anglo-Saxon map, 
depicts a recognizable British Isles, albeit with Wales shown 
as a separate island (probably a miscopying of the rivers Dee 
and Severn). This map was almost certainly derived from an 
earlier map which has not survived but which may have 
dated from the ninth century and that, in turn, owed its 
origins to late classical maps, also long lost. However, it is 
clear from the early literature that, for more than a thousand 
years before the Gough map, the general size and shape of 
Britain was known; Julius Caesar’s figure of 800 miles in 
length was repeated by medieval authors, including Matthew 
Paris, and the island was traditionally described as triangle or 
lozenge in shape.
    The most significant of the sources cited by the authors in 
support of that contention that the Gough Map is the first of 
its kind, E.J.S. Parsons’ important study of 1958, says no such 
thing and, moreover, explicitly acknowledges the influence of 
the mappae mundi and of Matthew Paris (Parsons, 1958, pp. 
1–5). The most that can be said for the Gough Map is that it 
is the earliest extant depiction of the British Isles in large 
format. On even the largest mappa mundi (Hereford, 
Ebstorf) Britain was shown tucked away on the periphery of 
the whole (known) world; while Matthew Paris’ maps were 
in books; and all these early representations of Britain are 
restricted in size and detail. The Gough Map, by contrast, 
focuses entirely on Britain (with a token recognition of 
Ireland and Continental Europe), and was drawn on two 
sheepskins stitched together to give the required dimensions 
of 56 by 115 cm. It was produced not for display but as a 
working document, to be updated as necessary.
   Haslett and Willis are correct in noting that the Gough 
Map was derived from an earlier or predecessor map. The 
mapmaker had pricked through that predecessor to mark the 
new made-to-measure parchment to help lay out the 
replacement map. With few exceptions, the pinholes served 
also to indicate the different classes of signs for the 
settlements to be portrayed on the new map. One or two 
mark the source of a river, to help with locating places. 
Almost no pinholes are found on the coastline, and while 
some places on islands were pricked, no island was indicated 
in this way.
   It is not surprising, then, to find in the specific case of the 
two islands off West Wales, no pinholes at all, making it 
impossible to say whether those islands were on the 
predecessor map or whether they appeared for the first time 
on the extant map. The suggestion that the predecessor map 
dates from around 1280 — as accepted by the authors when 
talking about the ‘13th–14th-century Gough Map’ (Haslett 
and Willis 2022, pp. 133, 141) — derives solely from the 
arguments of Daniel Birkholz (2004). Birkholz’s view, 
however, has not been widely accepted by other scholars, and 
ongoing research for the Gough Map project suggests that a 

date in the fourteenth century is a much more likely date.
   Pinholes are absent too from large parts of the east and 
south-east of England on the Gough Map, suggesting that, 
as had long been held, new information had become 
available to the copier of the predecessor map regarding the 
shape of East Anglia (Andrews 1926). The information 
would have come from navigation charts (portolan charts) 
carried on board the ships from the Mediterranean that in 
the fourteenth century were regularly coming through the 
Channel and into the North Sea to trade at ports along the 
east coast of England before heading across the sea to 
Flanders. The copier was accordingly able to show a 
probably much-improved coastal outline for this part of 
England – although not for the west coast of Britain, which 
remained largely unknown to the Mediterranean chart-
makers. Crucially, though, whereas the shape of the south-
eastern coast depicted on the Gough Map is familiar to the 
modern eye, and we know from the geomorphologists that 
‘the low-lying coastal zones of the North Sea basin have 
changed dramatically over the centuries’, we are warned 
that ‘our knowledge of those changes is weak’ (Bailey et al. 
2021, p. 86). Even for so intensively studied an area as the 
Suffolk coastlands, for which significant changes are well 
documented, the Gough Map was found to be of no use 
when seeking an ‘accurate’ idea of what the coastline might 
have been like around ca. 1400. If this is the case for places, 
ports and inlets along as well-travelled a shore as that of 
southeast England, how much more cautious and skeptical 
we should be when faced with regions about which the 
compiler of the Gough Map obviously possessed far less 
information.
   The idea that a scale can be determined from the Gough 
Map, to be used to calculate distances and dimensions 
(Haslett and Willis 2022, pp. 133–134) is also funda-
mentally misguided. The Gough Map is not a scale map. 
Maps to mathematical scale were not drawn at this time 
and remained rare before the later sixteenth century. There 
are far too many problems and errors to argue for the 
‘apparent geographical truthfulness’ of the Gough map, as 
the authors do with reference to Lloyd and Lilley (Lloyd 
and Lilley 2009, p. 29; see also Lilley and Lloyd 2009; Has-
lett and Willis 2022, p. 133). The red lines that have intri-
gued previous commentators on the Gough Map are not 
roads but a construct, not drawn to mathematical scale, 
devised to help map users to understand the shape and size 
of the kingdom and the interrelationships between a mass 
of places; they were reader aids, in other words (Delano-
Smith 2002, pp. 81–82).
  Nor was the Gough Map the product of any sort of 
‘survey’. The information that word conveys is far too var-
iegated and inconsistent for that to have been the case. 
Moreover, any extensive official fourteenth-century survey 
would have left some trace in the abundant records of 
England’s highly centralised administration, as did those of 
1086 (Domesday Book) and of 1279–1280 (the Hundred Roll
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land). What underlies the selection of myths and legend is 
uncertain, but we can say firmly that no reference is made on 
the Gough Map to the lost lowland of Cantre'r Gwaelod. We 
can also say that the proportions of the islands shown in 
Cardigan Bay Island are wholly unrealistic.
    Bardsey alone, in reality a mere 179 hectares, is shown as 
larger than Haslett and Willis’ two ‘lost’ islands together. To 
the south of these, another similarly sized island labelled 
‘Ramesey’ obviously represents Ramsey Island, off 
Pembroke, which in fact totals 259 hectares. What, however, 
the makers of the Gough Map intended by inserting the 
intervening pair of small islands is less clear. For the much-
reduced reproduction of the map published in British 
Topography (1780), Richard Gough’s engraver left the circles 
empty, but Parsons thought he could read ‘…l…n’ and ‘…
well’ and took them to be Gwylan (two islets off Aberdaron, 
not far from Bardsey) and St Tudwal’s Island (two islets off 
Abersoch, also not far from Bardsey) (Parsons 1958, p. 27). 
At the time of writing, the missing letters have not yet been 
deciphered on the recent high-resolution photography 
scanned for the Gough Map Research Project but there is no 
reason to doubt Parsons’ reading and still less to assume they 
refer to two islands in the lost land of Cantre’r Gwaelod.
     The obvious unfamiliarity of western and central Wales to 
the distant compilers of the Gough Map would also caution 
against accepting their map as an ‘accurate’ presentation of 
the topography and geography of the area in the late Middle 
Ages and trying to use it in scientific research into coastal 
change. Whoever sketched out the coasts of Wales was 
clearly unaware of the sweeping indentation of Cardigan Bay 
and drew instead the western Welsh coast as a roughly 
straight north-south-line broken only by river mouths. 
Notwithstanding, Haslett and Willis argue that ‘the lack of 
curvature of Cardigan Bay on the Gough Map does not cast 
significant doubt in itself on the distinct occurrence of the 
two “lost” islands depicted on the map offshore the Cardigan 
Bay coast’ (p. 133). This is surely incorrect. If the mapmaker 
was unaware of Cardigan Bay, how can we be sure that these 
two islands were intended to lie off the coast of Cardigan 
Bay? Knowing how geographical outlines were drawn on 
medieval maps in general at this date (even charts), and 
bearing in mind that the Gough Map represents effectively 
the very first attempt to trace the details of the coastline of 
the whole of Britain on a single large surface, it is far more 
hard-headed to accept that the islands in question, like so 
many of the other small islands scattered about the map, are 
(as noted above) representative, not naturalistic, icons of real 
islands. It is simply not possible to use the Gough Map to 
‘prove’ the existence of these two islands in the way the 
authors claim.
     Finally, the leap that Haslett and Willis then make to their 
next conclusion is equally invalid. They say that, because 
these two islands do not appear on Butler’s Map, dated to ca. 
1547, they must have vanished — submerged—in the interven-
ing century or so. However, this is to misunderstand Butler's
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enquires; see Roffe 2000; Raban 2004). Rather, the achieve-
ment of the Gough Map was to improve upon its predecessor 
using the latest knowledge as part of an intellectual process 
that had been going on (in effect) for a thousand years and more.
   There is no doubt that the depiction of Britain on the 
Gough Map is better than anything that had gone before. 
Inevitably, though, it could be no better than the information 
available to its compiler(s). It was an English map, after all, 
reflecting a fundamentally English perspective, which means 
that the more remote (from the compilers’ perspective) 
fringes of Britain contain some notable errors. Scotland is 
glossed over as an elongated blip, with little internal detail 
and with the whole of the country north of Stirling depicted 
as a separate island, joined to the mainland by a bridge 
(another tradition found in Matthew Paris). Settlements 
marked as ‘Ross’, ‘Caithness’ and ‘Sutherland’ were not 
towns but the names of lordships. North-west England 
appears to be one of the better-known regions but even here 
the coast trends north-west in a straight line, with no sign of 
the bulge of Cumbria. Most cogently, Wales is a rough 
rectangle, with no hint of Cardigan Bay or the Llŷn 
Peninsula, and an almost empty interior apart from the error 
of a large lake at Plynlimon instead of the mountain that was 
undoubtedly shown on the predecessor map.
  All in all, the unavoidable conclusion has to be the com-
pilers of the Gough Map were not at all interested in pro-
ducing a mathematically accurate depiction of the geography 
and topography of the island. What mattered was to display 
the distribution of some 650 places within an outline of the 
island of Britain. The Gough Map is primarily a map of 
places set out to show how each related to its neighbours and 
to an impressive network of rivers. The fifty or so islands 
surrounding Britain are arbitrarily distributed and all are 
depicted notionally as rough circles or ellipses. Most are 
over-sized and lack any hints of physical realism. Thus, the 
score or so Orkney Islands of tradition are represented as a 
single, large feature (Insula de Orkeney) lying far off the 
eastern coast of Scotland instead of close to the northern 
coast. The Scilly islands are likewise shown as a single island 
(Celly), whereas the western Isles are identified in the plural 
as ‘Les Outislez’ but shown as singular. About half the islands 
have one or more settlement signs, many of which, especially 
on the unnamed islands around Scotland, do not appear to 
be intended to represent specific places so much as to 
heighten in a general way the well-known point that there are 
many occupied islands off the Scottish coast.
   This allusion to context brings us to consider the two 
islands with which Haslett and Willis are concerned. Of the 
ten islands off the Welsh coast, Priestholm and Bardsey are 
each shown as considerably larger than one would expect. In 
the latter case, this allowed space for a mytho-historical note 
about the presence of ‘the soothsayers of the Britons’, one of 
a number of adventitious 'folkloric' items found on the map 
(others include the location of Brutus the Trojan’s landing in 
Cornwall and various myths connected with Loch Tay in Scot-
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map. Butler was a merchant (Birkholz 2006). His map, 
which occupies a double page spread in his commonplace 
book, was copied directly from the Gough map or, more 
likely, from another copy of that map (Fig. 2). It has far less 
room for detail (Scotland is not included, although Ireland is 
expanded). Like the Gough Map compilers, Butler’s interest 
was also in places, although with less space he had to be 
more selective as to what he could show, and the fact that he 
did not bother to include the two  islands on his pocket-
sized copy proves nothing. They were simply irrelevant to 
his commercial interests and the purpose for which he 
sketched his map (he drew only four of the eight Channel 
Islands marked on the Gough Map). Not only did he omit 
the two Cardigan Bay islands but he also left off nearby 
Bardsey, shown so disproportionately large on the Gough 
Map. Bardsey has obviously not been eroded and is still very 
much there. The logic the authors apply, that something 
appearing on the Gough Map but not on Butler’s Map 
means that it had been submerged in the intervening period,

ATLANTIC GEOSCIENCE · VOLUME 58 · 2022 265

is therefore ridiculous, as the case of Bardsey (and plenty 
of other islands present on Gough but not on Butler, such 
as the Channel Islands) demonstrates.
  Another map of approximately the same period, the larger 
and much more elaborate Angliae Figura (1536–1537) is 
likewise a derivative of the Gough Map. It too retains the 
Welsh coastline lacking Cardigan Bay and omits the two 
islands in question. Like Butler, it also omits Bardsey. 
Exactly the same is true of other sixteenth-century 
derivatives of the Gough Map, including Sebastian 
Münster’s of 1540 and George Lily’s from 1546. All retain 
Anglesey, Priestholm and Ramsey but omit Bardsey and the 
two other islands. Nor do they tell us anything about 
changes to the coastline or the disappearance of small 
islands in general.
  Rather, these Tudor-era maps provide evidence only that 
those who used the Gough Map to create their derivatives 
(or made derivatives from other derivatives) omitted things 
which were not relevant to their reason for redrawing the map,

Figure 2. Thomas Butler, The Mape off Ynglonnd. c.1547–1554. East at the top. 18 × 26 cm. Ink on paper in his 
commonplace book bound into a compendium of astronomical and astrological treatises. Newhaven, Connecticut, 
Beinecke Library MS 558, fols 47v-48r. (Beinecke Rare Book and Manuscript Library, Yale University.)

DELANO-SMITH ET Al. – Discussion of “The ‘lost’ islands of Cardigan Bay, Wales, 
UK: insights into the post-glacial evolution of some Celtic coasts of northwest 
Europe” by Simon K. Haslett and David Willis



Copyright © Atlantic Geoscience 2022

ATLANTIC GEOSCIENCE · VOLUME 58 · 2022 266

DELANO-SMITH ET Al. – Discussion of “The ‘lost’ islands of Cardigan Bay, Wales, 
UK: insights into the post-glacial evolution of some Celtic coasts of northwest 
Europe” by Simon K. Haslett and David Willis

be it a whole country (Scotland) or some obscure islands off 
the Welsh coast. That they did not include Haslett and Willis’ 
two ‘lost islands’ does not prove that these physical features 
had disappeared any more than that the Gough Map proved 
their existence. It simply shows us that they were not 
regarded as significant to the mapmakers.
   In sum, the conclusions reached by Haslett and Willis 
concerning the ‘evidence’ of these maps are unsupportable. 
None of the maps they cite can be used to ‘prove’ the 
existence of ‘lost’ islands, still less to make calculations about 
their size or location, date of emergence and disappearance. 
This observation applies to any ancient, medieval or early 
modern map.
  The Gough Map has no place in a geomorphological dis-
cussion of post-glacial coastal evolution, and it is to be 
regretted that the authors did not seek the advice of carto-
graphic historians before publishing their findings.
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ABSTRACT

This contribution presents new 40Ar/39Ar laser step-heating data for muscovite associated with four significant 
orogenic gold-mineralized zones in central and western Newfoundland to build upon existing geochronological 
constraints for orogenic gold mineralization across much of the Newfoundland Appalachians. Additionally, we 
provide the first 40Ar/39Ar laser step-heating data for detrital muscovite from gold-mineralized sandstone of the 
Wigwam Formation (Botwood Group) at the Moosehead gold prospect. Most known gold zones on the isIand 
occur in proximity to reactivated crustal-scale faults and related structures, and are commonly localized within 
competent, rigid lithological units (e.g., granitoid rocks); although, some vein systems cut less competent, clastic 
sedimentary rock sequences. Host rocks range in age from Neoproterozoic to Devonian and may extend into the 
Carboniferous. Robust Pragian to Emsian (ca. 410–375 Ma) rutile, muscovite and zircon ages constrain the timing 
of gold mineralization in parts of the Exploits Subzone, whereas less precise age estimates for gold mineralization 
in the Notre Dame Subzone and Laurentian margin range from Wenlock to Emsian (ca. 433–375 Ma). Collectively, 
the geochronological data suggest that fluid-pressure cycling associated with gold mineralization in central and 
western Newfoundland occurred during progressive Siluro-Devonian tectonics associated with the waning stages 
of the Salinic orogenic cycle and spanning the Acadian and Neoacadian orogenic cycles. Multiple, polyphase, 
overlapping orogenic events allowed for repeated, gold mineralizing fluid flow events, particularly in proximity to 
long-lived, reactivated crustal-scale fault zones.

RÉSUMÉ

La présente contribution fait état de nouvelles données obtenues par chauffage échelonné au laser 40Ar/39Ar 
de muscovite associée à quatre zones minéralisées aurifères  orogéniques stratégiques dans le centre et l’ouest de 
Terre-Neuve permettant de mieux préciser les limites géochronologiques existantes de la minéralisation aurifère 
orogénique dans la majeure partie des Appalaches terre-neuviennes. Nous fournissons de plus les premières 
données par chauffage échelonné au laser 40Ar/39Ar de muscovite détritique provenant de grès minéralisé aurifère 
de la Formation de Wigwam (groupe de Botwood) dans la zone d’intérêt aurifère de Moosehead. La majorité des 
zones aurifères connues sur l’île se trouve à proximité de failles d’échelle crustale et de structures connexes, et 
elles se situent communément à l’intérieur d’unités lithologiques rigides parallèles (p. ex. des roches granitiques), 
bien que certains réseaux filoniens recoupent des séquences de roches sédimentaires clastiques moins parallèles. 
L’âge des roches hôtes varie du Néoprotérozoïque au Dévonien et  peut s’étendre au Carbonifère. Des datations 
robustes du Praguien à l’Emsien (env. 410 à 375 Ma) de rutile, de muscovite et de zircon limitent le moment de la 
minéralisation de l’or dans des parties de la sous-zone Exploits, alors que des estimations moins précises de l’âge 
de la minéralisation aurifère dans la sous-zone Notre-Dame et de la marge laurentienne varient du Wenlock à 
l’Emsien (env. 433 à 375 Ma). Les données géochronologiques laissent collectivement supposer que les cycles de 
pression hydraulique associés à la minéralisation d’or dans le centre et l’ouest de Terre-Neuve se sont manifestés 
durant la progression tectonique siluro-dévonienne associée aux stades de ralentissement du cycle orogénique 
salinique et s’étendant aux cycles orogéniques acadien et néoacadien. Plusieurs phénomènes orogéniques 
polyphasés se chevauchant ont permis des écoulements de fluides minéralisateurs aurifères répétés, en particulier 
à proximité de zones de failles d’échelle crustale réactivées persistantes.
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INTRODUCTION

Prior to the late 1980s, the vast majority of gold pro-
duced in the Newfoundland Appalachians was derived as 
a by-product from auriferous volcanic massive sulphide de-
posits such as the Rambler, Ming and in particular, Buchans 
deposits of the central Newfoundland Dunnage Zone (see 
Piercey 2007; Galley et al 2007). Positive market conditions 
and the introduction of flow through shares stimulated an 
Island-wide gold exploration boom in the late 1980s that 
led to the discovery of many of the gold deposits that are 
past producers (Fig. 1) (e.g., Hope Brook Deposit, Big Ridge 
Resources; Hammerdown and Orion, Maritime Resources) 
and are currently in production (e.g., Stog’er Tight deposit, 
Anaconda Mining). In addition to these deposits, prospec-
tive gold deposits and occurrences seeing renewed explo-
ration today include: (1) Valentine Lake Project, Marathon 
Gold Corporation; (2) Cape Ray Deposits, Matador Mining; 
(3) Appleton-JBP linears (now Queensway Project), New
Found Gold; (4) Little River Prospects (now Golden Baie),
Canstar Resources; and (5) Moosehead, Sokoman Minerals.

The geoscientific knowledge base related to gold miner-
alized zones in central and western Newfoundland is lean 
compared to other global gold producing districts. Early 
gold-related studies, subsequent to the explosion of explora-
tion in the late 1980s, provided some of the first descriptive 
and comparative documentation of the gold occurrences on 
the Island (e.g., Tuach 1987; Tuach et al 1988; Evans 1991, 
1993, 1999, 2004; Churchill et al 1993; Wilson and Evans 
1994). Extant geochronological investigations on gold zones 
are limited to those from the Hope Brook (Dubé et al 1995) 
and Cape Ray deposits (Dubé et al 1996; Dubé and Lauz-
ière 1997) and select geochronological studies at the Nugget 
Pond (Sangster et al 2008) and Hammerdown (Ritcey et al 
1995) deposits. Subjects of more recent gold-related, para-
genetic, lithogeochemical and geochronological studies in-
clude: the Rattling Brook (Kerr and van Breemen 2007) and 
Thor prospects (Minnett et al 2012) in western Newfound-
land (White Bay); the Pine Cove (Ybarra 2020) and Ming 
(Au-rich VMS) deposits of Baie Verte Peninsula (Pilote et al 
2020); and the central Newfoundland gold district (Valen-
tine Lake deposit and Wilding Lake prospect; Honsberger 
et al 2022a).

Robust U–Pb geochronological constraints on gold min-
eralization are largely restricted to the Neoproterozoic (ca. 
570–585 Ma) epithermal prospects of eastern Newfound-
land (e.g., O’Brien et al 2001; Sparkes et al 2005; 2016; Spark-
es and Dunning 2014), with fewer constraints on the timing 
of orogenic gold mineralization in central and western New-
foundland (e.g., ca. 374 Ma muscovite, Sandeman and Dun-
ning 2016; ca. 410 Ma rutile, Honsberger et al 2022a). Kerr 
and Selby (2012) summarized many of the earlier geochro-
nological data for gold mineralization, mostly on the Baie 
Verte Peninsula, and this contribution builds upon their 
compilation. We review existing age constraints on gold 
mineralization in the context of our new 40Ar/39Ar geochro-
nological data for muscovite from four gold-mineralized  

zones across western and central Newfoundland and discuss 
the data with respect to Paleozoic orogenesis.

CRUSTAL-SCALE ARCHITECTURE 
OF NEWFOUNDLAND

Williams et al (1988) subdivided the Newfoundland 
Appalachians into four major pre-Silurian tectonic-strati-
graphic domains including, from west to east, the Hum-
ber, Dunnage, (including the Notre Dame and Exploits 
subzones), Gander and Avalon zones. The Gander Zone 
was further divided into Meelpaeg, Mount Cormack and 
Gander Lake subzones. These zones broadly correspond to 
(also from west to east): the Laurentian margin (Humber); 
the Dashwoods terrane (extended Laurentian margin and 
Notre Dame Subzone); Ganderia (peri-Gondwana terranes 
including all Gander subzones and overthrust intraoceanic 
Exploits Subzone rocks); and Avalonia (e.g., van Staal et al 
1996; van Staal and Barr 2012; Fig. 1). The Bras d’Or ter-
rane of Cape Breton Island may extend to the Cinq-Cerf 
and Grey River areas in southern Newfoundland and its 
basement may underlie all the Exploits Subzone (Barr et al 
2014).

The geographic/aerial extent of the Exploits Subzone and 
its boundaries in northeast-central Newfoundland is mis-
represented on most extant compilation maps, particularly  
its interpreted southeastern termination at the former Gan-
der River Ultrabasic Belt (GRUB Line), now known as the 
Gander River Complex (cf. O’Neill and Blackwood 1989). 
The Exploits Subzone includes Ordovician volcanic and sed-
imentary rocks of the Baie Du Nord Group that are structur-
ally interleaved with Ganderian basement in the Meelpaeg 
Subzone (e.g., Valverde-Vaquero and van Staal 2002). The 
correlated Ordovician Baie D’Espoir and Davidsville groups 
in central Newfoundland stratigraphically overlie and are 
imbricated with Cambrian ophiolites and Gander zone 
basement (e.g., Blackwood and Green 1983; Colman-Sadd 
et al 1992). Moreover, brachiopod and trilobite-bearing 
strata of Late to Middle Ordovician (Darriwilian) age, 
comparable to other Exploits Subzone fauna, are exposed 
~30 km east of the Gander River Complex at Indian Bay 
Big Pond (Fig. 1) in the Gander Lake Subzone (Wonderly  
and Neumann 1984). The latter are spatially accompanied 
by pillow basalt, siltstone, conglomerate, and minor gab-
bro along northeast-trending curvilinear magnetic highs 
that likely represent klippe of Exploits Subzone assemblages 
structurally above and interleaved with Ganderian margin 
sedimentary strata (Miller and Weir 1982; Wonderly and 
Neumann 1984; O’Neill and Colman-Sadd 1993). Exploits 
Subzone rocks occur sporadically across parts of the poorly  
exposed Gander Lake subzone and are likely tectonically in-
tercalated with Gander Zone rocks. Emplacement of these 
klippe is constrained to Middle Ordovician (Colman-Sadd 
et al 1992; Sandeman and Dickson 2019); thus, the Exploits 
Subzone and Gander Zone were amalgamated by that time 
and were no longer independent terranes after the Middle 
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Ordovician. Gander River Complex and other linear strong-
ly magnetic anomalies in Gander Zone represent remnant 
overthrust Ordovician ophiolitic rocks, and Ordovician to 
Silurian cover rocks of Ganderia that were subsequently 
structurally modified during younger orogenic events.

The four major pre-Silurian terranes (Laurentian margin, 
Dashwoods terrane, composite Ganderian terranes, and 
Avalonia: van Staal and Barr 2014) are separated and tran-
sected by several major, long-lived polyphase fault zones. 
Progressing eastwards, the terrane-bounding fault zones 
include: the Baie Verte–Brompton Line separating the Lau-
rentian margin from Dashwoods terrane; the Mekwe’jit Line 
(formerly Red Indian Line; RIL: see White and Waldron 
2022) separating Dashwoods terrane from arcs and backarcs 
of the leading Ganderian margin; the Noel Paul’s Line, Dog 
Bay Line, and Gander River Complex separating allochtho-
nous blocks of composite Ganderia and; the Dover-Hermit-
age Bay Fault Zone separating Ganderia and Avalonia (e.g., 
Blackwood and Kennedy 1975; van Staal et al 2009; van Staal 
and Barr 2012; van Staal et al 2014, and references therein).

Despite the prevalence of terrane-bounding faults, oro-
genic gold mineralization in Newfoundland tends to be 
associated with crustal-scale fault zones that transect the 
pre-Silurian terranes. In the west, for example, the Silurian 
to Carboniferous Cabot–Doucers Valley fault system (Lock 
1969; Tuach 1987) merges with the Baie Verte–Brompton 
Line (Fig. 1) to separate the Laurentian margin from Dash-
woods terrane (Waldron and van Staal 2001). Furthermore, 
splays of the Baie Verte–Brompton Line must have been ac-
tive post-Ordovician accretion to form Silurian vein-hosted 
gold mineralization (Dubé et al 1993; Poulsen et al 2000). 
In central Newfoundland, the approximately five-million-
ounce gold deposit at Valentine Lake and numerous gold 
prospects along strike (e.g., Wilding Lake prospect) are 
hosted along an Early Devonian thrust-backthrust system 
(Honsberger et al 2022a) that imbricated rocks of the Ex-
ploits Subzone and Gander Zone and uplifted the Meelpaeg 
nappe along the Noel Paul’s Line.

The new 40Ar/39Ar geochronology samples in the present 
study are from: (1) the White Bay area along the Doucer’s 
Valley–Cabot Fault system of the Laurentian margin (Jack-
sons Arm, Shrik prospect); (2) the southwestern confluence 
of the Exploits and Meelpaeg subzones with Dashwoods ter-
rane (Wood Lake South zone and Hill Top showing; Lepre-
chaun Pond deposit, Valentine Lake); and (3) the northeast-
ern Exploits Subzone of central Newfoundland (Moosehead 
prospect; Fig. 1). Existing geochronological constraints for 
additional auriferous zones are also illustrated in Figure 1.

AURIFEROUS ZONES INVESTIGATED WITH 
40AR/39AR GEOCHRONOLOGY

Jacksons Arm trend (Shrik prospect)

The Jacksons Arm gold trend (Shrik, Boot n Hammer, 
and Stocker zones) occur ~ 4 km north of the community  

of Jacksons Arm on the Coney Head Peninsula in west-
ern White Bay (Fig. 1; Reid and Myllyaho 2012; Myllyaho 
2013; English et al 2017). The showings occur in a curvilin-
ear zone along the margin of the Ordovician Coney Head 
Complex (ca. 478 Ma; Dunning 1987; Fig. 2), an ophiolite- 
related tonalite and marginal basaltic and sedimentary 
units. The Coney Head Complex is unconformably over-
lain by syntectonic, clastic sedimentary and bimodal vol-
canic rocks of the orogenic gold-mineralized Silurian Sops 
Arm Group (e.g., Heyl 1937; Betz 1948; Kerr 2006a and b;  
Sandeman and Dunning 2016). The unconformity and the 
volcanic-sedimentary rocks of the Sops Arm Group are 
thrust imbricated with tonalite of the Coney Head Complex 
along broadly north-striking, east-dipping fault zones (this 
study; Magna Terra Minerals 2022). A sample of altered 
tonalite and adhering quartz vein (HS12-200C), weakly 
anomalous in Bi (3.9 ppm), As (24 ppm), Ag (0.1 ppm), and 
Au (4650 ppb), was collected from the Shrik trench where 
fine- to medium-grained, variably foliated, sericite-altered, 
pyritic and quartz-veined tonalite of the Coney Head Com-
plex is exposed over a ~10 m × ~30 m area (Figs. 3a and 
b). The tonalite is locally cut by irregular, pinch and swell 
quartz veins with rare pyrite, but the relationships between 
deformation, veining, and gold mineralization remain un-
resolved. The tonalite wall rock contains quartz, sericitized 
plagioclase, mats of intergrown fine-grained muscovite and 
sparse pyrite and goethite (Fig. 3c).

Wood Lake South (Main) zone - Hill Top showing

The Wood Lake South (Main) gold zone and Hill Top 
showing occur in central-western Newfoundland near the 
confluence of the Exploits, Meelpaeg, and Notre Dame sub-
zones (Figs 1 and 4). The Hill Top gold showing consists of 
two narrow (1–10 cm wide), southeast-northwest-trending, 
steeply dipping, pinch and swell pyrite + arsenopyrite-bear-
ing quartz veins that cut Ordovician (ca. 467 Ma) Peter 
Strides monzogranite (e.g., van Egmond 2004; van Staal et 
al 2005a; Valverde-Vaquero et al 2006; Sandeman et al 2014; 
Sandeman 2014a) of the Meelpaeeg nappe and extend spo-
radically along strike for ~50 m. The quartz veins are host-
ed in an inferred northwest-trending mineralized fracture 
zone that cuts the monzogranite (Figs. 4 and 5). The host 
granite is strongly foliated, with a strong quartz mineral 
lineation, and is cut by translucent-white, foliated and lin-
eated, barren quartz veins oriented sub-parallel to the fo-
liation. The 40Ar/39Ar geochronology sample from Hill Top 
(HS10-59A) is a light grey to pink, fine- to medium-grained, 
quartz-veined, foliated and lineated monzogranite adjacent 
to the two quartz veins (Figs. 5a and 5b). In thin section, 
polyhedral and sutured quartz porphyroclasts (≤1.5 mm) 
are surrounded by fine-grained intergrown anhedral albite, 
quartz, and sericite (Fig. 5c). Rare euhedral monazite and 
subhedral rutile are intergrown with quartz and sericite in 
the groundmass (Fig. 5d).

Gold-mineralized quartz veins of the Wood Lake South 
(Main) zone are hosted by massive to brecciated and/or(?) 
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mylonitic, orange-pink monzogranitic rocks of the Peter 
Strides Granite Suite. In the main trench (Fig. 6a), intensely  
deformed monzogranite is intruded by a less deformed, 
fine- to medium-grained, sericitic monzogranite. The less 
intensely deformed monzogranite is cut by an extensive  
array of steeply dipping irregular fractures and anastomos-
ing, pinch and swell quartz veins (≤10 cm). Both the veins 
and fractures have minor pyrite + hematite ± arsenopyrite, 
accompanied by adjacent wall rock sericitization, albitiza-
tion and silicification. Muscovite locally forms randomly  

oriented clumps and masses in the matrix of brecciated 
monzogranite, but occurs more typically as wispy platelets 
along fractures (Figs. 6b and 6c). Further details of the geol-
ogy of the main trench and associated auriferous zones are 
provided by van Egmond and Cox (2005) and Sandeman et 
al (2014).

The 40Ar/39Ar geochronology sample (HS13-063A) from 
the Wood Lake South (Main) zone trench consists of an or-
ange-pink, medium-grained, brecciated, and foliated mon-
zogranite exposed below a strand of mylonitic monzogran-
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ite (Figs. 4 and 6). In thin section, large (≤2 mm) polyhedral 
and sutured quartz grains are surrounded by fine-grained 
albite, sericite, and quartz. Subhedral pyrite and arseno-
pyrite are dispersed throughout and locally concentrated 
in vugs and fractures (Fig. 6b). Relatively large (≤1 mm), 
weakly to non-aligned muscovite grains are common (Figs. 
6c and d).

Leprechaun Pond deposit (Valentine Lake)

The Leprechaun Pond deposit of the Valentine Lake gold 
property in central-western Newfoundland occurs within 
the Exploits Subzone near the boundary with the Meelpaeg 
Subzone (Figs. 1 and 7). The Neoproterozoic to Silurian 
rocks of the Valentine Lake area trend northeasterly and are 
bisected by the Victoria Lake shear zone (Valverde-Vaquero 
et al 2006; van Staal et al 2005b). This major northeast-trend-
ing, variably southeast-dipping, crustal-scale shear zone ex-
tends from the Gunflap Hills Fault in the southwest, through 
central Newfoundland along the northern margin of the 
Meelpaeg nappe (Figs. 1 and 7). The northeastern trace of 
the Victoria Lake shear zone is poorly constrained, and it 
may continue north-eastward to the Bay of Exploits, or al-
ternatively, it may bifurcate and verge to the east along the 
northern margin of the Mount Cormack Subzone (Hons-
berger et al 2022a).

To the northwest, in the structural footwall of the Victo-
ria Lake shear zone, Neoproterozoic (ca. 570 Ma) orogenic 
gold-mineralized basement granitoid rocks of the Valen-
tine Lake Intrusive Suite (Evans and Kean 2002; Rogers and 
van Staal 2002; Rogers et al 2006), are uplifted and juxta-
posed against the orogenic gold-mineralized Rogerson Lake 
Conglomerate (Kean and Jayasinge 1980) along the north-
west-dipping Valentine Lake shear zone. The Valentine 
Lake shear zone hosts an approximately five-million-ounce 
orogenic gold resource, including the Leprechaun Pond de-
posit, where bleached and altered Neoproterozoic trondh-
jemite-tonalite and associated rocks contain a stacked array 
of fault-fill and extensional quartz-tourmaline-pyrite (QTP) 
vein sets (Lincoln et al 2018). The Rogerson Lake Conglom-
erate crops out southeast of the Valentine Lake shear zone, 
and is an aerially extensive latest Silurian, syntectonic, clastic 
sedimentary unit of central Newfoundland that delineates 
the southwest-northeast-trending fault system that is host to 
many of the gold occurrences in the central Newfoundland 
gold district (Honsberger et al 2022b; this volume).

At the Wilding Lake gold property, ~36 km northeast 
along strike of the Leprechaun Pond deposit, orogenic gold 
mineralization is hosted within both the Rogerson Lake 
Conglomerate and the associated ca. 422 Ma felsic subvol-
canic and volcanic rocks in the footwall of the northeastern 
extension of the Valentine Lake shear zone (WL on Fig. 1; 
Honsberger et al 2019a; 2019b; 2020a; 2020b; 2022a). Over-
lapping ca. 410 Ma ID-TIMS U–Pb ages for hydrothermal 
rutile in quartz veins from both the Leprechaun Pond de-
posit and the Elm Prospect of the Wilding Lake property 
(Honsberger et al 2022a) indicate an Early Devonian (late 

Figure 3. Photographs and photomicrographs of Shrik 
Showing sample HS12-200C. (a) Photograph of the Shrik 
discovery trench looking north with quartz-veined, altered 
tonalite in the centre, bounded to the north and south by 
sericite altered tonalite. The field of view is 10 m. (b) Close-
up of the Shrik trench with quartz veined tonalite mantled 
by altered tonalite, and the location of sample HS12-200C. 
Field of view is 15 cm. (c) Photomicrograph in plane po-
larized light (PPL) showing the mineralogy of the altered 
tonalite and the random, mat-like nature of the muscovite 
in the sample. The brown tint of the muscovite is because 
of goethite staining. Mineral abbreviations after Whitney 
and Evans (2010).
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Lochkovian) age for quartz vein emplacement associated 
with orogenic gold mineralization.

The 40Ar/39Ar geochronology sample from the Lepre-
chaun Pond deposit, VL-24-62.1m, is a weakly auriferous, 
bleached, fine-grained, foliated and quartz-veined tourma-
line-muscovite-bearing trondhjemite from drillcore (62.1–
63.0 metres depth: Figs. 8a, b, c). Large (≤6 mm) polyhedral 

sutured quartz grains and extensively altered plagioclase are 
surrounded by fine-grained albite, sericite and quartz. Sub-
hedral pyrite is dispersed throughout the rock but concen-
trated near the margins of quartz veins (Fig. 8c). Tourma-
line occurs as needles in or along vein margins. Relatively 
large (≤0.6 mm) muscovite grains are common and occur 
as plates in the groundmass and in primary feldspar grains 
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carbonate + pyrite ± sericite altered (e.g., Clark 1999; Mor-
gan 2016). Trenching uncovered medium-bedded musco-
vite-bearing sandstone, southwest-dipping in the north, and 
south-dipping in the south, with weakly sulphidic, highly 
disrupted, quartz-veined, sandstone-quartz breccia in be-
tween (Figs. 9a, b and 10). The sandstone is variably miner-
alized, and quartz veins are more abundant in the northern 
part of the trench. Mineralization occurs in the hanging wall 
of a discrete east-west fault zone (Figs. 9b and 10). Bedding 
and crosscutting quartz veins are deflected into the fault 
zone, consistent with dextral rotation and reverse(?) slip. 
Further description and assay information for the Mooseh-
ead prospect are presented in Morgan (2016).

The 40Ar/39Ar geochronology sample from the Moosehead 
trench is a beige-grey, medium-grained, medium-bedded, 
quartz-veined muscovite-bearing sandstone of the Wigwam 
Formation from immediately north of the east-west fault 
near the centre of the trench (Figs. 9b and 10a). In thin sec-
tion, large (≤0.4 mm) quartz and muscovite grains are sur-
rounded by fine-grained matrix of albite, sericite, and quartz 
with subhedral pyrite dispersed throughout (Fig. 10b).  

(Fig. 8c); a 250–450 µm fraction was extracted for 40Ar/39Ar 
geochronology.

Moosehead prospect (North Pond trench; TRMH15-3)

The Moosehead Prospect occurs southeast of the town of 
Bishops Falls in north-central Newfoundland (Figs. 1 and 
9; Morgan 2016; Froude 2019, 2021). It lies within the lat-
est Silurian–Early Devonian, intraorogenic Botwood Basin, 
~4 km west of the ca. 425–418 Ma Mount Peyton Intrusive 
Suite (Sandeman et al 2017) in the north-central Exploits 
Subzone (Figs. 1 and 9). Mineralization consists of exten-
sional, auriferous, sulphide-sulfosalt-bearing quartz veins 
and breccias that cut mainly muscovite-bearing sandstone 
and siltstone of the Wigwam Formation of the Botwood 
Group (i.e., Botwood basin; Williams 1969; Dickson et al 
2000; O’Brien 2003; Morgan 2016). Mafic volcanic rocks of 
the lower Botwood Group (Laurenceton Formation) occur 
immediately south and southeast of the prospect. Gabbro-
ic and fine-grained mafic dykes locally cut the sedimenta-
ry rocks and are themselves locally bleached, silicified and 

Figure 5. Photographs and photomicrographs of Hill Top Showing sample HS10-059A. (a) Photograph viewed southeast at 
the narrow Hill Top veins. Note person in background. (b) Photograph of a foliation surface on the wall rock adjacent to the 
Hill Top vein, illustrating the strong L-fabric in the Peter Strides monzogranite defined by aligned quartz and muscovite. (c) 
Photomicrograph in crossed polars of the monzogranite wall rock illustrating the disseminated subhedral pyrite, the altered 
sericitic groundmass and the large, secondary muscovite grains. (d) Backscattered electron image illustrating the miner- 
als and their detailed relationships. Note the subhedral rutile and euhedral monazite, targets for future geochronology.
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Relatively large (≤1 mm), bedding-parallel muscovite grains 
are common, and appear to be detrital in origin (Fig. 10c).

40AR/39AR GEOCHRONOLOGY

Methods

Geochronology samples were collected during 2010–
2015 from selected gold-mineralized zones and drill core 
across central and western Newfoundland (e.g., Sandeman 
et al 2013; Sandeman 2014b; Sandeman and Dunning 2016). 
Kilogram-sized hand samples or ~ 40 cm long pieces of split 
drill core were cut and cleaned of all weathered surfaces 
and crushed to ~ 1 cm chips. About 100 grams of each sam-
ple was gently hand pulverised with pestle and mortar and 
sieved to two size fractions, 250–420 µm and 180–250 µm. 
The grain separates were washed repetitively in deionized 
water and the solute drained. Cleaned and dried samples 
were then gently cleaned in dilute (~0.5N) HNO3 to remove 
adhering sulphides and carbonates from the grain sepa-
rates. The cleaned separates were re-sieved and muscovite 
was hand-picked under a binocular microscope for laser 
step-heating analyses. Muscovite from the Shrik Showing 
(HS12-200C) was of poor quality, fine-grained, and only a 
single muscovite–rich (180–250 µm) grain separate was ex-
tracted.

The 40Ar/39Ar age data were obtained in the 40Ar/39Ar 
Thermochronology Laboratory at Queen’s University. Min-
eral separates and flux-monitors (standards) are wrapped 
in Al-foil, stacked sequentially into an 8.5-cm-long and 
2.0-cm-diameter Al irradiation capsule, and then irradiat-
ed with fast neutrons in position 8D of the McMaster Nu-
clear Reactor (Hamilton, Ontario) for a duration of 72 h 
(at 3 MWH). Packets of flux monitors are located at ~0.5 
cm intervals along the irradiation container and the J-val-
ue for an individual sample is determined by least-squares, 
second-order polynomial interpolation using replicate 
analyses of splits for each monitor position in the capsule. 
The samples are loaded into flat-bottomed pits in a copper 
sample-holder and placed beneath the ZnS view-port of a 
small, bakeable, stainless-steel chamber connected to an  
ultra-high vacuum purification system. Following bake out 
at 100°C, a 30 watt New Wave Research MIR 10-30 CO2 la-
ser with a faceted lens is used to heat samples for ~3 minutes 
at increasing percent power settings (2 to 45%; beam diam-
eter 3 mm). After purification using hot and cold SAESC50 
getters (for ~5 minutes), the evolved gas is admitted to an 
MAP 216 mass spectrometer, with a Bäur Signer source and 
an analog electron multiplier (set to a gain of 100 over the 
Faraday detector). Measured argon-isotope peak heights are 
extrapolated to zero-time and corrected for discrimination 
using a 40Ar/36Ar atmospheric ratio of 295.5 and measured 
ratios of atmospheric argon. Blanks, measured routinely, are 
subtracted from the subsequent sample gas-fractions. The 
extraction blanks are typically <10 x 10–13, <0.5 x 10–13, 
<0.5 x 10–13, and <0.5 x 10–13 cm-3 STP for masses 40, 

Figure 6. Photographs and photomicrographs of Wood 
Lake South Main zone sample HS13-063A. (a) Photograph 
from the main trench with massive and brecciated, quartz-
veined and sericite + pyrite ± arsenopyrite mineralized 
monzogranite cutting mylonitic monzogranite having 
fabric-parallel, sulphide-poor, internally deformed quartz 
veins. The location of sample HS13-063A is shown and the 
Geotul is 54 cm in length. Mylonitic fabric trends 136° and 
dips 66° to the southwest. (b) Cut slab photograph of sam-
ple HS13-063A. White is altered feldspar, grey is quartz 
and reflective silver grains are muscovite. (c) Photomi-
crograph in PPL of the brecciated altered monzogranite 
illustrating the disseminated subhedral pyrite, the altered 
sericite groundmass and the large, secondary muscovite 
grains.
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S1, whereas the laser step-heating results are illustrated in 
Figure 11. Sample coordinates are NAD27 datum, zone 21.

Results

Shrik Showing (HS12-200C: UTM Zone 21, 
516037 E, 5527889 N: muscovite)

Altered tonalite wall rock from this sample was crushed, 
sieved, cleaned, and small (≤0.5 mm), weakly to non-
aligned, goethite-dusted muscovite grains were concentrated  
into a 180–250 µm grain separate for 40Ar/39Ar dating. The 
muscovite separate yielded a complex age spectrum (Fig. 
11a). The initial low-T (power) step (1.43% of 39Ar released) 
yielded an anomalously young age (ca. 336 Ma) but the next 
6 steps (30.3% of 39Ar released) yielded anomalously old 
ages ranging from ca. 390 to 428 Ma and are attributed to 
the incorporation of excess argon. The higher temperature 
(power) steps, excluding the final young gas fraction, form 
a relatively flat segment representing 58.9 % of the 39Ar% 

39, 37, and 36, respectively. The 39Ar and 37Ar are corrected 
for radioactive decay during and after irradiation. Correc-
tions are made for neutron-induced 40Ar from potassium, 
39Ar and 36Ar from calcium, and 36Ar from chlorine (Rod-
dick 1983; Onstott et al 1991). Dates and errors are calcu-
lated using the procedure of Dalrymple et al (1981) and the 
constants of Steiger and Jäger (1977). Plateau and inverse 
isotope correlation dates are calculated using ISOPLOT v. 
3.60 (Ludwig 2012). A plateau is herein defined as 3 or more 
contiguous steps containing >50% of the 39Ar released, with 
a probability of fit >0.01 and MSWD <2. Errors shown in 
Supplementary data Table S1 and in Figure 11 represent 
the analytical precision at 2σ, assuming that the errors in 
the ages of the flux monitors are zero. This is suitable for 
comparing within-spectrum variation and determining 
which steps form a plateau (e.g., McDougall and Harrison 
1988, page 89). The dates and J-values are referenced to GA-
1550biotite (98.5 Ma; Spell and McDougall 2003) and Hb-
3Grhornblende (PP-20; 1073.6 Ma; Jourdan et al 2006). The 
complete 40Ar/39Ar dataset is in Supplementary data Table 
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released and yield an age of 379.7 ± 1.4 Ma (2σ; POF = 0.36; 
MSWD = 1.10). The volume of 39Ar released is slightly less 
than the suggested convention of >60% volume for a plateau 
age (McDougall and Harrison 1988; Ludwig 2012; Schaen 
et al 2021), but the quasi-plateau appears to have geological 
significance.

Hill Top Showing (HS10-59A: UTM Zone 21, 
443526 E, 5334700 N: muscovite)

Analyses of relatively large (250–425 µm) muscovite 
grains yielded a relatively simple 40Ar/39Ar age spectrum 
(Fig. 11b). The nine higher temperature (power) steps 
formed a relatively flat segment representing 91.4% of the 
39Ar released and gave a plateau age of 409.1 ± 1.3 Ma (2σ; 
POF = 0.77; MSWD = 0.42).

Wood Lake South (Main) zone (HS13-063A: UTM 
Zone 21, 500450 E, 5504824 N: muscovite)

Two fractions (250–425 µm and 180–250 µm) of musco-
vite were extracted for 40Ar/39Ar analysis. The nine highest 
(out of 15) temperature (power) steps of the 250–425 µm 
fraction, representing 91.4 % of the 39Ar released gives a pla-
teau age of 403.1 ± 1.2 Ma (2σ; POF = 0.91; MSWD = 0.42; 
Fig. 11c). The second 180–250 µm aliquot (Fig. 11d) yielded 
a quasi-plateau age of 398.4 ± 1.3 Ma, representing 56.9% of 
the 39Ar released (2σ; MSWD = 0.74; POF = 0.65), due largely  
to an unfortunately large-volume last step. The plateau age 
of 403.1 ± 1.2 Ma is considered the best estimate of the age 
of the muscovite.

Leprechaun Pond Deposit (Valentine Lake: VL-24_62.1m: 
UTM Zone 21, 486400 E, 5355880 N: muscovite)

The muscovite at the Leprechaun Pond deposit yielded 
a somewhat jagged age spectrum (Fig. 11e), but five of the 
steps formed a flat segment, comprising 59.9% of the 39Ar 
released, and yielded a quasi-plateau age of 384.2 ± 1.6 Ma 
(2σ; POF = 0.57; MSWD = 0.74) and is interpreted as the 
best estimate of the age of the muscovite.

Moosehead Prospect (HS15-137; 613561E, 
5428182N: muscovite)

Two muscovite fractions (250–425 µm and 180–250 µm) 
were extracted for 40Ar/39Ar geochronology and yielded 
two similar age spectra (Figs. 11f, g). The coarse-grained 
(250–425 µm) aliquot yielded a well-defined 40Ar/39Ar 
plateau age of 457.3 ± 1.2 Ma (2σ; POF = 0.94; MSWD = 
0.44), representing 91.4% of the 39Ar released (Fig. 11f). The 
180–250 µm grain-size fraction (Fig. 11g), similarly yield-
ed a well-defined 40Ar/39Ar plateau age of 453.5 ± 1.1 Ma 
(2σ; POF = 0.48; MSWD = 0.97), representing 97.0% of the 
39Ar released. The older age of 457.3 ± 1.2 Ma for the coars-
er-grained 250–450 µm fraction is interpreted as the best 
estimate of the 40Ar/39Ar age of the muscovite.

Figure 8. Photographs and photomicrograph of Lepre-
chaun Pond deposit. (a) Photograph from the main trench 
to the northwest of Leprechaun Pond illustrating the seric-
ite-altered trondhjemite-tonalite of the Valentine Lake In-
trusive Suite cut by quartz-tourmaline-pyrite veins. (b) 
Cut core photograph of quartz-tourmaline vein cutting 
bleached trondhjemite (DDH VL-24-62.1m). (c) Photo-
micrograph in PPL of a quartz-tourmaline vein contain-
ing pyrite, calcite and muscovite cutting altered trondh-
jemite host rock composed of saussuritized plagioclase 
and quartz. Muscovite forms coarse plates along fractures 
in plagioclase and in vein margins.
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are more robust than others. These include studies apply-
ing 40Ar/39Ar cooling ages on dynamo-metamorphism and 
mineralization-associated potassic alteration; Re–Os ages 
on sulphide minerals; implied maximum ages based on U–
Pb ages of host rocks and direct U–Pb CA-TIMS dating of 
the minerals coeval with quartz vein emplacement. For ex-
ample, the interpreted age of the Hammerdown gold deposit 
(Springdale Peninsula) comes from U–Pb (zircon) thermal 
ionization mass spectrometry (TIMS), which yielded an age 
of 437 ± 4 Ma for a felsic dyke cut by an auriferous vein 

DISCUSSION

Integration of these new 40Ar/39Ar geochronological data 
with existing regional geochronological constraints on gold 
mineralized zones and magmatic events elucidates defor-
mational, metamorphic, and tectonic intervals that were 
favourable for gold-mineralization across Newfoundland 
(Fig. 12). The collective compiled data are diverse as they 
include age constraints determined via different radiometric 
methods on various phases/mineral species: some of which 
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(Ritcey et al 1995). This is therefore a maximum age con-
straint for gold mineralization. In contrast, the ca. 410 Ma 
chemical abrasion (CA) TIMS ages for rutile from aurifer-
ous quartz veins at the Wilding Lake gold prospect and Lep-
rechaun Pond gold deposit (Honsberger et al 2022a) provide 
high-precision maximum constraints on the age of orogenic 
gold-mineralized quartz vein emplacement. Detailed inves-
tigations of vein and alteration mineral parageneses, their 
relationships to gold deposition and systematic geochro-
nological study of different mineral species are required to 
better understand the timing of gold mineralization in New-
foundland.

The collective geochronological data outline two distinct, 
broad age-ranges for orogenic-style gold mineralization in 
the central and western Newfoundland Appalachians (Fig. 
12). These include an older, Wenlock (middle Silurian) to 
Lochkovian (Lower Devonian) ca. 440 to ca. 405 Ma event, 
and a younger, Middle Devonian event at ca. 400–375 Ma. 
The former includes muscovite growth/resetting intervals 
for gold-bearing zones of the Laurentian margin, Dash-
woods terrane, western Exploits subzone and along the 
Meelpaeg–Exploits subzones boundary; the latter includes 
muscovite from gold-bearing zones across the Laurentian 
Margin, Dashwoods terrane, Exploits Subzone, and Gander 
Zone (Fig. 12).

The muscovite from the Shrik showing occurs in an 
Ordovician, intraoceanic arc-related tonalite that has a 
strongly metaluminous composition (Sandeman, unpub-
lished data 2022). The muscovite is spatially associated with 
quartz veining and bleaching of the tonalite resulting from 
hydrothermal fluid flow; therefore, it formed as a result of 
metasomatism, opposed to by igneous or dynamothermal 
metamorphic processes. Accordingly, the 40Ar/39Ar geo-
chronological result of 379.7 ± 1.4 Ma is interpreted as a 
maximum age constraint for gold mineralization.

The host rocks of the Hill Top and Woods Lake South 
zones are muscovite-biotite-bearing, strongly peraluminous 
granitoid rocks of the Ordovician Peter Strides suite (part of 
the Meelpaeg Subzone) that comprise the hanging wall of 
the Victoria Lake-Valentine Lake fault system. The north-
ern portion of the Meelpaeg Subzone records metamorphic 
U–Pb monazite and titanite ages and 40Ar/39Ar hornblende, 
muscovite and biotite cooling ages that range from ca. 418 
to 400 Ma (Valverde-Vaquero et al 2003). Muscovite from 
the Hill Top (409.1 ± 1.3 Ma) and Woods Lake zones (403.1 
± 1.2 Ma) therefore likely represent Acadian metamorphic 
cooling temperatures in the immediate hanging wall of the 
Victoria Lake Shear Zone, which represent best approxima-
tions of maximum ages of gold mineralization.

Metaluminous tonalite and trondhjemite of the Valentine 
Lake Intrusive Suite host the Leprechaun Pond gold deposit.  
These rocks do not contain primary muscovite and the 
white mica is hydrothermal in origin. However, the rela-
tionship between the muscovite and deformation of the au-
riferous quartz-tourmaline-pyrite veins is ambiguous. The 
hydrothermal rutile age of ca. 410 Ma (see Honsberger et 
al 2022a) is significantly older than the muscovite plateau 

Figure 10. Photographs and photomicrographs of the 
Moosehead Prospect trench. (a) Photograph looking 
north from the east-west fault with decimetre-scale bed-
ded muscovitic sandstone cut by an array of narrow, 
weakly sulphidic quartz veins. These veins largely trend 
northwest-southeast and are rotated into an east-west ori-
entation near the main fault, indicating this is a dextral 
fault. (b) Close up of the warped bedding and crosscut-
ting quartz veins at sample location HS15-137. Note the 
folding of bedding and the small yellow arrows pointing 
to quartz veins. (c) Photomicrograph in PPL of the sand-
stone showing disseminated subhedral pyrite, carbonate- 
sericite-altered groundmass and large, bedding-parallel 
muscovite grains.
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ages provide the best estimates for potassic alteration asso-
ciated with quartz vein emplacement. Furthermore, the ca. 
403 and 409 Ma muscovite ages are also in broad agreement 
with two identical 406 ± 2 Ma 40Ar/39Ar plateau ages for 
alteration-related muscovite from the Mosquito Hill gold 
prospect along the southeastern margin of the Mount Cor-
mack Complex (Fig. 1; Sandeman et al 2013).

Early Devonian metamorphism, metasomatism and oro-
genic gold mineralization along the Victoria Lake–Valentine 
Lake fault corridor is compatible with the timing of initial 
Acadian thrusting after ca. 418 Ma in southcentral New-
foundland (Dunning et al 1990; Valverde-Vaquero and van 
Staal 2001; van der Velden et al 2004; Valverde-Vaquero et 
al 2006). Furthermore, Early Devonian mineralization coin-
cides with ca. 415 to 410 Ma Acadian ductile deformation in 
north-central and southwestern Newfoundland (Dunning 
et al 1990; Dubé et al 1996; McNicoll et al 2006). In south-
western–central Newfoundland, 40Ar/39Ar geochronology 
of white mica provides evidence for low-P – low-T Acadian 
metamorphism between ca. 408 and 390 Ma (Willner et al 
2018). On the Baie Verte Peninsula, orogenic gold mineral-
ization may have been initiated earlier than in central New-
foundland as Re–Os pyrite geochronology yielded ages of 
420 ± 7 Ma and 411 ± 7 Ma for the Stog’er Tight and Pine 
Cove deposits (Kerr and Selby 2012), respectively. Similarly, 
hydrothermal zircon from the Stog’er Tight deposit was dat-
ed at 420 ± 5 Ma (Fig. 1; Ramezani et al 2002).

The new Middle–Upper Devonian muscovite ages for the 
Leprechaun deposit (ca. 384 Ma) at Valentine Lake and Shr-
ik showing at White Bay (ca. 380 Ma), contrast with Early 
Devonian orogenic gold-bearing vein formation document-
ed in both locations (ca. 410 Ma rutile; Honsberger et al 
2022a; ca. 419 to ca. 408 Ma; Kerr and van Breemen 2007; 
Minnett et al 2012). However, the new data are compatible 
with a previous age determination for secondary muscovite 
at White Bay (ca. 374 Ma, Sandeman and Dunning 2016), 
as well as with ca. 374 ± 8 Ma hydrothermal xenotime from 
a gold-mineralized vein at the Nugget Pond deposit on 
the Baie Verte Peninsula (Sangster et al 2008). Moreover, a 
gold-mineralized mafic sill/dyke that cuts the Late Silurian 
Indian Islands Group near Gander Bay at the Titan prospect 
(Fig. 1; McNicoll et al 2006) yielded a SHRIMP U–Pb zir-
con age of 381 ±5 Ma, providing a maximum, late Devonian 
age for the gold mineralization. All these data support the 
existence of a Middle–Upper Devonian gold mineralization 
event that is superimposed on Early Devonian quartz vein 
systems in western, west–central, and central Newfound-
land.

All geochronologically constrained orogenic gold oc-
currences in central and western Newfoundland are Late  

age of 384.2 ± 1.6 Ma (this study), suggesting either a single 
protracted alteration and mineralization event, or multiple 
discrete events.

In contrast to the other dated samples, muscovite from 
the sandstone of the Moosehead prospect (ca. 457.3 ± 1.2 
Ma and 453.5 ± 1.1 Ma) is detrital in origin and oriented 
parallel to bedding. Therefore, these ages represent meta-
morphic cooling ages for the metasedimentary or granitoid 
sources for the sandstone. One proximal potential Ordovi-
cian (Darriwillian: Cohen et al 2013) source terrane for the 
detrital muscovite is the Mount Cormack Complex (Gander 
Zone) of central Newfoundland (Fig. 1; Williams et al 1988; 
Colman-Sadd et al 1992). The Mount Cormack Complex 
preserves a central core of foliated, upper amphibolite-grade 
migmatitic psammite and pelite that were metamorphosed 
and intruded by garnet-muscovite syenogranite (Through 
Hills granite) at ca. 465–464 Ma (Colman-Sadd et al 1992; 
Valverde-Vaquero et al 2006). Metamorphic ages from the 
complex include: a monazite age of 462 ± 1 Ma; a titanite age 
of 460 ± 3 Ma; a 40Ar/39Ar hornblende plateau age of 465.7 ± 
6.4 Ma; and a 40Ar/39Ar biotite plateau age of 439.4 ±2.4 Ma 
(Valverde-Vaquero et al 2003, 2006). The hornblende and 
biotite ages bracket the interval defined by the Moosehead 
trench muscovite ages and support the suggestion of the 
Mount Cormack Complex as a possible detrital muscovite 
source. Muscovite from the Meelpaeg nappe yield younger, 
Devonian regional metamorphic cooling ages ranging from 
ca. 418 to 394 Ma (Valverde-Vaquero et al 2003), similar 
to those obtained in the Gander Lake Subzone (ca. 404 to 
388 Ma: O’Neill and Lux 1989; O’Neill and Colman-Sadd 
1993). The apparent absence of older, Ordovician muscovite 
in these areas does not entirely preclude them as possible 
sources, however, this appears to be the case. To the west of 
the Botwood Basin, an alternative Ordovician, muscovite- 
bearing source might be represented by the muscovite- 
biotite-psammite of the reworked Laurentian margin (e.g., 
Fleur de Lys Supergroup, Baie Verte Peninsula).

The Early Devonian muscovite ages from central New-
foundland (Hill Top showing and Wood Lake South zone) 
are similar to, but slightly younger than, the ca. 410 Ma ages 
determined along strike to the northeast for hydrothermal 
rutile in gold-mineralized veins from the Leprechaun Pond 
deposit (Valentine Lake) and Wilding Lake prospect (Hons-
berger et al 2022a). This may reflect a lower 40Ar/39Ar clo-
sure temperature for muscovite relative to the U–Pb closure 
temperature for rutile (ca. 600°C; Vry and Baker 2006). The 
ca. 410 Ma rutile ages are interpreted to provide the best 
minimum estimates for quartz vein emplacement and initial 
orogenic gold mineralization along the Victoria Lake-Val-
entine Lake fault corridor (Fig. 1), whereas the muscovite 

Figure 11. (next page) 40Ar/39Ar age spectra for muscovite grain separates from the samples under investigation. (a) Shrik 
Showing muscovite HS12-200C (250–425 µm). (b) Hill Top Showing muscovite HS10-059A (250–425 µm). (c) Wood Lake 
South (Main) zone muscovite HS13-063A-1 (250–425 µm). (d) Wood Lake South (Main) zone muscovite HS13-063A-2 
(180-250µm). (e) Leprechaun Pond Deposit muscovite VL-24-62.1m (250–425 µm). (f) Moosehead Prospect detrital mus-
covite HS15-137-1 (250–425 µm). (g) Moosehead Prospect detrital muscovite HS15-137-2 (180–250 µm).
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Silurian to Middle–Upper Devonian and define two gold- 
forming intervals broadly between ca. 433 and 405 Ma and 
ca. 390 and 372 Ma. Spatiotemporal coincidence of oro-
genesis, metamorphism, magmatism and precious metal 
mineralization occurs across much of the Laurentian mar-
gin, Dashwoods terrane, the western Exploits Subzone and 
selected parts of the eastern Exploits Subzone. The oldest 
orogenic gold deposits occur in the west along the Lauren-
tian margin and eastern Dashwoods terrane and are asso-
ciated with the terminal stages of the Middle to Late Silu-
rian Salinic orogenic cycle (ca. 435–427 Ma: e.g., van Staal 
and Barr 2012). Moreover, regional magmatic, sedimentary, 
metamorphic, and structural events indicate that although 
terrane accretion progressed oceanward (present-day east) 
throughout the Paleozoic (e.g., van Staal et al 2014), earlier 
accreted terranes were affected by mineralizing events relat-
ed to subsequent accretion of outboard terranes (e.g., Hons-
berger et al 2022a). Thus, mineralized zones in central and 
western Newfoundland yield Middle–Late Silurian to Mid-
dle Devonian ages that post-date accretion of the encom-
passing terrane. For example, accretion of Dashwoods to the 
Laurentian margin took place in the Ordovician (Waldron 
and van Staal 2001), but gold mineralization at White Bay 
(Humber Zone, Fig. 1) is Late Silurian to Early or Middle 
Devonian (Fig. 12). Furthermore, ca. 410 Ma orogenic gold 
mineralization along the Victoria Lake–Valentine Lake fault 
corridor post-dates ca. 435 Ma accretion of the composite 
Gander Zone/Exploits Subzone (Ganderia) to the Dash-
woods terrane and composite Laurentia (e.g., Honsberger 
et al 2022a). These relationships indicate that other tectonic 
processes in addition to accretion, such as oroclinal bends 
and orogen-parallel along strike temporal variations in the 
kinematics of orogenic accommodation, were critical to 
generating the orogenic gold-mineralized faults in central 
and western Newfoundland, as is presumed elsewhere along 
the Iapetan suture zone of the Appalachian mountain belt 
(Romer and Kroner 2018).

CONCLUSIONS

1. New 40Ar/39Ar geochronological constraints across cen-
tral and western Newfoundland are consistent with two dis-
tinct intervals of orogenic gold mineralization between ca. 
433 and 405 Ma and ca. 390 and 372 Ma.

2. The late Silurian–Early Devonian event includes mus-
covite growth/resetting intervals for gold-bearing zones of 
the Laurentian Margin, Dashwoods terrane, western Ex-
ploits subzone and along the Meelpaeg–Exploits subzones 
boundary, whereas the younger Devonian interval includes 
muscovite from gold-bearing zones across the Laurentian 
Margin, Dashwoods terrane, Exploits Subzone, and Gander 
Zone.

3. 40Ar/39Ar plateau ages for detrital muscovite from Wig-
wam Formation sandstone at the Moosehead prospect (ca. 
457.3 ± 1.2 to 453.5 ± 1.1 Ma) suggest the Mount Cormack 
Complex is an erosional source for the sedimentary units of Fi
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the Botwood Basin.
4. Detailed investigations of quartz vein and alteration

mineral parageneses, their relationships to gold deposition 
and systematic geochronological investigations of a number 
of different mineral species at select auriferous zones is nec-
essary to better constrain the timing of gold mineralization 
in central and western Newfoundland.
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The Meguma terrane is home to the metasandstone-rich 
Goldenville Group. This Cambrian unit contains many 
sedimentary structures including but not limited to flute 
casts, wave and current ripples, sand volcanoes, and large 
enigmatic groove casts. The origin of these large groove 
casts is currently unknown, but given the consistency and 
size of the grooves, it is speculated that they may have been 
formed from a biogenic source such as a large organism 
being dragged across the sediment surface. Analysis of 
the structures is made more complex because the rocks 
within the Goldenville Group have been deformed, causing 
structures within these rocks to be strained. reversing 
strain is an important step in determining the possible 
origin of the large groove casts. one method to reverse 
strain is to examine sedimentary structures, such as equant 
sand volcanoes and circular and meandering trace fossils 
and determine an overall strain ratio and then apply an 
inverse strain value to the groove casts. A 3d model of the 
groove casts created using photogrammetry software will 
then be compared to various large objects or organisms 
that were present in the Cambrian to find a potential match 
for the groove casts. The results of this investigation have 
implications including the size and abundance of animals 
from the Cambrian in Nova Scotia. [Poster presentation]

Groove casts? More like whose cast?  
What made these anomalous structures?

Jessica beckwith, Mo Snyder, and John Waldron

Department of Earth and Environmental Science, Acadia University, 
Wolfville, Nova Scotia B4P 2R6, Canada <153914b@acadiau.ca>

Coastal sediments contain the largest stocks of organic 
carbon and play a vital role in influencing the carbon cycle. 
Protecting organic carbon hotspots is essential to mitigating 
climate change because development and bottom trawling 
can disturb the seafloor, driving the remineralization of 
organic carbon into carbon dioxide. Terrestrial carbon 
stocks are well studied and mapped, but our knowledge of 
standing stocks of marine sedimentary carbon and the role 
that it can play in minimizing the effects of climate change 
are poorly understood. one of the challenges in mapping 

Where’s the carbon? Spatially mapping 
carbon on the seafloor

Catherine brenan

Department of Earth and Environmental Sciences,  
Dalhousie University, Halifax, Nova Scotia B3H 4R2, 

Canada <ct477992@dal.ca>

the seafloor environment is the issue of characterizing 
spatial heterogeneity of different substrata, which is 
critical in estimating organic carbon standing stocks in the 
marine environment. in this study, we use high-resolution 
multibeam echosounder (MbeS) data from the eastern 
Shore islands off Nova Scotia to predict the distribution of 
percent organic carbon in surface sediments. We applied 
benthic habitat mapping approaches, utilizing high-
resolution continuous coverage environmental variables 
(bathymetry, backscatter, current velocity, bottom salinity, 
bottom temperature, ruggedness, slope, euclidean distance) 
combined with subsea video and ground truthing to 
generate thematic maps of sediment types for the area. 
We then compared those to the measurements of organic 
carbon from the samples, which were spatially modelled 
using different methodologies to estimate organic carbon 
standing stocks in the area by substrate type. These high-
resolution sedimentary organic carbon maps can help 
determine the best approach for using MbeS surveys to map 
carbon and identify carbon hotspots, which are essential for 
seabed management and climate mitigation strategies. [Oral 
presentation]

Pebble provenance across a syn-tectonic braided 
fluvial to alluvial fan transition, Flatrock cove 

Formation, Flatrock, newfoundland

Juvani bryce and dave Lowe

Department of Earth Sciences, Memorial University of 
Newfoundland, St. John’s Newfoundland and Labrador 

A1B 3X7, Canada <jobryce@mun.ca>

The ediacaran Flatrock Cove Formation in the Avalon 
Zone, eastern Newfoundland, is composed of the Knobby 
Hill Member conformably overlain by the Piccos brook 
Member. These units record syn-tectonic sedimentation and 
a change from a braided fluvial to alluvial fan environments 
during progressive folding and thrusting along the proximal 
margin of the Signal Hill basin, coinciding with the 
Avalonian orogeny (ca. 600–545 Ma). This project aims 
to constrain the provenance of clasts in conglomerates of 
the Knobby Hill and Piccos brook members to identify 
changes in sources and sediment routing coinciding with 
Avalonian deformation in sediment hinterlands. Point 
counting of clasts in the field from the middle of the 
Knobby Hill Member upward through to the Piccos brook 
Member reveals significant changes in clast compositions. 
in Knobby Hill, there is an upward change in igneous clast 
populations from angular black rhyolite, andesite, and 
granite, to a mainly subrounded to rounded weathered 
granite. Clasts in the Piccos brook Member are dominated 
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chemical characterization of melt inclusions in  
Blake River Volcanics of the Swayze area, Abitibi 

Greenstone Belt, ontario, canada

Aidan buyers1, Jacob Hanley1, Kevin Neyedley1, 
and Thomas Gemmell2

1. Mineral Exploration and Ore Fluids Laboratory,
Department of Geology, Saint Mary’s University, Halifax,  

Nova Scotia B3H 3C3, Canada <aidan.buyers97@gmail.com> 
2. Earth Resources and Geoscience Mapping Section,

Ontario Geological Survey, Mines and Minerals Division, 
Ministry of Mines, Sudbury, Ontario, P3E 6B5, Canada

Volcanogenic massive sulphide (VMS) deposits are 
important sources of economic concentrations of copper, 
zinc, lead, gold, silver, and other strategic minerals. The 
Neoarchean Abitibi Greenstone belt (AGb) is a world class 
mining district straddling the ontario and Quebec border 
and is host to numerous world-class VMS deposits. in terms 
of total metal endowment, the blake river Group (brG; 
2704-2695 Ma) is the most enriched group within the AGb. 
The megacaldera complex has 31 known VMS deposits, most 
of which are concentrated around the Noranda and doyon-
bousquet-Laronde (dbL) mining camps. However, in the 
Swayze area of the AGb, no economic VMS deposits are 
known, despite considerable volumes of brG rocks present 
in the area. This raises the question as to what factors control 
the occurrence of brG-hosted economic VMS deposits in 
the AGb. This study will investigate whether the Swayze 
brG rocks had the same initial melt compositions as the 
brG rocks in the prolific dbL camp, specifically ore metals 
available to be concentrated by magmatic-hydrothermal 
systems. To achieve this, the study aims to chemically 
characterize the brG rocks in the Swayze area, including a 
sub-economic VMS occurrence, through lithogeochemical 
melt inclusion chemical analysis. integrated with detailed 
petrography, these geochemical data will be compared to 
data from temporally and lithologically similar rocks of the 
dbL mining camp. The use of laser ablation- inductively 
coupled plasma mass spectrometry on zircon-hosted 

by sandstone, mudstone, and siltstone. based on these data, 
significant changes in clast hinterlands occurred throughout 
the Flatrock Cove Formation sedimentation, from mainly 
volcanic, to plutonic, to sedimentary. Fourteen representative 
igneous clasts were also selected for bulk major and trace 
element geochemistry, with a focus on high field strength 
elements (HFSe), rare earth elements (ree), and Y, which 
will be used to discriminate the petrogenesis of igneous 
source areas and provide more detail of the sequence of 
hinterland uplift and exhumation coinciding with Flatrock 
Cove Formation sedimentation. [Oral presentation]

melt inclusions will enable the base and precious metal 
fertility of the melts associated with the sub-economic 
VMS occurrence to be determined. [Poster presentation]

Geochronology of the loki’s castle hydrothermal 
vent field, Artic Mid-ocean Ridge

Colin Clancey and John Jamieson

Department of Earth Sciences, Memorial University of 
Newfoundland, St. John’s, Newfoundland and Labrador 

A1B 3X7, Canada <cdc473@mun.ca>

Loki’s Castle is an active high-temperature hydrothermal 
vent field located on the northern end of the Mohns ridge, 
where it transitions into the Knipovich ridge. The Mohns 
ridge is part of the slow spreading ridge system that extends 
northward from iceland to Gakkel ridge in the Arctic ocean. 
At 2400 m depth, Loki’s Castle consists of black smoker 
chimney clusters located atop two coalesced hydrothermal 
mounds that are up to 30 m high and 200 m across. in 
2017 and 2019, rock samples were collected from Loki’s 
Castle using a remotely-operated vehicle operated from the 
Norwegian research vessel G.o. Sars. These samples were 
collected from hydrothermal mounds, and include an active 
and an inactive barite chimney, an active chimney flange, and 
an exposed fault surface. in our study, we will use the 226ra/
ba isotopic system to date hydrothermal barite from a subset 
of ten samples from the vent field. Chronological analysis 
will be completed using gamma spectroscopy combined 
with bulk geochemical analyses. Sample ages will be used 
to determine how long this system has been forming. These 
results will be combined with deposit volume estimates 
determined from analysis of high-resolution bathymetry, 
to calculate the rate of deposit formation. The barite ages 
will be compared to previously determined 230Th/234U ages 
of pyrite from the same samples to evaluate the accuracy 
and reproducibility of both methods. Along with this 
geochronological analysis, a petrographic examination of the 
samples will be conducted to determine mineral paragenesis 
as it is related to barite and pyrite. [Oral presentation]

You had me at “Reflector”: interpretations of seismic data 
for the earliest formations in the Scotian Basin, canada

Jesse demaries-Smith1, Mo Snyder1, 
and Shawna White2

1. Department of Earth and Environmental Science,
Acadia University, Wolfville, Nova Scotia B4P 2R6,

Canada <160297d@acadiau.ca> 
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The Scotian basin is a rifted continental margin that began 
forming in the late Triassic during the breakup of Pangea as 
the North American and African plates began to separate. 
rifting created horsts and grabens which formed a series 
of depocenters, into which sediment could accumulate, 
bounded by intervening platforms. The first formation 
deposited was dominantly sandstone, shale, and siltstone 
of the eurydice Formation. directly overlying the eurydice 
Formation is the Argo Formation, which is dominated 
by halite units and lesser anhydrite evaporite units. These 
formations represent an underexplored potential reservoir 
for petroleum systems in the petroleum rich Scotian basin. 
The purpose of this project is to investigate these earliest 
Mesozoic (eurydice and Argo formations) as potential 
reservoirs in terms of depocenter connectivity early in the 
basin history using interpretations of 2d seismic data, and 
through that gain a better understanding of initial basin 
architecture from which basin petroleum system elements 
evolved. The ultimate objective for this project is to produce 
a 3d model of basin geometry and connectivity between the 
Mohican Graben Complex and the Shelburne sub-basin. 
[Oral presentation]

Aspects of morphology, taphonomy and growth 
orientation of Charnia sp. from Sword Point, conception 
Bay, little catalina and catalina, newfoundland, canada

Hayley Fitzgerald and duncan Mcilroy

Department of Earth Sciences, Memorial University of 
Newfoundland, St. John’s, Newfoundland and Labrador 

A1B 3X7, Canada

composition and origin of xenocrysts in the eastern 
Shore lamprophyre dykes, nova Scotia, canada

Yuzhe Gan and Sandra barr

Department of Earth and Environmental Science,  
Acadia University, Wolfville, Nova Scotia B4P 2R6, 

Canada <150429g@acadiau.ca>

The Eastern Shore dykes are a swarm of lamprophyric 
dykes in the Sheet Harbour area of eastern Nova Scotia. 
Two of the dykes, Pleasant Harbour–Borgles Island and Popes 
Harbour, contain a huge number of exotic xenoliths and 
xenocrysts, at least some of which were derived from the 
deep crust.  Hence, they may provide insights about the 
composition of the deeper crust under the Meguma terrane. 
Although the xenoliths have been studied previously, no 
studies have been reported on the xenocrysts, and hence 
this study was undertaken to determine the petrological 
characteristics of the xenocrysts, including possible 
connection to the orogenic gold deposits of the Meguma 
terrane. Twenty-three samples from the dykes collected 
by previous workers were examined for xenocrysts, 
from which one sample each from the borgles island and 
Pleasant Harbour dykes was selected for detailed 
study, based on the abundance and variety of 
xenocrysts seen in hand specimen. About twenty thin 
section-sized chips were cut from those samples, and 14 
chips with abundant xenocrysts were made into polished 
sections and used for major and trace element analysis by 
electron microprobe and LA-iCP-MS. based on the 
petrographic evidence, the xenocrysts are subdivided into 
three groups: (1) small silicate xenocrysts, including 
quartz, K-feldspar, garnet, and kyanite, all with reaction 
rims; (2) large silicate xenocrysts; and (3) sulphide 
xenocrysts. The sulphide xenocrysts are pyrite, with small 
inclusions of chalcopyrite. The silicate xenocrysts may have 
been derived from disaggregated xenoliths in which similar 
minerals have been reported. However, the origin of the 
large silicate and sulphide xenocrysts remains uncertain. 
[Oral presentation]

2. Department of Geology, Saint Mary’s University,
Halifax, Nova Scotia B3H 3C3, Canada

Animal-like lifeforms from the ediacaran period 
(ca. 635–541Ma) have been preserved as impressions 
in sedimentary rocks from the Avalon and bonavista 
peninsulas of Newfoundland. These lifeforms are better 
known as the ediacaran macrobiota and are some of the 
earliest multicellular life preserved on earth. Charnia is a 
well-known ediacaran macrofossil which is a member of the 
extinct clade, rangeomorpha: a group of sessile, epibenthic 
organisms that occupied deep marine environments in the 
ediacaran period. The purpose of this study is to describe 
Charnia fossils in their sedimentological context as well as 
focusing on morphometrically quantifying and explaining 
asymmetric, tousled, and disrupted specimens. A number of 
Charnia specimens were photographed at several localities 
to digitally measure length, width, and orientation, using 
the program imageJ. Sedimentary structures indicating a 
paleocurrent were observed and noted where possible to 

analyze fossil orientation with respect to current direction, 
and several casts were made from well preserved specimens 
to observe morphological aspects and further understand 
taphonomy. Further investigation into the morphology, 
taphonomy, and growth orientation of Charnia will help 
reveal an accurate depiction of this early animal-like 
lifeform, which can help us further understand animal 
evolution. [Oral presentation]
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St. Anns basin is a Quaternary offshore intrashelf basin 
located southeast of Cape breton island, Nova Scotia. The 
eastern Scotian Shelf remains a poorly understood area 
due to its complex physiography and late glacial history. 
St. Anns basin has a high frequency of widely distributed 
mass-failures, yet a complete chronology for the deglacial 
sediment record has not been developed to date these 
deposits. Here, we present preliminary results that utilize an 
archival sediment core of a glaciomarine sediment package 
on the eastern margin of the basin to revise the St. Anns 
basin sediment chronology using radiocarbon dating of 
benthic foraminifera and shell fragments. The sediment core 
contains suspected brick red mud layers associated with 
major deglacial ice-calving events that have been precisely 
dated in the nearby Laurentian Channel. An updated 
lithostratigraphic section alongside existing biostratigraphic 
interpretations will be used to provide a framework for 
the deglacial chronology of the basin. Additionally, the 
updated chronology enhances the understanding of the 
seismostratigraphic framework of the St. Anns basin. These 
data will collectively be used to interpret if mass failures 
found throughout the basin are contemporaneous, possibly 
constituting a seismically induced event and constraining 
an assessment of modern geohazard risk in the basin. The 
revision of the chronology of sediments in St. Anns basin 
could also further constrain the timing of shelf-ice cover on 
the eastern Scotian Shelf. [Oral presentation]

Microplastic in beach sediment from Mary’s Point, 
Shepody national Wildlife Area, southeast new 

Brunswick, canada*

Claire Gullison and dave Keighley

Department of Earth Sciences, University of New Brunswick, 
Fredericton, New Brunswick E3B 3A3, Canada <cgullis1@unb.ca>

late Quaternary geochronology and stratigraphy of 
St. Anns Basin, offshore nova Scotia, canada

Cameron Greaves1, Jordan eamer2, 
edward King2, and ian Spooner1

1. Department of Earth and Environmental Science,
Acadia University, Wolfville, Nova Scotia B4P 2R6,

Canada <camdgreaves@gmail.com> 
2. Geological Survey of Canada (Atlantic), Bedford Institute of

Oceanography, Dartmouth, Nova Scotia B2Y 4A2, Canada

The Shepody National Wildlife Area (NWA) hosts 50–
95% of the world’s Semipalmated Sandpiper population 

during their >3000 km migration south. The sandpipers 
rest and feed on a variety of biota, including mud shrimp, 
other crustacea, molluscs, worms, biofilms, etc., that live on 
and in the NWA’s inter-tidal mudflats backed by sand and 
gravel beaches. Plastic waste is now widely documented as 
polluting these environments, where it often breaks down 
into particles of <1 mm size (microplastic), becoming 
difficult to collect and remove, while becoming more 
available for ingestion by biota in the sediment and eventually 
accumulating progressively up the food chain, potentially in 
humans or sandpipers. Previous studies investigating the 
microplastic fraction have focused on the readily visible, 
surficial sediment (<5 cm depth), disregarding the processes 
active in sediment that may mix the vertical sediment 
column, distributing the plastic to a greater depth. This 
initial study aims to investigate microplastic distribution 
across and vertically within a sandy beach section at Mary’s 
Point, using a sediment corer. Samples are analyzed in 4 
cm depth increments, with microplastics separated and 
compositionally classified for each increment via a novel 
procedure using low-cost, non-toxic chemicals: four density 
separations, involving solutions with increasing densities 
(fresh water, saline water, and low and high concentration 
NaH2Po4 solutions), followed by an oleophilic separation. 
Separated microplastics were then further analyzed by 
microscopy to determine size, shape, colour, and degradation; 
compositions were validated using raman Spectroscopy. 
Preliminary results indicate clear and blue fibres (from 
fishing gear, potentially) dominate. [Oral presentation] 

*Winner of the Science Atlantic Presentation and
communication Award for best overall presentation

long-term changes in the nain landfast 
sea-ice edge, labrador, canada

brayden Harker1, Audrey Limoges1, Nicolas Van 
Nieuwenhove1, and Alexandre Normandeau2

1. Department of Earth Sciences, University of New Brunswick,
Fredericton, New Brunswick E3B 5A3, Canada <bharker@unb.ca> 

2. Geological Survey of Canada (Atlantic), Bedford Institute of
Oceanography, Dartmouth, Nova Scotia B2Y 4A2, Canada

Since 1971, the Arctic has warmed three times faster than
the rest of the world. This warming has led to drastic changes 
in land and sea-ice environments that are particularly 
challenging for northern sub-Arctic coastal communities. 
Sea ice loss due to accelerated Arctic warming is jeopardizing 
important habitats for ice-dwelling life, as well as areas 
that have been used for fishing, hunting, and gathering for 
millennia by the dorset, Thule, and inuit cultures. Changing 
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Pyrite paragenesis and relation to gold-bearing fluid 
phases in the lone Star deposit, Yukon territory, canada

Arthur Hilliard

Department of Earth and Environmental Sciences,  
Dalhousie University, Halifax, Nova Scotia B3H 4R2, 

Canada <hilliard.erin@gmail.com>

The Klondike region of the Yukon Territory, Canada, is 
famous for extensive placer deposits, recovering over 20 
million oz since discovery, but lacks any major defined 
bedrock resources. As a result of a surge in exploration 
activity, recent drilling efforts have delineated several new 
bedrock targets, including the Lone Star deposit near dawson 
City, Yukon. The Lone Star deposit is hosted by a suite of Late 
Permian plutonic, volcanic, and sedimentary units known 
as the Klondike Assemblage. This assemblage formed as 
a result of subduction-related arc-magmatism, followed 
by Late Permian–early Triassic regional greenschist-
amphibolite facies metamorphism during accretion onto 
Laurentia as part of the Yukon–Tanana terrane. Gold 
deposition is thought to be middle–late Jurassic, mainly 
occurring within discordant quartz veins with common 
pyrite mineralization but overall low sulfidation (galena, 
sphalerite, chalcopyrite, etc. only trace). This study will 
add to the overall understanding of the Lone Star deposit 
by establishing relations between pyrite paragenesis and 
gold mineralization. This will be done through detailed 
examination of a suite of ten samples, selected based on 

sea-ice conditions also impact the abundance and diversity 
of algal communities that form the basis of the marine food 
web. Many algae, such as dinoflagellates, produce robust 
resting cysts that are preserved in marine sediments. by 
analyzing these and other palynomorphs alongside other 
biogenic proxy indicators and geochemical signals preserved 
in marine sediment cores, past trends in primary production 
and sea-ice conditions can be inferred. Understanding past 
responses to climate fluctuations can provide critical insights 
into understanding current trends and predicting future 
changes to primary production and the local environment. 
Using standard palynological methods this project aims to 
analyze two gravity cores (7 cm diameter) collected in the 
Nain area (Nunatsiavut), one located within and the other 
outside of the present-day landfast sea-ice edge. each core 
is approximately 60 cm long, allowing for a comparison of 
the observed changes in each respective environment. The 
data resulting from this project will contribute to a larger 
research program, combining other zooarchaeological and 
collective knowledge to better understand climate-induced 
changes in the coastal ecosystem of Nain. [Oral presentation]

differences in pyrite occurrence. Textural relations will be 
determined using reflected light microscopy and SeM on 
polished mounts. Following this, samples will be analyzed 
for major and minor elements by electron microprobe and 
LA-iCP-MS will be used to measure the 2d distribution of 
trace chalcophile elements. Correlations between texture 
type and element distributions will be used to determine 
if there were discrete pyrite-forming events, and whether 
these events can be related to the influx of gold-bearing 
fluids. [Oral presentation]

How to measure changes in topography without eroding 
an undergraduate research budget

Parker ingham and Mo Snyder

Department of Earth and Environmental Science,  
Acadia University, Wolfville, Nova Scotia B4P 2R6, 

Canada <136627i@acadiau.ca>

Quick, efficient, and affordable monitoring of coastal 
surface erosion is an ongoing challenge for scientists and 
stakeholders. The current standard, aerial LidAr surveying, 
can yield precise surface elevations, even through dense 
foliage. However, LidAr surveying is expensive and 
inaccessible to researchers on a tight budget. Additionally, 
LidAr surveying does not collect data on complex steep 
intertidal and subtidal surfaces with caves or indentations 
that significantly change through time. in contrast, ground-
based technicians can collect photographs from multiple 
angles to create nuanced, coloured photogrammetry clouds 
with high temporal frequency. However, stakeholders are 
unable to pin their photogrammetry clouds to accurate 
coordinates on a map because consumer GPS accuracy is 
relatively low. This project provides an opportunity for 
consumer products and open-source software to be tested 
with the ultimate goal of decreasing the barrier of entry. 
Merging GeoNova’s open coastal elevation LidAr point 
cloud to drone or action camera photo-clouds combines 
the strength of both techniques described above. This work 
necessitates an evaluation of point cloud similarity which 
can be done with the open-source software, Cloud Compare. 
The methodology of creating photogrammetry point clouds, 
merging point-clouds with LidAr data, and overcoming 
challenges is here described. The area of study is at Kingsport 
beach, an area of relatively constant topographic change in 
short amounts of time. [Oral presentation]
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Sustainable gold mining: replacing gold mining with 
novel ionic thiourea ligands for gold extraction

Sam Julien, Jacob Hoare, Liah Christie,  
Caylee Macdonald, isaac Carlin, robert Singer, 

and Christa brosseau

Department of Geology, Saint Mary’s University, Halifax, Nova 
Scotia B3H 3C3, Canada <sam.julien@smu.ca>

Cyanidation has been the most widely applied gold 
extraction method world-wide for over a century. 
Unfortunately, there have been many accidental releases 
of toxic cyanide, which have resulted in extensive damage 
to the environment and surrounding communities. due 
to this, various alternatives are being explored in efforts to 
replace cyanidation but have yet to be implemented due 
to the high material costs and infrastructure changes that 
would be needed. The current project is working to develop 
an alternative to cyanidation using novel ionic thiourea 
derivatives, which can selectively extract gold and silver. 
Two imidazolium salts have been functionalized with a 
thiourea group and a dodecyl sulfate [dS]- anion. Up to 
98% extraction of gold(iii) from a model leachate solution 
has been achieved reproducibly to date and future efforts 
are being made to develop a method of extraction from raw 
gold-containing ore. [Poster presentation]

Petrology and metamorphism of the ‘Bright-eyed’ Gneiss, 
Grand teton, Grand teton national Park, Wyoming, USA

Abby Kelly

Department of Earth Sciences, University of New Brunswick, 
Fredericton, New Brunswick E3B 5A3, Canada <akelly4@unb.ca>

The Archean southern Teton range, Wyoming, hosts 
a unique ‘bright-eyed gneiss’ unit exposed in death 
Canyon, Grand Teton National Park. These rocks are biotite 
orthogneisses with magnetite (Fe3+2Fe2+o4) porphyroclasts 
surrounded by lenticular quartzofeldspathic pods. The 
major minerals are biotite, alkali feldspar, plagioclase, quartz, 
magnetite, ilmenite and titanite. The accessory minerals 
are apatite, allanite, some sulfides, and small zircon grains. 
evidence suggests that these rocks underwent low degrees of 
partial melting at amphibolite-facies conditions as recorded 
by melt pseudomorph microtextures. A variety of analytical 
techniques were applied to eleven hand samples. These 
include µXrF mapping, SeM backscattered imagery, optical 
microscopy, and X-ray CT to obtain central cuts through 
the magnetite grains. Hypotheses to be tested are whether 

the rocks formed in an open system involving water-fluxed 
biotite dehydration melting. Another key step in this 
experiment is to determine the role of original oxidation 
of possible protoliths for these gneisses including tonalite-
granodiorite. ePMA chemical analyses and laser ablation 
will also be used in tandem to examine mineral zoning and 
develop a reaction model to help explain how these rocks 
formed. The significance of this project is to determine the 
relative ages of the rock, whether it was metamorphic or 
magmatic in origin. Therefore, this project will be crucial 
to understanding the Archean rocks in the Grand Teton, 
and most importantly, the formation of the ‘magnetite eyes’. 
[Oral presentation]

Survey of porewater geochemistry within deep 
marine hydrocarbon seep sediments of the  

Scotian Slope, canada*

Nikita Lakhanpal1, G. Todd Ventura1,  
Venus baghalabadi1, Natasha Morrisson2, 

and Adam Macdonald2

1. Department of Geology, Saint Mary’s University, Halifax,
Nova Scotia B3H 3C3, Canada <nikita.nikita@smu.ca>

2. Nova Scotia Department of Natural Resources and
Renewables, Halifax, Nova Scotia B3J 2T9, Canada

The ocean floor surface sediments of the Scotian Slope, 
Nova Scotia, are host to a complex network of microbially 
mediated reactions that knit together the various 
biogeochemical cycles. Limited diffusion between the upper 
water column and ocean floor mud pore spaces, coupled 
with competitive microbial ecological niche partitioning, 
leads to the formation of biogeochemically controlled redox 
gradients. These microbial biogeochemical zones change if 
surface sediments are impregnated by hydrocarbon seepage 
that migrates up from deeper within the basin. Porewater 
profiles of F−, No2-, No3-, Co3

2- and So4
2- were used to 

reconstruct biogeochemical stratification depth profiles 
that can provide comparative evidence for anion behaviour 
in active cold seep sites. A comparative study between two 
methods of data analysis was applied to the samples. The 
method of standard addition proved to be a better method 
than the external calibration curve method to measure 
porewater anion concentrations of natural samples with 
complex matrices and a varying range of concentrations. 
For this reason, porewater anion concentrations were 
compared using the standard addition method. Sulfate 
concentration decreases dramatically in both ambient and 
hydrocarbon impacted marine benthic sediments although, 
in hydrocarbon impacted sites, it appears to occur at a much 
shallower depth, suggesting that the redox gradient is much 
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The transition to a green-energy future requires a 
significant increase in the supply of critical elements. 
Therefore, it is essential that we advance our knowledge 
of the processes that concentrate these elements. of the 
31 elements that Canada has deemed to be critical, many 
of them can be concentrated by igneous rock-forming 
processes. For example, rare earth elements (ree) 
are known to be concentrated by magmatic processes 
associated with the emplacement of alkaline to peralkaline 
igneous rocks. This research focuses on the West barneys 
river Plutonic Suite (WbrPS) in Nova Scotia, which has 
elevated concentrations of both ree and Zn. The WbrPS is 
a complex, heterogeneous mix of coeval plutonic lithologies 
ranging in composition from mafic to felsic. Published U–
Pb data indicates a range of crystallization ages between ca. 
495 and 460 Ma; however, many knowledge gaps remain 
related to the origin of these rocks and the associated ree 
and Zn mineralization. Ten representative samples were 
collected from the WbrPS that range in composition 
from gabbro to quartz syenite. of those, seven samples 
yielded dateable zircon, with preliminary interpretations 
of LA-iCP-MS U–Pb data yielding a crystallization age 
range between ca. 465 and 430Ma. Zircon trace element 
and hafnium isotope data were also collected and will be 
analyzed to determine the magmatic processes and magma 
source(s) involved in the generation of the plutonic suite. 
These new petrochronological data and interpretations will 
help to better understand the petrogenesis of the WbrPS 
and the processes that concentrated the ree and Zn. [Oral 
presentation]

Machine-learning focal mechanism inversion for 
hydraulic fracking- induced earthquakes*

Megan Macdonald and Miao Zhang

Department of Earth and Environmental Sciences,  
Dalhousie University, Halifax, Nova Scotia B3H 4R2, 

Canada <macdonald.m@dal.ca>

  Hydraulic fracking has contributed to an increase in 
induced seismicity in recent years in Fox Creek, Alberta. 
earthquake focal mechanisms, relying on polarities of 
earthquake first motions, provide insight into the state of 
stresses in a region. Traditional methods for manually 
determining the polarities of first motions are not suitable for 
microearthquakes due to the large volume of data and owing 
to their low signal-noise ratio. Machine learning provides a 
reliable and efficient way for polarity classification. Using 
data obtained from the Tony Creek dual Microseismic 
experiment, this study aims to show that machine learning 
can reliably solve for polarities of earthquake first motions 
and characterize the focal mechanisms of hydraulic 
fracking-induced earthquakes. The project will provide 
greater insights into the state of stresses and geologic 
structures (such as faults) in the study area and will improve 
our understanding of earthquake-triggering mechanisms 
during hydraulic fracking. in this presentation, we are going 
to introduce the seismic data, proposed methods, 
and preliminary results. [Poster presentation]               . 

*Winner of the canadian Society of exploration Geophysics 
Award for best presentation of a geophysics-related paper

Zircon petrochronology of the West Barneys  
River Plutonic Suite: insights into the origin of a  

potential critical element (Ree and Zn) deposit in 
nova Scotia, canada

Michael Leblanc and donnelly Archibald

Department of Earth Sciences, Saint Francis Xavier University, 
Antigonish, Nova Scotia B2G 2W5, Canada <x2020fzv@stfx.ca>

more pronounced and as much sulfate reduction has not yet 
transpired with the ambient sediments at the same depth. 
Nitrate and No2- trends also show similar pronounced 
reduction patterns occurring at shallower depths for 
hydrocarbon impacted sediments suggesting widespread 
increased microbial and bacterial activity in these regions. 
[Poster presentation]

*Winner of the canadian Society of Petroleum Geologists
Award for the best petroleum geology-related presentation

coastal erosion study on the Flats Road property in 
conception Bay South, newfoundland, canada

Anna Malone, Alison Leitch, and Colin Farquharson

Department of Earth Sciences, Memorial University of 
Newfoundland, St. John’s, Newfoundland and Labrador 

A1B 3X7, Canada <aimalone@mun.ca>

This study focuses on the sensitivity of the Newfoundland 
coastline to erosion, specifically surrounding the beach 
located at the end of Flats road in Conception bay 
South, Newfoundland. in this study, various geophysical 
instruments from the Memorial University equipment pool 
can be used to locate the bedrock or any other subsurface 
features that will affect the erosion rate in the area. Thus 
far, a ground-penetrating radar (GPr) survey, a real-time 
kinematic positioning survey (rTK), and a direct current 
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Dating fault motion at the northern Appalachian 
structural front, western newfoundland, canada

dylan Mckeen1, Shawna White1, dawn Kellett2, 
and Catherine Mottram3

1. Department of Geology, Saint Mary’s University, Halifax,
Nova Scotia B3H 3C3, Canada <dylan.mckeen@smu.ca>

2. Geological Survey of Canada (Atlantic), Dartmouth,
Nova Scotia B2Y 4A2, Canada 

3. School of the Environment, University of Portsmouth,
Portsmouth PO1 3QL, United Kingdom

The Appalachians formed during Cambrian through 
devonian orogenesis, as a result of multiple microcontinent 
and terrane accretions which occurred as the iapetus 
ocean episodically closed. in western Newfoundland, folds 
and faults that formed during the Taconian and Acadian 
orogenies are preserved. The limit of deformation, or 
Appalachian structural front, extends along Newfoundland’s 
west coast. This front is defined by a structural triangle zone, 
the upper detachment of which is marked by the Tea Cove 
Thrust, a back-thrust that only outcrops in one location 
on the Port au Port Peninsula, our study area. Timing 
of motion along the structural front is constrained as 
devonian through Visean using structural and stratigraphic 
relationships largely observed in seismic records. However, 
previous work suggests that earlier ordovician (Taconian) 
movement is likely. observations and data collected during 
fieldwork suggest that significant structures associated 
with the structural front, outcropping along the Port au 
Port Peninsula, have been reactivated. Faults parallel to the 
Tea Cove Thrust preserve two generations of motion: 

Mineralogy and corundum trace element composition 
at the Hopedale “ruby” occurrence, labrador, canada: 

comparison to till-hosted pink corundum

emma Mercer1, ofure onodenalore1,  
Philippe belley1, and Heather Campbell2

1. Department of Earth Science, Memorial University of
Newfoundland, St. John’s, Newfoundland and Labrador

A1B 3X5, Canada <ecmercer@mun.ca> 
2. Geological Survey of Newfoundland and Labrador,

St. John’s, Newfoundland and Labrador A1B 4J6, Canada

in the Hopedale block, Labrador, pink to reddish-purple 
corundum occurs in gneiss and has also been found as 
pink detrital grains (0.25–0.50 mm) in till. The till-hosted 
corundum grains occur 28 km west of the hard rock 
occurrence; however, the ice flow direction is to the east. 
This indicates that at least two reddish corundum (“ruby”) 
localities occur in this region, and are separated by a vast 
distance, making the region attractive to ruby exploration. 
The hard-rock corundum occurrence consists of weakly 
foliated corundum-biotite-plagioclase gneiss containing 
accessory rutile, pyrrhotite, pentlandite, and zircon as well 
as trace galena, titanite, bi- Ag telluride, and thortveitite 
(a rare Sc silicate). Corundum occurs as ~10 mm to ~70 
mm porphyroblasts with cross-hatched twining within a 
finer-grained matrix of corundum, biotite, and plagioclase 
(An50). both corundum from the outcrop and the till show 
minor amounts of diaspore retrograde alteration along 
fractures. This study will compare the mineral associations 
and corundum trace element composition in the till-
hosted grains with those at the gneiss-hosted occurrence 
to determine whether they come from geologically similar 
sources. [Poster presentation]

resistivity survey (dCr) have been conducted. This research 
aims to locate the bedrock or subsurface properties that will 
affect the rate of erosion happening on the land located at 
the end of Flats road in Conception bay. This information is 
directly proportional to the effects of climate change on the 
province of Newfoundland. Currently, the average coastal 
erosion rate for the region is approximately 20 cm/yr. This 
number will increase with the rise of climate change and sea 
levels, as the volume of water increases in the oceans, the 
speed and strength of coastal erosion grows. Post-glacial 
rebound in Newfoundland varies from coast to coast. The 
west coast is rising and the east coast, although no precise 
numbers are known, is generally sinking slowly with respect 
to the earth’s center. High winds, hurricanes, and storm 
surges are all factors that result in the shrinking coastline. 
This project is going to research the rate of erosion and how 
changing climate affects it. [Poster presentation]

NW-directed and Se-directed. Later, cross-cutting NW-
directed faults with an orientation consistent with post-
Taconian basement faults are present too. These cross-
cutting and kinematic relationships, combined with data 
we aim to collect using in-situ dating of calcite slicken-
fibres and mica using U–Pb and rb/Sr by LA-iCP-MS, 
respectively, will allow us to determine an absolute age 
of generation and reactivation of faults defining the 
structural front. New data will also provide information 
to petroleum models for active exploration in the region, 
whereby structures at the structural front are demon-
strated petroleum traps. [Oral presentation]
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The impacts of historical gold mining on chironomid 
assemblages in lake Thomas, nova Scotia, canada

Suzan Mhagama, branaavan Sivarajah, 
and Joshua Kurek

Environmental Science Department,  
Mount Allison University, Sackville, New Brunswick 

E4L 1H3, Canada <sdmhagama@mta.ca>

Gold mining operations were one of the predominant 
economic activities in Nova Scotia between the late 19th and 
early 20th centuries. The Waverley gold mine district was 
active from 1862 to 1940 and mine tailings produced were 
transported into the local environment that contributed 
to the pollution of the Shubenacadie Canal drainage 
basin. in this study, we used paleolimnological approaches 
to understand the long-term ecological effects of historical 
gold mining operations on Lake Thomas. Concentrations of 
mining-related contaminants (arsenic and mercury) were 
measured from a dated sediment core to track pollution 
history and subfossil chironomid remains were analyzed 
to examine biological effects. Sedimentary arsenic and 
mercury levels were low prior to gold mining activities; 
however, during the mining era concentrations of both 
elements increased. Sedimentary arsenic and mercury levels 
reached concentrations of 980 ppm (dry weight) and 31 400 
ppb (dry weight), respectively. Arsenic and mercury levels 
have decreased in the most recent sediments but continue 
to be higher than national sediment quality guidelines, 
arsenic levels are 58× and mercury 65× higher than national 
guidelines. Notable declines in the number of chironomid 
head capsules per gram of dry sediments during the mining 
era suggest biological impacts. Although the Waverley gold 
mine was closed eight decades ago, elevated contaminant 
levels may still be affecting aquatic biota. This research 
contributes to the growing number of environmental 
assessments that are aiming to understand the long-term 
ecological consequences of past gold mining operations on 
aquatic ecosystems. [Poster presentation]

on the discovery of fossil land snails  
(Dendropupa sp) from the Minto Formation 

of central new Brunswick, canada

rowan Norrad1, Luke Allen2, Matt Stimson3,4, Lynn 
dafoe5, olivia King3,4, Spencer Lucas6, Adrian Park7, 

Steven Hinds3,7, and brian Herbert8
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Acadia University, Wolfville, Nova Scotia B4P 2R6,

Canada <renorrad@gmail.com> 
2. Department of Earth Sciences, University of New Brunswick,

Fredericton, New Brunswick E3B 5A3, Canada 
3. Steinhammer Paleontological Laboratories,
Geology/Paleontology section, Natural History

Department, New Brunswick Museum, Saint John, 
New Brunswick E2K 1E5, Canada 

4. Department of Geology, Saint Mary’s University,
Halifax, Nova Scotia B3H 3C3, Canada 

5. Geological Survey of Canada (Atlantic),
Dartmouth, Nova Scotia B2Y 4A2, Canada
6. New Mexico Museum of Natural History,

Albuquerque, New Mexico 87104, USA
7. Geological Surveys Branch – New Brunswick Department
of Natural Resources and Energy Development, Fredericton,

New Brunswick E3B 5H1 Canada 
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Mineralogy of the Boundary volcanogenic massive sulfide 
(VMS) deposit of the tally Pond Group, Victoria lake 

Supergroup, newfoundland Appalachians, canada*

Taylor Mugford and Stephen Piercey

Department of Earth Science, Memorial University of 
Newfoundland, St. John’s, Newfoundland and Labrador 

A1B 3X5, Canada <taytaymug@yahoo.ca>

The Cambrian boundary volcanogenic massive sulfide 
(VMS) deposit is in the Victoria Lake Supergroup in the 
Newfoundland Appalachians, Canada. The deposit is hosted 
within chlorite-sericite-quartz–altered rhyolite lapilli tuff  and 
represents one of the best preserved subseafloor-replace-
ment-style VMS deposits globally. The purpose of this study is 
to provide insights into the mineralogical evolution of the 
replacement style mineralization in the North Zone of the 
boundary deposit using mineral textures, paragenesis, and 
reflected light microscopy, scanning electron microscopy 
(SeM), and electron probe microanalysis (ePMA). initial 
textural results show that the boundary deposit is dominated 
by an assemblage of pyrite, sphalerite, chalcopyrite, galena, 
and pyrrhotite. Pyrite is the dominate sulfide, displaying 
many textures disseminated, the latter occurring as sulfide 
stringers. Pyrrhotite is present as small inclusions in 
pyrite intergrown with chalcopyrite. Sphalerite is present 
in majority of the mineral facies, but its abundance varies 
from disseminated, massive, and sulfide stringers; sphalerite 
also locally exhibits chalcopyrite disease. Galena occurs as 
irregular grains commonly intergrown with sphalerite and 
pyrite. SeM and ePMA work are ongoing. [Oral presentation] 

*Winner of the Frank S. Shea Memorial Award for best
economic geology-related presentation
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Documenting recent human influences using  
remote sensing techniques on the tekes River 

alluvial fan, Xinjiang, china*

Leila rashid and Philip Giles

Department of Geology, Saint Mary’s University, Halifax, 
Nova Scotia B3H 3C3, Canada <leila.rashid@smu.ca>

The Tekes river alluvial fan is in Xinjiang Province which 
has an arid to semi-arid climate as well as a historically 
unpredictable precipitation rate. Further, increasing 
population and urbanization means that all water resources 
must be used efficiently. The Tekes river alluvial fan has 
had a vast amount of human influence in recent decades in 
the form of dam construction, irrigation, and agriculture 
expansion. Although development on and surrounding 
the Tekes river alluvial fan is apparent, there is a lack of 

research on how these human impacts have affected the 
fan. The primary objective of this project is to use remotely 
sensed image analysis to document the human influence 
that has occurred to the Tekes river alluvial fan. A 31-
year time series (1990–2021) was created using Landsat 
imagery from 1990–2021. The results have found that 
four dams have been constructed upstream from the fan, 
irrigation canal length had increased by approximately 400 
km, and agricultural fields had increased by approximately 
250 km2. Average seasonal NdVi values were calculated 
on agricultural fields and compared to natural vegetation 
in the area for seven dates in 2021. The results do not 
show great observable differences between agricultural 
field and natural vegetation cover. However, these results 
are limited temporally and spatially. Further research 
should continue to document and test NdVi as well as 
consider measuring groundwater levels to build upon 
this research and provide a greater understanding of the 
anthropogenic impacts on the fan. [Poster presentation] 

*Winner of the imperial oil Best Poster Award for best
overall poster presentation

Methane flux, source, and lipid biomarkers of 
serpentinite-hosted groundwater springs at contrasting 

sites of terrestrial serpentinization*

M. Julianna Whelan and Penny Morrill

Department of Earth Science, Memorial University of 
Newfoundland, St. John’s, Newfoundland and Labrador 

A1B 3X5, Canada <mjw245@mun.ca>

Serpentinization sites are a point of recent scientific 
interest because of their implications toward primitive 
microbial metabolisms and astrobiological exploration. 
Serpentinization occurs when circulating groundwater 
hydrates ultramafic rocks, a reaction that is common 
in submarine environments and on land at ophiolite 
complexes. Three sites of terrestrial serpentinization were 
studied through their groundwater springs, which act as 
windows into the subsurface with respect to geochemistry 
and microbial activity. Serpentinization causes groundwater 
springs with unique parameters including ultra-basic pH 
levels (>10), low redox values, and methane and hydrogen 
gas enrichment. The Tablelands (Newfoundland, Canada), 
The Cedars (California, USA), and Aqua de Ney (California, 
USA), produce groundwater springs which act as 
endmembers, displaying a range of values with respect to the 
above properties. These sites have been extensively studied 
in the past and changes have been observed over the last 

The Pennsylvanian (late bashkirian–early Moscovian) 
Minto Formation of central New brunswick was previously 
studied for its diverse paleofloral, rare invertebrate fauna 
(trigonotarbid), and rare disarticulated vertebrate fauna. The 
Minto Formation has been interpreted as a peat-forming 
wetland that experienced occasional euryhaline influence 
within back-barrier or delta front depositional settings. A 
recently discovered fossil locality situated along the southern 
shoreline of Grand Lake yields a diverse array of plant fossils, 
tetrapod and invertebrate footprints, and invertebrate body 
fossils from the Sunbury Creek Member of the middle to 
upper Minto Formation. recent work has described a new 
Carboniferous stem dragonfly (Brunellopteron norradi) and 
a new specimen of the tetrapod footprints Batrachichnus, 
the latter with new tracemaker interpretations. Here 
we describe two new terrestrial gastropod (pupa) shells 
(NbMG 21521) that broadly conform to the Carboniferous 
land snail Dendropupa, with a similar apex and post-apical 
whorls. However, the Minto Formation pupa differ from 
Dendropupa by possessing axial (longitudinal) sculpture on 
the shell. Dendropupa exhibits an axial lirae along its shell 
that is not preserved in the Minto Formation specimens. 
both Minto Formation specimens exhibit the same 
morphology but differ in size, suggesting one is an adult 
and one a juvenile. The diminutive size of the shells suggests 
that they may represent the smallest known Carboniferous 
land snails in the fossil record. The two shells are associated 
with invertebrate ichnofossils (Gordia, Helminthoidichnites, 
and cf. Helminthopsis) that are of similar width, implying 
a trace and trace-maker relationship, and broadening the 
tracemaker interpretations for those ichnogenera. [Oral 
presentation]
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decade, proving it imperative to characterize these changes 
and interpret the temporal variations in these systems, made 
possible through the present comparison. Through past 
research it has been determined that the source of methane 
gas is different at each of the sites, but the flux of methane 
gas had not been quantified. This study intends to relate 
the methane flux to their source, aqueous geochemistry, 
and lipid biosignatures. Through gas chromatography 
and mass spectrometry, this study contributes to the 
knowledge around what microbial life consumes, what 
it produces, and how these things are preserved in 
terrestrial serpentinization systems. [Oral presentation] 

*Winner of the Atlantic Geoscience Society environmental 
Geoscience Award for the best environmental Science-
related presentation
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Reply to the Discussion of “The ‘lost’ islands of Cardigan Bay, 
Wales, UK: insights into the post-glacial evolution of some Celtic 

coasts of northwest Europe”
by Catherine Delano-Smith, Phil Bradford, and William Shannon1

SIMON K. HASLETT1,2 AND DAVID WILLIS2

range of conclusions. Whilst prefacing their introduction 
to sources with a general note of caution, Haslett and 
Willis (2022) present examples, not in support of any 
conclusions of their own but as a prerequisite for 
embarking on the study in providing at the outset a level of 
reassurance that suggests the islands depicted on the 
Gough Map merit further consideration. However, 
Delano-Smith et al. (2022) provide a welcome clarification 
to the mistake that the Gough Map is not the earliest known 
map of Great Britain (Haslett and Willis 2022; National 
Library of Scotland 2022) but rather is more correctly 
described, for example, as the “earliest known surviv-
ing map of Britain drawn on a separate sheet” (Delano-
Smith et al. 2017, p. 3) and the “the earliest map to show 
Britain in recognizable form” (Nurse 2022, p. 50).
      The possibility that islands once existed in Cardigan Bay, 
as depicted on the Gough Map, prompted Haslett and 
Willis (2022) to reconsider Ptolemy’s coordinates as 
corrected by North (1957). The coordinate for the mouth 
of the River Teifi (Afon Teifi) at the southern end of 
Cardigan Bay is near its present-day location. A geomor-
phological explanation for an unchanged position is 
possible in that a radiocarbon date of 9539-10 154 cal. 
BP suggests that the Trawling Grounds bathymetric 
feature offshore of the river mouth may have been open to 
marine conditions and possibly a seaway for several 
thousand years, which may conceivably have been accessible 
to early seafarers (see fig. 4 of Haslett and Willis 2022). 
Northward along the coast, however, the next coordinate, 
for the mouth of the River Ystwyth (Afon Ystwyth), lies 
some 8 miles (ca. 13 km) west of the present-day location 
of the river mouth. While fully appreciating the comments 
of Delano-Smith et al. (2022), the depiction of offshore 
islands on the Gough Map appears consistent with 

REPLY

  Delano-Smith et al. (2022) provide a useful discussion 
concerning the use of the Gough Map and associated dating 
in response to the paper by Haslett and Willis (2022), and 
their views are informative and welcomed. The opportunity 
to provide further comment is also welcomed and it is hoped 
that this Reply addresses points raised and will be of benefit 
to the reader in further evaluating the research.
    The study by Haslett and Willis (2022) was prompted by 
the depiction on the medieval Gough Map of two apparently 
‘lost’ islands in Cardigan Bay (Bae Ceredigion in Welsh) 
lying offshore the coast of Ceredigion in Wales, UK (see fig. 1 
of Haslett and Willis 2022 for locations mentioned herein). 
Therefore, the “starting point” for the study was not 
“medieval Welsh folklore about these islands” as stated by 
Delano-Smith et al. (2022, p. 261). Celtic literature and 
folklore are subsequently considered under geomythological 
sources but Haslett and Willis (2022) do not present Celtic 
literature or folklore specifically about ‘islands’ in Cardigan 
Bay but rather a lowland. Furthermore, to clarify, Haslett and 
Willis (2022) do not claim “to ‘prove’ the existence of ‘lost’ 
islands” (Delano-Smith et al. 2022, p. 264) but through 
an examination of historical sources, physical aspects, 
and geomythological sources conclude that their exist-
ence is considered plausible. Through such investigation, 
Haslett and Willis (2022) present a preliminary post-glacial 
coastal evolution model to provide a hypothetical framework 
which may be tested and evaluated through further 
research (e.g., Haslett and Willis, in press).
 Scholarly literature concerning the Gough Map, as 
mentioned by Delano-Smith et al. (2022), presents a diverse

1Appears in Atlantic Geoscience, 58, pp. 261–266:  this issue



Copyright © Atlantic Geoscience 2022HASLETT AND WILLIS – Reply to the Discussion of “The ‘lost’ islands of Cardigan 
Bay, Wales, UK: insights into the post-glacial evolution of some Celtic coasts 
of northwest Europe” by C. Delano-Smith, P. Bradford, and W. Shannon

Ptolemy’s coordinates and it is based on these two strands of 
independent evidence taken together that Haslett and Willis 
(2022), perhaps not unreasonably, consider the implications 
for coastal evolution.
   Delano-Smith et al. (2022) state that “the Gough Map 
is not a scale map” (p. 263) and, indeed, Haslett and 
Willis (2022) acknowledge this. However, the configuration 
of the middle section of the north-south orientated 
coast of Cardigan Bay, when compared with the 
present-day coastline, appears similar overall (Fig. 1) 
with the main exceptions that, relative to the position of 
mouths of the Rivers Ystwyth and Mawddach (Afon 
Mawddach), the mouth of the River Dovey (Afon Dyfi) is 
positioned north of its present-day location and, of course, 
that two islands are depicted lying offshore which are 
not present today. In describing these islands, as 
depicted on the Gough Map, Haslett and Willis (2022) 
provide measurements relative to the length of coastal 
segments immediately adjacent to each island and strongly 
advise that “these measurements must be viewed with 
extreme caution” (p. 135). Notwithstanding this caveat, 
given the overall similarity between the Gough Map and 
the present-day configuration of this part of the Cardigan 
Bay coastline, it may not be unreasonable to attempt 
illustrative measurements of physical features as part of a 
geographical description.
  In relation to the wider Cardigan Bay, Bower (2015) 
considered that the absence of the overall embayed 
configuration of Cardigan Bay may be attributable to poor 

Figure 1. A comparison of the Gough Map (extract left) and the present-day coastline of the middle section of Cardigan 
Bay (reproduced under the Bodleian Library’s, Oxford, and Google Earth’s terms of use).

combination of separate ‘surveys’ used to construct the  
Gough Map. Based on this view, Haslett and Willis (2022) 
considered that “the lack of curvature of Cardigan Bay on 
the Gough Map does not cast significant doubt in itself on 
the distinct occurrence of the two ‘lost’ islands” (p. 133) 
because the lack of curvature may be due to the “poor 
combination of three regional surveys” rather than, 
necessarily, the accuracy of individual ‘surveys’ themselves, 
suggesting that local configuration and feature assemblages 
may be in places more reliable. Indeed, Bower’s (2015) 
evidence suggests that such separate ‘surveys’ “were 
individually more accurate than the resultant map of 
England and Wales overall” (p. 145).
   With regard to describing the location of the islands, 
Delano-Smith et al. (2022) state that “the fifty or so islands 
[depicted on the Gough Map] surrounding Britain are 
arbitrarily distributed” (p. 264). This may be the case but the 
location of the two islands considered by Haslett and Willis 
(2022) in Cardigan Bay do not appear to be arbitrarily 
positioned because they occur offshore of segments of coast 
lying between river outlets and the channel between the 
islands lies directly seaward of the mouth of the River 
Dovey. If these islands had been arbitrarily distributed then 
one or more islands may have been expected to have been 
drafted obscuring a river mouth and that they may not have 
been drafted each at a similar distance from the shore. 
Furthermore, as noted in the Haslett and Willis (2022) 
study, the islands depicted on the Gough Map are 
approximately coincident with bathymetric highs and the
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HASLETT AND WILLIS – Reply to the Discussion of “The ‘lost’ islands of Cardigan 
Bay, Wales, UK: insights into the post-glacial evolution of some Celtic coasts 
of northwest Europe” by C. Delano-Smith, P. Bradford, and W. Shannon

occurrence of accumulations of coarse boulders and gravel 
on the seabed known as sarns. As suggested by Delano-Smith 
et al. (2022), it may be that these islands represent 
grossly mislocated islets, such as Gwylan and/or St Tudwal’s 
Islands; however, the position of the ‘lost’ islands is 
consistent with, and explainable by, the geology, 
bathymetry, and physical processes as considered by 
Haslett and Willis (2022) in the coastal evolution model 
they present.
    Lastly, with regards to geomythological aspects, the view of 
Delano-Smith et al. (2022) “that no reference is made on the 
Gough Map to the lost lowland of Cantre'r Gwaelod” (p. 264) 
does not contradict Haslett and Willis (2022), who do not 
claim otherwise. However, the reference to Cantre’r 
Gwaelod, or Maes Gwyddno, in Celtic literature and folklore 
lends support to a general notion that a landscape may have 
previously existed seaward of parts of the present-day 
coastline in Cardigan Bay, an idea which is not at odds with 
the possible occurrence of islands as depicted on the Gough 
Map.
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ABSTRACT

Devonian strata of the present-day Arctic contain abundant and diverse assemblages of terrestrial palynomorphs, 
particularly from Middle and Upper Devonian sections; few intervals of Lower Devonian and Silurian strata 
have been palynologically studied, and these demonstrate strong palynofloral similarities across the region. 
Based on published records, we present a compilation of six last occurrence events (LOs), 44 first occurrence 
events (FOs) and one acme event that have proven of value in correlation in the present-day Arctic. Although 
their chronostratigraphic resolution is relatively low, and a scarcity of independent age control hampers precise 
age assignments, palynology is the only biostratigraphic discipline available for confident chronostratigraphic 
correlation of most Arctic Devonian strata.

RÉSUMÉ

Les strates dévoniennes de l’Arctique d’aujourd’hui abritent des assemblages abondants et diversifiés de 
palynomorphes, terrestres, en particulier des sections du Dévonien moyen et supérieur. Quelques intervalles 
de strates du Dévonien inférieur et du Silurien ont fait l’objet d’études palynologiques et celles-ci ont révélé 
des similarités palynoflorales marquées à l’échelle de la région. Nous basant sur des documents publiés, nous 
présentons une compilation des six dernières occurrences (DO), des 44  premières occurrences (PO) et d’un 
phénomène d’abondance s’étant avérés utiles pour la corrélation dans l’Arctique d’aujourd’hui. Même si leur 
résolution chronostratigraphique est relativement faible et que la rareté des contrôles indépendants de la datation 
gêne l’attribution d’âges précis, la palynologie est la seule discipline biostratigraphique dont nous disposons 
pour l’établissement d’une corrélation chronostratigraphique sûre de la majorité des strates dévoniennes arctiques.

Devonian palynoevents in the circum-Arctic region
John E. A. Marshall1*, Gunn Mangerud2, Manuel Bringué3 and Jonathan Bujak4

1. School of Ocean and Earth Science, University of Southampton, National
Oceanography Centre, Southampton SO14 3ZH, UK

2. Department of Earth Science, University of Bergen, Allégaten 41, N-5007 Bergen, Norway
3. Geological Survey of Canada, 3303–3333 Street NW, Calgary, Alberta T2L 2A7, Canada
4. Bujak Research (International), Burbage Lodge, Blackpool, Lancashire FY2 9JS, UK

*Corresponding author: <jeam@soton.ac.uk>

Date received: 11 December 2021 ¶ Date accepted: 19 June 2022

doi:10.4138/atlgeo.2022.015ATLANTIC GEOSCIENCE 58, 307–328 (2022)
2564-2987|22|0307–0328$4.30|0

[Traduit par la redaction]

stages; and the Upper Devonian is composed of the Fras-
nian and Famennian stages. The Devonian, like the Silurian, 
had its stages defined early in the development of the mod-
ern geological time scale, the last-designated Global Bound-
ary Stratotype Section and Point (GSSP) being for the base 
of the Emsian (Yolkin et al. 1998). Two of these stages are 
abnormally long: the Emsian and Famennian are 16.21 and 
11.8 myr respectively.

The fossils most commonly used for stratigraphic cor-
relation in the Devonian are conodonts and, following 
their earliest occurrence in the lower Emsian, ammonoids. 
Spores have also been widely employed in the Devonian, 
particularly in terrestrial and nearshore marine facies. Only 
two spore zonal schemes cover the entire Devonian. That 
by Richardson and McGregor (1986), which is based on as-
semblages and marker taxa, is particularly relevant here as 
it incorporates many sections from Arctic Canada. That of 

INTRODUCTION

This article is a contribution to the Circum-Arctic Paly-
nological Events (CAPE) project, providing a scheme of se-
lected events for the Devonian in the present-day Arctic. The 
Devonian Period, extending from 419 to 359.3 Ma (Becker et 
al. 2020), is a particularly interesting time in Earth history:  
it saw the establishment of the terrestrial carbon cycle with 
the origin and spread of the first forests; their deeply root-
ing plants had many implications for the Earth System. In 
addition, it witnessed the world’s largest-known and most 
geographically widespread reefs, together with two first  
order mass extinctions, the later episode terminating the 
Devonian Period (Becker et al. 2020). The Devonian is di-
vided into three series and seven stages: the Lower Devoni-
an comprises the Lochkovian, Pragian and Emsian stages; 
the Middle Devonian includes the Eifelian and Givetian 
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Streel et al. (1987) is of higher resolution but is based on the 
classic European sections. In addition, that by Avkhimov-
itch et al. (1993) covers the late Emsian to late Famennian 
interval and includes many near-Arctic sections. Devonian 
palynological assemblages also include acritarchs, prasino-
phytes and chitinozoans, and these have proved very useful 
in stratigraphy. This is evident from the single comprehen-
sive study of Devonian acritarchs by Playford (1977) from 
the sub-Arctic, which was done in parallel to that of McGre-
gor and Camfield (1976) from the same samples.

The present Devonian compilation will complement 
those for other periods in the CAPE series. When all pa-
pers in the series are complete, the data will be provided 
as a “CAPE datapack” in Time Scale Creator (TSC; https://
timescalecreator.org/index/index.php) and thus can be used 
with other data in TSC to make plots like that shown in Fig-
ure 1 (Bujak et al. 2021). Figure 1 includes the age calibra-
tion in millions of years (Ma) according to the 2020 version 
of TSC and Gradstein et al. (2020).

The events compiled herein include last occurrences 
(LOs), first occurrences (FOs), and an abundance event. 
Where possible, each event is correlated with the base of a 
chronostratigraphic unit, for example an ammonoid zone or 
a stage. If the event is not equivalent to the base of such a unit, 
then an estimation is given as a percentage above the base 
of the chronostratigraphic unit relative to the entire unit. 
Details of how a biostratigraphic datapack is constructed  
in TSC from such information are given in Bringué et al. 
(in press). Localities used for the present compilation are 
shown in Figure 2. Figure 1 gives a summary of zonation 
schemes discussed in the following section and referenced 
in the Palynoevents section.

PALYNOSTRATIGRAPHY

Devonian spore assemblages from the Arctic repre-
sent equatorial paleolatitude assemblages and differ from 
those from higher paleolatitudes where most of the cali-
bration with marine invertebrate faunas (conodonts and 
ammonoids) has been based. Apart from parts of northern 
Russia, invertebrate zonations with zone index range bases 
tied to concurrent palynological zones have not been de-
veloped, and available information is generally restricted to 
single samples. In addition, conodont faunas are limited due 
to a lack of the favourable facies. This is not from lack of ef-
fort, as McGregor (1979), Streel et al. (1987) and others have 
emphasized the importance of independent age control.

A problem is a lack of studied sections from the Siluri-
an and Early Devonian from the Arctic. Such sections exist 
― for example, the Silurian marine margin basin in North 
Greenland (Christiansen 1989). Reconnaissance studies 
by Nøhr-Hansen and Koppelhus (1988) and Nøhr-Hansen 
(1989) show that this basin contains Late Ordovician and Si-
lurian spores, acritarchs and chitinozoans, but detailed stud-
ies are lacking. Early Devonian sections in Arctic Canada 
with spores have been studied (McGregor 1974; McGregor 

and Narbonne 1978). Also, thick Early Devonian sections 
exist in Svalbard, but early workers (Allen 1967) struggled 
to get good palynological recovery from them. This situa-
tion is now being rectified, with good spore recovery from 
the Lochkovian and clear potential for the establishment of  
a local zonation scheme (Wellman et al. 2022). Early Devo-
nian sections are unknown in East Greenland and the Timan 
(Komi Republic) in Russia as the sedimentary basins from 
these regions only developed to any extent in the Middle 
Devonian (Larsen et al. 2008; O’Leary et al. 2004), primarily 
following upper Middle Devonian tectonic extension.

Devonian spores of Arctic Canada

In the Canadian Arctic Islands palynological research be-
gan with the separation of megaspores (Chaloner 1959) and 
spores (McGregor 1960) from single coal samples held in the 
archives of the Geological Survey of Canada, leading to the 
description of several important new taxa. Papers describing 
Canadian Arctic assemblages (McGregor and Owens 1966; 
McGregor 1967) include several early stratigraphical appli-
cations (Kerr et al. 1965), and they illustrated the microflor-
as before their formal taxonomic documentation was estab-
lished. In addition, McGregor (1969) provided a significant 
contribution on the important and related microspore and 
megaspore genera Archaeoperisaccus and Nikitinsporites. 
The first substantive monograph (Owens 1971) was based 
on 20 samples Eifelian to Frasnian samples, describing new 
stratigraphically important genera and species. These taxa 
included the distinctive grapnel-tipped spore Ancyrospora, 
subsequently reviewed by Owens et al. (2022) in a pan-Arc-
tic study incorporating specimens of related Russian species 
unavailable for the original monograph.

Significant work was also done on sections on Melville Is-
land, with parallel studies on conodonts (McGregor and Uy-
eno 1972); the palynological work appeared as partial range 
charts (McGregor 1981), a monograph (McGregor and 
Camfield 1982), and a stratigraphic summary in McGre-
gor (1994), with additional information in Richardson and 
McGregor (1986). Although not found in a continuous 
section, the Elenisporis biformis Subzone was recognized 
from Ellesmere Island (Arkhangelskaya et al. 1990). The 
latter zone, dated as early Eifelian, was originally defined 
from western Russia and Belarus (Arkhangelskaya 1985). 
A contribution by Whiteley (1980) was based on cuttings 
samples from the Key Point well on the Parry Islands. Of the 
two assemblages identified, the upper assemblage contain-
ing Archaeoperisaccus spp. and bifurcate tipped spores was 
broadly assigned a Frasnian age, and the lower assemblage, 
dominated by the larger zonate and camerate spores such as 
Grandispora spp., assigned a late Givetian age.

The first stratigraphic study of megaspores was by Hills et 
al. (1971) from northeastern Banks Island, now in Nunavut. 
This theme was further developed in a major taxonomic 
study of megaspores (Chi and Hills 1976a, b) from multi-
ple sections on Banks, Melville and Prince Patrick islands, 
partly from the same intervals covered by McGregor and  
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Figure 1. Chronostratigraphic plot generated using TSC showing stratigraphically significant Devonian palynological 
events together with Arctic and a northeastern European palynological zonation. Columns to the left of the “Reference Pal-
ynological Zonations” column are from TSC: broken lines suggest degrees of uncertainty (dashed = probable and dotted =  
possible). W = western; NW = northwestern; S = southern.
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Camfield 1982). Chi and Hills (1976) erected seven mega-
spore zones for the Middle and early Late Devonian. These 
are shown in Figure 1, which also includes the important 
chronostratigraphic recalibration of these zones by McGre-
gor and Camfield (1982). Subsequently, a series of taxonomic 
and stratigraphic papers from northern Canada (from lo-
cations now in Nunavut and the Northwest Territories sensu 
stricto — the latter formerly District of Mackenzie) by Chi 
and Hills (1974), Hyslop and Hills (1982) and Hills et al. (1984) 

used the same zonation. A major monograph (Braman and 
Hills 1992) included multiple sections from the Frasnian 
to Tournaisian in the Northwest Territories (sensu stricto) 
and Yukon. Braman and Hills proposed six Devonian spore 
zones, albeit with a middle to late Famennian stratigraphic 
gap. They recognized the significance of a middle Famen-
nian zone (VM) with Cornispora spp. that puts in context 
the earlier contribution of Van der Zwan and Walton (1981). 
In addition Braman and Hills (1985) produced a largely 
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Figure 2. Circumpolar projection map showing the main Devonian localities discussed herein.
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taxonomic paper on the zonally important and distinctive 
monolete spore Archaeoperisaccus, which is generally re-
stricted to the Frasnian Stage and the present-day Arctic. No 
Devonian/Carboniferous boundary sections are preserved 
in the Canadian Arctic Islands, there being a general strati-
graphic gap from about the middle Famennian up into the 
Visean (Utting et al. 1989). The Yukon sections of Braman 
and Hills (1992) do have a Devonian/Carboniferous bound-
ary section but with a late Famennian stratigraphic gap be-
tween their VM and LR spore zones, consequently involving 
a delayed range base to Retispora lepidophyta.

Devonian spores of Alaska

A single data point from Alaska (Scott and Doher 1967), 
Frasnian in age, includes such distinctive spores as Archae-
operisaccus cf. timanicus, Cristatisporites triangulatus, Con-
tagisporites optivus and possibly Cymbosporites.

Devonian spores of Greenland

Initial palynological studies from East Greenland by K.C. 
Allen were included in a review in Friend et al. (1983). Other 
publications focused on megaspores, including seed-mega-
spores and their paleobiological significance (Allen 1972). 
This seed-megaspore work was continued by Marshall and 
Hemsley (2003) who  described an important early seed-
mega-spore from the Givetian of Ella Ø (Ø means island), 
and the accompanying spore assemblage. Marshall and 
Astin (1996) gave a brief account of Eifelian and Givetian 
spores from Canning Land, including recognition of the 
first occurrence of the base-Givetian marker Geminospora 
lemurata. Vigran et al. (1999) published a palynostrati-
graphic scheme for the Carboniferous of East Greenland 
that included two zones (the Retispora lepidophyta Abun-
dance Zone and the Spelaeotriletes spp. – Lophozonotriletes 
malevkensis Concurrent Range Assemblage) within the 
latest Devonian. Marshall et al. (1999) reported on addi-
tional palynological assemblages from the late Famennian 
that resolved a dating controversy involving East Green-
land early tetrapods. The Devonian/Carboniferous bound-
ary was picked within the Obrutschew Formation and 
further defined by Streel and Marshall (2006) and Marshall 
(2021). A much more detailed account was provided in the 
Supplementary Material (SM) of Marshall et al. (2020); their 
discussion of the Devonian/Carboniferous boundary terres-
trial mass extinction was accompanied by a range chart 
and spore illustrations for the latest Famennian inter-val, 
including recognition of the spore LL, LE, LN* and VI zones.

Devonian spores of Svalbard

The first Devonian palynological work, spanning the 
period, was from Spitsbergen, Svalbard (Høeg 1942). This 
study was unusual for its time in that spores were described 
both from within sporangia and dispersed in the enclos-
ing sedimentary rocks. The first specifically palynological 

paper was by Vigran (1964), who described spore assem-
blages from five late-Middle Devonian samples from the 
Mimerdalen area of Dickson Land, including a number of 
important new species (e.g., Lycospora svalbardiae ― now 
Geminospora svalbardiae). These species have tended to be 
overlooked in synonymies, but their publication predates 
both Richardson (1965) and Allen (1965). Allen (1965, 
1967, 1973) made a significant contribution in a study of 
both Early and Middle Devonian spores from Dickson Land 
(including Mimerdalen) in central Vestspitsbergen. In addi-
tion, Allen (1967) sampled numerous localities in Andrée 
Land, but found only rare, poorly preserved spores.

The Mimerdal sections were later investigated via a series 
of boreholes (Pčelina et al. 1986) from which several paly-
nological assemblages were documented. Results from this 
work were later incorporated into Piepjohn and Dallman 
(2014).

Additional spores, including the first assemblages from 
Andreé Land, were illustrated in Schweitzer’s (1999) review 
of the Spitsbergen Devonian flora. These later contributions 
concluded that the Mimerdal sequence was as young as latest 
Famennian based on the occurrence of Retispora lepidophy-
ta. This conclusion was challenged by Berry and Marshall 
(2015) based on detailed resampling through the Planteryg-
gen and Plantekløfte formations. These authors noted that 
the specimen of Retispora lepidophyta (now lost, but illus-
trated in Schweitzer 1999, Plate 6, fig. 10, Plate 7, fig. 1) was 
much larger than typical specimens, and that it had square 
fovea that were in fact pits caused by pyrite cubes in a 
specimen of Grandispora. Berry and Marshall (2015) also 
demonstrated that, from their detailed palynological and 
palaeobotanical analyses of the Mimerdal successions, 
robust correlations could be drawn to established cono-
dont-controlled sections in Poland (Turnau and Racki 
1999), as well as to the PA-3 Zone from the Timan, Russia 
(Tel’nova 2008) (Fig. 1). Berry and Marshall also noted that 
the black mudstone unit 6 of Vogt (1941), now at the base 
of the Fiskekløfte Member of Piepjohn and Dallman 
(2014), was equivalent to the late Givetian Taghanic Onlap.

The age of the Hørbyebreen Formation has been difficult 
to establish, estimates ranging from Famennian to Visean 
(Dallmann et al. 1999). However a key section, rediscovered 
during a search for early tetrapods on Triungen is a thin 
(~45 m) succession unconformably overlying the Emsian 
Wood Bay Group, and was found to contain a diversity of 
Cornispora spp. that correlate with CB Subzone of the CVa 
Zone (Avkhimovitch et al. 1993) of middle Famennian age 
(Marshall et al. 2015). This key section is unconformably 
succeeded by a Visean section (Lopes et al. 2019). A single 
sample from a similarly thin sequence was reported from 
Lomfjorden by Scheibner et al. (2012), and this again con-
tained the middle Famennian Cornispora/Cyrtospora as-
semblage.

Palynological work on the Devonian of Bjørnøya began 
with descriptions of megaspores by Nathorst (1902), up-
dated and refigured by Sen (1958). The Bjørnøya sequence 
has always attracted interest as it includes the then-earliest- 
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known commercially mined coals, which were well docu-
mented in a monograph by Horn and Orvin (1928). Spores 
from Bjørnøya were initially studied by Playford (1962), and 
were subsequently monographed by Kaiser (1970, 1971) 
and integrated with the paleobotanical studies of Schweitzer 
(1967, 1969). The spores are at a high level of thermal ma-
turity and are not well preserved, having mineral damage. 
The important Bjørnøya section was resampled and restud-
ied by Lopes et al. (2021), who reinterpreted the palyno-
logical assemblages with the advantage of decades of pal-
ynological studies on Devonian/Carboniferous boundary 
sections. These authors were able to identify and revalidate 
Kaiser’s (1970, 1971) zonation, and also recognized the par-
allel zonation developed within both eastern and western 
Europe. Lopes et al. found that the Cornispora assemblage 
was present and thus permitted recognition of the Cva Zone 
(Avkhimovitch et al. 1993), together with the overlying VF 
Zone. Above this zone level, correlations are with western 
Europe, and the section includes the first occurrence of Re-
tispora lepidophyta and forms allowing recognition of the 
upper LL to LN zones. The latter zonal attribution is based 
on the presence of Indotriradites explanatus in some sec-
tions, together with Retispora lepidophyta var. minor, which 
is characteristic of the tener event (Prestianni et al. 2016). 
Some differences in the Bjørnøya section are apparent, with 
Tumulispora malevkensis having an apparent earlier first oc-
currence than in western Europe. It remains unclear whether  
this difference is related to the more humid conditions in 
this paleoequatorial location.

Devonian spores of Russia

Spore assemblages from Russia occupy a special place in 
the study of Devonian palynology, particularly with respect 
to the Arctic. The systematic study of Devonian spores, mo-
tivated by the need to improve understanding of Devonian 
hydrocarbon reservoirs, started in Russia. A series of signif-
icant monographs, starting with that by Naumova (1953), 
has resulted in a unified zonation scheme (Avkhmovitch 
et al. 1993) for the Russian Platform. The scheme incorpo-
rates the same paleoequatorial palynological assemblages 
as found in Arctic Canada, Greenland and Svalbard. 
Moreover, these sections include prolific faunas of 
ammonoids (Becker et al. 2000; House et al. 2000) and 
conodonts (Ovnatanova and Kononova 2008); these two 
key Devonian fossil groups are central to Devonian 
biostratigraphy and have been continually revised and 
updated (Ovnatanova et al. 2017). The zonation in the 
Timan region (Sennova 1972; Durkina 1984; Avkhimovitch 
et al. 1993) extends from the late Middle Devonian to the 
early Famennian. In addition to regional schemes, higher 
resolution palynological zonations have been developed 
within the Timan region (Fig. 1) includ-ing seven zones 
(PA-1 to PA-7) through the late Givetian to middle 
Frasnian interval (Tel’nova 2008), and a further four zones 
(PC-1 to PC-4) spanning the Frasnian/Famennian 
boundary (Marshall et al. 2011).

ARCTIC DEVONIAN PALYNOEVENTS

All taxon names with authorship are listed in Appendix A 
and a summary of the following Devonian palynoevents is 
provided as Appendix B.

FO of Dictyotriletes emsiensis

Dictyotriletes emsiensis was originally described from 
short stratigraphic sections from Vestspitsbergen, Svalbard, 
and regarded as Emsian, but without independent age evi-
dence apart from fossil fish. The only section from north-
ern higher latitudes where it occurs in a long section is that 
from the Moose River Basin in Ontario, Canada (McGregor 
and Camfield 1976), where it defines the base of the capera-
tus-emsiensis Zone of late Pragian age; this section has been 
independently dated using conodonts (Uyeno and Bultynck 
1993). The age of Dictyotriletes emsiensis was confirmed 
with a similarly faunal-controlled first occurrence in north-
western Europe. This taxon is an important spore inception, 
commonly used to define a zone across a wide area, includ-
ing Gondwana (Melo and Loboziak 2003; Breuer and Stee-
mans 2013), northern Europe (Streel et al. 1987) and Cana-
da (McGregor 1977).

The FO of Dictyotriletes emsiensis is taken here as the base 
of the Pragian based on correlations in the Ardenne–Rhen-
ish region (Streel et al. 1987).

FO of Acinosporites lindlarensis

Acinosporites lindlarensis has a possible first occurrence 
at the base of the section on Melville Island and assigned an 
early Eifelian age. It is the in situ spore of the lycopod Lecler-
cqia, which has a late Emsian first occurrence (Richardson 
et al. 1993). Note that this spore has a densely sculptured 
outer wall layer that spalls off from an inner body such that 
it can resemble Geminospora, and some occurrences were 
initially placed in this genus ― e.g., Geminospora treverica 
of Riegel (1973). In the Jaab Lake No. 1 well, the base of 
Acinosporites lindlarensis appears immediately below that of 
the inception of Emphanisporites annulatus (McGregor and 
Camfield 1976).

The FO of Acinosporites lindlarensis is taken here as 85% 
up from the base of the Emsian.

FO of Emphanisporites annulatus

Emphanisporites annulatus is a very distinctive, biostrati-
graphically significant spore. It has very few published oc-
currences in the Arctic, with only a single unequivocal spec-
imen from Melville Island (McGregor and Camfield 1982); 
this record is from within the Eifelian and above its range 
base as defined elsewhere. However, the range base occurs 
in the Moose River Basin (McGregor and Camfield 1976), 
where conodonts indicate an upper Emsian inception above 
the incomplete range of the conodont serotinus Zone (Uye-
no and Bultynck 1993).
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Melville Island (McGregor and Camfield 1976) all species 
in this group have early Eifelian first occurrences at the base 
of the studied section. In the Ardenne–Rhenish region of 
northwestern Europe they have earlier first occurrences, in 
the latest Emsian, and form a distinctive assemblage (Riegel 
1982).

Densosporites devonicus has a distinctive annular thick-
ening within a thinner equatorial cingulum. Although it is 
assigned to Densosporites, it is quite dissimilar to the diverse 
group of Carboniferous densospores (Staplin and Jansonius 
1964)

The FOs of Ancyrospora longispinosa, Ancyrospora ancy-
rea, Ancyrospora kedoae and Densosporites devonicus occur 
in the early Eifelian and are taken here as 10% above the 
base of the Eifelian.

FO of Retispora archaeolepidophyta

This species consists of camerate spores with an exoexine 
that forms a reticulate mesh. Although placed appropriately 
within Retispora, it appears unrelated to Retispora lepidophy-
ta, and a considerable range gap occurs between their oc-
currences. The exoexine of Retispora archaeolepidophyta is 
more like to a mesh, whereas in Retispora lepidophyta it has 
the form of an outer wall perforated by foveae. On Melville 
Island Retispora archaeolepidophyta is persistent through 
the Eifelian and early Givetian (McGregor and Camfield 
1976). Although rarely reported, the species does occur in 
the Eifelian of both Shetland (at 60°N; Marshall 1988) and 
Caithness (personal observations) in northern Scotland. 
The species was originally described from Belarus (Kedo 
1955), and Plax et al. (2016) included more recent late Eif-
elian records that are independently dated with conodonts.

The FO of Retispora archaeolepidophyta occurs in the ear-
ly Eifelian and is taken here as 20% above the base of the 
Eifelian.

FO of Rhabdosporites langii

This spore is known in situ from the aneurophytalean pr-
ogymnosperms and is particularly abundant in the late Eif-
elian and early Givetian. It is distinctively camerate and cov-
ered by closely packed coni. Its first occurrence in Melville 
Island is below the base of the studied section (McGregor 
and Camfield 1982). In the Moose River Basin (Jaab Lake 
No. 1 well) it has a delayed first occurrence (McGregor and 
Camfield 1976) above an interval with poor spore recovery.

The FO of Rhabdosporites langii is taken here as 60% 
above the base of the conodont costatus Zone based on its 
first occurrence in the Ardenne–Rhenish area (Riegel 1982). 
This equates with 20% above the base of the Eifelian.

FO of Archaeozonotriletes variabilis

Archaeozonotriletes variabilis is a somewhat unusual 
spore in having a distinctive distal thickening or patina. It 
is widely distributed paleogeographically and is present in 

The FO of Emphanisporites annulatus is taken here as 90% 
up from the base of the Emsian.

FO of Grandispora spp.

This event marks the first occurrences of the wider group 
of camerate spores that are zonate ― i.e., have an equatori-
al extension. They all have well-spaced sculpture that varies 
from small coni to long spines, normally bearing simple tips. 
They have no documented first occurrences in the Arctic, 
but occur in the latest Emsian in the Moose River Basin (Mc-
Gregor and Camfield 1976). Sporadic earlier occurrences  
occur in Gondwana (Melo and Loboziak 2003).

The FO of Grandispora spp. is taken here as 90% up from 
the base of the Emsian.

FO of Elenisporis biformis

This event is defined on the inception of Elenisporis bi-
formis a spore characterized by prominent ribs on the 
proximal contact face. It has been widely recognized across 
western Russia and Belarus, where it has been incorporated 
into regional spore zonations (Arkhangelskaya 1985). Sub-
sequently it has been recognized at a single level from Elles-
mere Island (Arkhangelskaya et al. 1990). Its associated pal-
ynological assemblage and a conodont assemblage higher in 
a correlative section places it in the early Eifelian.

The FO of Elenisporis biformis is taken here as 2% up from 
the base of the Eifelian stage.

FO of Grandispora protea

On Melville Island (McGregor and Camfield 1976) Gran-
dispora protea has a first occurrence in the earliest Eifelian, 
above that of Rhabdosporites langii; but in western Europe 
Grandispora protea appears earlier.

The FO of Grandispora protea occurs in the early Eifelian 
and is taken here as 5% above the base of the Eifelian.

FOs of Ancyrospora longispinosa, Ancyrospora ancyrea, 
Ancyrospora kedoae and Densosporites devonicus

Important from the latest Early Devonian to the Devo-
nian-Carboniferous boundary are a group of spores with 
processes that have bifurcate tips. Those with an extended 
zona are placed in Ancyrospora. Ancyrospora longispinosa 
has long bifurcate tipped processes and an early Eifelian 
first occurrence on Melville Island (McGregor and Camfield 
1976), more or less synchronous with the first occurrence 
of the much smaller (in size and spine length) Ancyrospora 
ancyrea. However, Ancyrospora ancyrea has a longer range, 
and both species are more typical of the Eifelian.

Ancyrospora kedoae is representative of a distinctive 
group of species within Ancyrospora that have relatively 
small bifurcate tipped spines on an otherwise relatively large 
spore. Others within the group are Ancyrospora eurypterota, 
Ancyrospora loganii and Ancyrospora nettersheimensis. On 
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Eifelian and is taken here as 80% above the base of the Eif-
elian.

FO of Geminospora lemurata

A stratigraphically higher group of Geminospora includes 
Geminospora tuberculata and Geminospora micromanifesta. 
The latter is probably a heterotypic junior synonym of Gem-
inospora svalbardiae (D.C. McGregor, pers. comm.), first 
described by Vigran (1964) from Svalbard or more gener-
ally within Geminospora lemurata. Geminospora svalbardi-
ae is abundant within the Mimerdalen Subgroup but no 
clear range base was determined from the limited sections 
available to Allen (1965, 1967). However, the range base of 
Geminospora lemurata is present within the Nathorst Fjord 
Group in Canning Land, East Greenland (Marshall and 
Astin 1996) although not constrained by any independent 
faunal evidence apart from some rather ambiguously dated 
fish.

On Melville Island (McGregor and Camfield 1982) the 
situation is more problematic as five species and varieties of 
Geminospora were identified, all of which could probably be 
placed within Geminospora lemurata. Their appearance may 
mark the base of the Givetian stage, but there is insufficient 
conodont data to be more specific.

The FO of Geminospora lemurata occurs at the base of the 
Givetian based on conodont correlations in Germany (Lo-
boziak et al. 1991).

FO of Cymbosporites magnificus

Cymbosporites magnificus is a spore distinguished by a 
patinate or thickened exoexine covered with closely packed 
verrucae. It probably derives from the arborescent lycopod 
Protolepidodendropsis and is abundant in Givetian and early 
Frasnian sections in the Arctic (Berry and Marshall 2015). 
It has long been known to occur in Arctic coals (McGregor 
1960) where its dominance demonstrates that its parent plant 
formed paleoequatorial wetland forests at that time (Mar-
shall et al. 2019). The first occurrence of Cymbosporites mag-
nificus on Melville Island postdates that of Geminospora mi-
cropaxilla. It occurs widely across the Arctic ― in Svalbard, 
the sub-polar Urals, and as far south as the Volga River area, 
where it has been called Archaeozonotriletes vorobjensis and 
Archaeozonotriletes tamilii (V.N. Mantsurova, pers. comm. 
2014). The parent plant is heterosporous and has a much 
larger, but morphologically similar, megaspore referred to 
Verrucisporites submamillarius. This megaspore is widely 
known from Arctic Canada (Chi and Hills 1976a). Howev-
er, it does not occur across the entirety of the Arctic, being 
absent from sections in East Greenland that are either too 
distant from the paleoequator or too arid, being deep with-
in the Old Red Sandstone Continent (Torsvik and Cocks 
2017). It is also absent from both western Europe (including 
Shetland at 60°N) and southern North America.

The FO of Cymbosporites magnificus occurs in the early 
Givetian and is taken here as 5% above the base of the Give-
tian.

many Arctic sections. It has a middle Eifelian first occur-
rence on Melville Island (McGregor and Camfield 1982) 
that is partially age-controlled by conodont assemblages 
(McGregor 1981).

The FO of Archaeozonotriletes variabilis is taken here as 
50% above the base of the Eifelian.

FO Cirratriradites avius, Cirratriradites punctomono-
grammos and Cirratriradites monogrammos

Cirratriradites avius was described by Allen (1965) from 
Svalbard but may be a heterotypic junior synonym of Cir-
ratriradites punctomonogrammos. Cirratriradites avius is a 
distinctive flattened zonate spore with a prominent triangu-
lar shape. Cirratriradites monogrammos is identical but has 
a distal sculpture in the form of a flattened reticulum. All 
forms are widely distributed paleogeographically (Xu et al. 
2014).

In Svalbard Cirratriradites avius has a Givetian age but, as 
it occurs in a short stratigraphic section, its true range re-
mains unknown. However, data from Lithuania, Russia and 
Belarus (the RL Zone of Avkhimovitch et al. 1993; Plax et 
al. 2016), all south of the Arctic, indicate a late Eifelian first 
occurrence. The range of Cirratriradites avius and related 
species includes the conodont kockelianus and ensis zones, 
which are late Eifelian.

The FOs of Cirratriradites avius, Cirratriradites puncto-
monogrammos and Cirratriradites monogrammos occur in 
the late Eifelian and are taken here as 70% above the base 
of the Eifelian.

FO of Geminospora micropaxilla

Geminospora is a genus of small camerate spores, often 
with a subtle separation between a thin walled intexine and 
a patinate or thickened exoexine. It contains a number of 
related forms sometimes separated into distinct species, 
but the variation can be circumscribed broadly under the 
name Geminospora lemurata (McGregor and Camfield 
1982). The surface beyond the contact face is covered with 
closely packed coni. The species is the in situ microspore of 
archaeopteridalean progymnosperms, an important group 
of plants with a Givetian first occurrence that formed the 
first deeply rooted forests (Stein et al. 2019). Some authors 
(e.g., Tel’nova 2007) recognize several species of Geminospo-
ra based on both specimens found in situ from fertile Ar-
chaeopteris fronds and dispersed spores. On Melville Island 
(McGregor and Camfield 1982) the earliest species of Gem-
inospora to occur is Geminospora micropaxilla (originally 
Rhabdosporites micropaxillus); compared to other species in 
the genus, this species is larger in diameter and has a wider 
separation between intexine and exoexine. It is thus closer 
in morphology to the Rhabdosporites spores of the aneuro-
phytalean progymnosperms, the group into which this spe-
cies was originally assigned. Other species of Geminospora 
appear higher in the section on Melville Island, above the 
range of Cymbosporites magnificus.

The FO of Geminospora micropaxilla occurs in the latest 
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FO of Cristatisporites triangulatus

Cristatisporites triangulatus is a distinctive species that 
has some biostratigraphic significance and has been used 
to define a zone base in several schemes. Allen (1982) re-
vised the species description using additional material, in-
cluding further Arctic occurrences. The species consists of 
small lightly sculptured spores with a circular inner body 
and a distinctly triangular equatorial cingulum that is ex-
tended along the trilete rays but thins to almost nothing in 
the interradial areas. In Arctic Canada McGregor (1981) as-
signed it a late Givetian first occurrence, whereas in western 
Europe it has an early Givetian conodont-controlled first 
occurrence (Loboziak et al. 1991); however, the identity of 
these much earlier specimens is the subject of discussion 
(Turnau and Narkiewicz 2011).

The FO of Cristatisporites triangulatus on Melville Island 
is placed high in the Givetian based on its co-occurrence 
with Archaeoperisaccus timanicus, and beneath the occur-
rence of the influx of Archaeoperisaccus spp. In terms of 
conodont stratigraphy this event occurs in the middle of 
the conodont triangularis Zone (McGregor 1981, 1994). 
This placement is supported by the appearance of Cristatis-
porites triangulatus in the late Givetian of Russia in or slight-
ly below the TS Subzone (Avkhimovitch et al. 1993).

The FO of Cristatisporites triangulatus is taken here as 
75% above the base of the Givetian.

FO of Contagisporites optivus

Contagisporites optivus is the megaspore pairing with the 
microspore Geminospora lemurata. It occurs widely across 
the Arctic, in Arctic Canada, Alaska, East Greenland, Sval-
bard and the Timan. Regarding its range base, the best study 
was by Chi and Hills (1976a), which was exclusively on 
mega spores. Importantly these authors studied the identical 
section on Melville Island as that examined by McGregor 
and Camfield (1982).

Contagisporites optivus is rare at its range base. It usual-
ly only becomes abundant in the latest Givetian, above the 
Taghanic Event and coincident with the Geneseo Taghanic 
Onlap. Spore extinctions occur at the Taghanic Event, and 
both Geminospora and Contagisporites become more domi-
nant at and above this level; hence the latter’s appearance in 
zonal schemes at this horizon (e.g., the OK Zone of Avkhi-
movitch et al. 1993 with the O referring to optivus). Before 
the definition of the base Frasnian GSSP, the stage base was 
considered coincident with the latest Givetian Geneseo On-
lap, and this was a much more obvious level at which to place 
the boundary. This history explains why older zonations 
give Contagisporites optivus a Frasnian range base. On Mel-
ville Island the first occurrence of Contagisporites optivus is 
not coincident with that of either Geminospora micropaxil-
la or Geminospora tuberculata/micromanifestus, but 200 m 
higher and above a sample gap. But it should be noted that 
earlier occurrences of Contagisporites optivus can be some-
what morphologically different from typical specimens of 

the species (Marshall 1996). No range base for Contagispo-
rites optivus is known in other Arctic sections, although the 
species occurs in Canning Land. The sections in the Timan 
probably start just above its range base (Tel’nova 2008).

The FO of Contagisporites optivus occurs at the base of the 
late Givetian at the Geneseo Onlap and coincident with the 
base of the conodont Schmidtognathus hermanii Zone. It is 
taken here as the base of the late Givetian.

FO of Chelinospora concinna

A prominent group of Givetian small spores with a thick 
distal patina centre around Archaeozonotriletes variabilis. In 
northwestern Europe this group is given an early Givetian 
first occurrence, but has been recorded as having a some-
what earlier late Eifelian first occurrence from the Melville 
Island section (McGregor and Camfield 1982). Archaeozo-
noriletes variabilis is widely distributed across the Arctic and 
is well known from Spitsbergen and northern Russia (Allen 
1965, 1967; Avkhimovitch et al. 1993). Chelinospora con-
cinna is similar to Archaeozonotriletes variabilis in having 
a much reduced distal patina dissected to a reticulum. To-
gether with related species, Chelinospora concinna occurs in 
profusion (Allen 1965, 1967) in the Givetian of Spitsbergen.

The FO of Chelinospora concinna is placed 80% above the 
base of the Givetian.

FO Archaeoperisaccus timanicus and the 
acme of Archaeoperisaccus spp.

This group of sculptured monolete spores characterize 
the Frasnian of the Arctic regions; they have been recorded 
in Canada, Alaska, northern Russia, Greenland and Spits-
bergen, but have not been found farther south than the 
northern North Sea, the Baltic area (Latvia) and Siberia 
(Marshall et al. 1996). Spores in this group have first occur-
rences in the latest-Givetian BI Subzone of Avkhimovitch et 
al. (1993), with Archaeoperisaccus timanicus being a typi-
cal and common species. These first occurrences were often 
placed in the early Frasnian because the latest Givetian OK 
Zone was assigned to the early Frasnian prior to definition 
of the base-Frasnian GSSP. A significant number of Archae-
operisaccus species have been described and an attempt was 
made to discriminate between them by Braman and Hills 
(1985). They reach an acme in the OG Zone of Avkhimo-
vitch et al. (1993), then declining and becoming extinct in 
the very latest Frasnian, at the Frasnian/Famennian mass 
extinction. Archaeoperisaccus species have range bases on 
Melville Island (McGregor 1981) that were also placed in 
the latest Givetian and broadly coincident with that of Che-
linospora concinna, but in a widely spaced set of samples and 
without independent age control.

The FO of Archaeoperisaccus t imanicus is taken here as 
80% above the base of the Givetian. The acme is in the mid-
dle Frasnian, 50% above the base of the stage.
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taken here as 10% above the base of the Frasnian.

FO of Archaeoperisaccus indistinctus

Archaeoperisaccus indistinctus has a somewhat surprising 
first occurrence within the Frasnian of East Greenland. It 
is a distinctive species of Archaeoperisaccus, first described 
from China and northern Australia as Archaeoperisaccus  
indistinctus or Archaeoperisaccus rhacodes. (Lu 1988; Hash-
emi and Playford 2005). It was earlier considered to be re-
stricted to Australasia but appears in the early Frasnian in 
East Greenland (JEAM personal observations).

Its FO is uncertain, but it occurs with Cristatisporites del-
iquescens and Membraculisporis radiatus. It is taken as 15% 
above the base of the Frasnian.

FO of Cristatisporites deliquescens

Cristatisporites deliquescens is an important component 
of Frasnian spore assemblages, having a first occurrence in 
the early Frasnian SD Zone of Avkhimovitch et al. (1993) 
and an extinction at the Frasnian/Famennian boundary. 
Braman and Hills (1992) recorded its first occurrence at the 
base of the DO Zone and the base of their section. In the 
Timan (Tel’nova 2008) the first occurrence is in the PA-5 
assemblage of the Ust’-Yarega Formation, which contains 
the goniatite Hoeninghausia nalivkini (Becker et al. 2000), 
equivalent to the conodont MN3 Zone of early Frasnian age.

The FO of Cristatisporites deliquescens is taken here as 
20% above the base of the Frasnian.

FO of Membraculisporis radiatus

Membraculisporis radiatus is a very distinctive spore with 
three clearly distinguishable wall layers, the outer one being 
covered with radial folds. It is a typical species in the middle 
to late Frasnian in the Arctic, occurring in East Greenland, 
Yukon (Braman and Hills 1992), with a range base coin-
cident with the middle DO Subzone. The species was first 
recognized in Russia, occurring in the Timan (Avkhimov-
itch et al. 1993), where it it has an inception and sporadic 
occurrence in the conodont CVe Zone (with lower Palma-
tolepis gigas Zone conodonts), but becomes more abundant 
upwards and defines the MR zone, where it is abundant; its 
abundance is a characteristic that continues into the overly-
ing DE Zone.

The FO of Membraculisporis radiatus is taken here as 60% 
above the base of the Frasnian.

LO of Archaeoperisaccus

The mass extinction at the Frasnian/Famennian boundary 
includes spore disappearances, although this aspect is not 
particularly well understood because of a general absence 
of high-resolution studies. The mass extinction is, in fact, a 
pair of extinction events, each characterized by a black mud-
stone (the Lower and Upper Kellwasser; Becker et al. 2020) 

FO of Ancyrospora with multifurcate tips

Most species of Ancyrospora and Hystricosporites have 
spines with bifurcate or grapnel tips. But in the Frasnian, 
including in the Arctic (McGregor and Owens 1966; Owens 
1971) the trend is for more species to have multifurcate tips, 
the grapnels having been reduced to a number of spines. 
These species with multifurcate tips have a conodont-con-
trolled earliest-Frasnian first occurrence (Turnau and Nark-
iewicz 2011); they all became extinct at the Devonian/Car-
boniferous boundary.

The FO of Ancyrospora with multi-furcate tips is taken 
here as 5% above the base of the Frasnian.

FO of Spelaeotriletes domanicus

A plexus of robust species of Spelaeotriletes with well-
spaced sculpture consists of Spelaeotriletes krestovnikovii, 
Spelaeotriletes bellus and Spelaeotriletes domanicus. Spelaeo-
triletes krestovnikovii has a range base at basement in the Ti-
man, where it occurs with abundant Contagisporites optivus 
and Ancyrospora incisa (Tel’nova 2008). There then follow 
the successive appearances of Spelaeotriletes bellus and Spe-
laeotriletes domanicus. The most distinctive species is Spe-
laeotriletes domanicus, with a coarse net or reticulum on the 
surface of the exoexine, which has nodes at the bases of the 
spines. Spelaeotriletes domanicus was recorded as Hymeno-
zonotriletes domanicus in the Frasnian of Arctic Canada (the 
DO Zone of Braman and Hills 1992), but again at the base 
of the studied section; so the first occurrence is not known. 
The species also occurs at 58.8°N in BP well 14/6-1 in the 
North Sea (Marshall et al. 1996). Avkhimovitch et al. (1993) 
noted the increasing abundance of the species in their IM 
Subzone.

The FO of Spelaeotriletes domanicus is taken here as 5% 
above the base of the Frasnian.

FOs of Ancyrospora incisa and Ancyrospora langii

Ancyrospora incisa is an important biostratigraphic indi-
cator that marks the base of the incisa-micromanifesta Zone 
that has a conodont-controlled first occurrence in the lat-
est Givetian (Turnau and Racki 1999). It has been recorded 
mostly from Russia and Poland. The closely related Ancy-
rospora langii was first described from France and then in 
the Arctic, in Spitsbergen and Canada (McGregor 1981; 
Braman and Hills 1992; Owens et al. 2022). Allen (1965) 
considered that Ancyrospora langii would be conspecific 
with Ancyrospora incisa if the latter was shown to have bi-
furcate tips although these were not evident from its origi-
nal description and illustration. It is now known to possess 
bifurcate tips (Kedo and Obukhovskaya 1981; Avkhimov-
itch et al. 1993). Ancyrospora langii has a first occurrence 
in the late-Early Frasnian DO Zone in Yukon (Braman and 
Hills 1992) and occurs above Archaeoperisaccus timanicus 
in Melville Island (McGregor 1981).

The FOs of Ancyrospora incisa and Ancyrospora langii are 
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versabilis), characterized with an external diaphanous third 
wall layer of outer exoexine. These species appear in East 
Greenland, but above their range base (Marshall et al. 2020). 
The lm Zone is  placed in the latest early Famennian.

The FOs of Tergobulasporites immensus and Diducites 
spp. are taken here as 30% above the base of the Famennian.

FOs of Cornispora monocornuta, Cornispora 
bicornuta and Cornispora tricornuta

This very distinctive plexus of spores are characterized by 
the variable development of one, two or three irregularly de-
veloped horns on an otherwise simple spore. They are char-
acteristic of assemblages across the Arctic (Streel 1986) and 
have a middle Famennian first occurrence. However, they 
do not occur further south until the delayed latest Devonian 
first occurrence of the related Cyrtospora cristifera. In the 
Timan the three species are used to define two subzones of 
the CVa Zone, with a maximum proliferation and diversity 
of 1–3 horned forms defining the CB Subzone. In Canada, 
Cornispora bicornuta and Cornispora tricornuta are grouped 
as the Cornispora varicornuta morphon (Van der Zwan and 
Walton 1981) and used to define the VM Zone (Braman 
and Hills 1992). They are also present in both Vestspitsber-
gen (Scheibner et al. 2012) and Bjørnøya. Importantly, the 
Bjørnøya section (Kaiser 1971; Lopes et al. 2021) is continu-
ous with overlying latest Famennian strata characterized by 
Retispora lepidophyta.

The FO of Cornispora monocornuta is coincident with 
that of Tergobulasporites immensus and Diducites spp., so 
the FOs of Cornispora monocornuta, Cornispora bicornuta 
and Cornispora tricornuta are taken here as 30% above the 
base of the Famennian, although in Russia they are reported 
as occurring in the sequential order of Cornispora mono-
cornuta, Cornispora bicornuta and Cornispora tricornuta 
(Avkhimovitch et al. 1993; Sennova 1972).

FO of Retispora macroreticulata

This species is similar to Retispora lepidophyta but with a 
much larger overall size (average 150 μm) and with larger 
foveae. It has a first occurrence before that of Retispora lep-
idophyta and the two species have a partial range overlap. 
The species and range overlap occur in East Greenland, but 
the range bases are not seen there (Marshall et al. 2020). In 
Avkhimovitch et al. (1993), Retispora macroreticulata has a 
first occurrence in the DG Zone, and co-occurs with fora-
minifera of the Quasiendothyra communis Zone.

The FO of Retispora macroreticulata is taken here as 50% 
above the base of the Famennian.

FO of Retispora lepidophyta

Retispora lepidophyta is the most significant latest Famen-
nian spore; it appears to be globally distributed and has a 
short range and a distinctive morphology. Outside the Arctic 
it has a FO just below the base of the conodont upper exp-

within each of which multiple taxa become extinct among 
conodonts, ammonoids, trilobites and cnidarians. The 
only high-level clade to become extinct was the tenta-
culoids (Bond 2006), and this can be recognized palyno-
logically (Marshall and Tel’nova 2017) through the dis-
appearance of the internal linings of these otherwise 
calcareous microfossils. The current consensus, as evi-
denced by the mercury proxy (Racki et al. 2018) and 
geochronological dating (Ernst et al. 2020), is that the 
cause of the Frasnian–Famennian mass extinction was the 
the destabilization of the Earth System by two major 
phases of eruption from a large igneous province. The 
only detailed record through “Arctic” Frasnian–Famennian 
spore assemblages is that by Braman and Hills (1992). In 
their account, the boundary is placed on an older cono-
dont definition (within the conodont triangularis Zone) 
rather than at the conodont gigastriangularis Zone 
boundary. Palynological assemblages across the boundary 
were reviewed by Streel et al. (2000), who replotted data, 
including those from Braman and Hills 1992) so as to 
show last occurrences. As for the invertebrates, the 
compilation by Streel et al. shows a series of spore ex-
tinctions somewhat below the level of the Frasnian/
Famennian boundary and coincident with the PF/DO 
zonal boundary of Braman and Hills (1992). Notable ex-
tinctions include all species of Archaeoperisaccus, the only 
clade that appears to become extinct (but see Marshall 
2021). Other notable extinctions are Spelaeotriletes doma-
nicus, Membraculisporis radiatus and a several species 
of Ancyrospora and Hystricosporites. Braman and 
Hills (1992) defined the boundary as the replacement 
in a lineage of Vallatisporites preanthoideus by Vallati-
sporites anthoideus at their spore PF/AG Zone boundary.

Many of the Frasnian/Famennian boundary sections are 
in marginal marine sedimentary successions and include 
hiatuses above both of the Kellwasser black mudstones. 
This situation is present throughout much of the Timan 
(Obukhovskaya et al. 2000). However, a science borehole 
at Sosnogorsk was drilled through a more complete 
Frasnian/Famennian boundary section that enabled the 
recognition of four palynocomplexes (PC 1–4), with the 
disappearance of characteristic Frasnian taxa occurring in 
PC-2 (Marshall et al. 2011). In addition, the PC-2 assem-
blage was also characterized by the incoming of highly 
variable species, Grandispora pseudodeliquescens (Tel’nova 
and Marshall 2009).

The LO of of Archaeoperisaccus is taken as the base of the 
Famennian.

FOs of Tergobulasporites immensus and Diducites spp.

The first occurrence of the megaspore Tergobulasporites 
immensus, formerly known as Lagenoisporites immensus, 
was used to define the base of the lm Zone of Avkhi-
movitch et al. (1993). This event coincides with the 
first occurrence of the distinctive group of Famennian 
species of Diducites (e.g., Diducites poljessica and Diducites 
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a first occurrence at the base of the LN Zone. However, in 
Bjørnøya the two species have an earlier first occurrence 
(Lopes et al. 2021); and in East Greenland (Marshall et 
al. 2020), their first occurrences are coincident with the 
base of the LE Zone. So the presence of humid conditions 
was appears to have controlled the first occurrence of these 
spores.

The FOs of Tumulispora rarituberculata and Tumulispora 
malevkensis coincide with that of Indotriradites explanatus 
and are taken here as at 87% above the base of the Famennian.

FO of Rugospora radiata

Rugospora radiata has a first occurrence in East Green-
land above that of Indotriradites explanatus (Marshall et al. 
2020). It was not recorded in the Yukon sections of Braman 
and Hills (1992), or from Bjørnøya by Lopes et al. (2021). 
In terms of section thickness, it lies at 25% into the inter-
val between the first occurrence of Indotriradites explanatus 
and the Devonian/Carboniferous boundary; so the FO of 
Rugospora radiata is taken here as is 90% above the base of 
the Famennian.

FO of Retispora lepidophyta var. tener

This first occurrence is the tener event of Prestianni et al. 
(2016), defined by the occurrence of a small variant of Re-
tispora lepidophyta. The event was reported from Bjørnøya 
by Kaiser (1970, 1971) as the Hymenozonotriletes lepidophy-
tus var. minor Zone and this identification as the tener event 
was corroborated by Lopes et al. (2021). In East Greenland 
small specimens of Retispora lepidophyta occur after the 
first occurrences of both Indotriradites explanatus and Ru-
gospora radiata (JEAM, personal observations). In age, this 
event occurs one-third up in the section between the FO of 
Indotriradites explanatus and the Devonian/Carboniferous 
boundary: hence, the FO of Retispora lepidophyta var. tener 
is taken here as 91% above the base of the Famennian.

FO of Verrucosisporites nitidus

The first occurrence of Verrucosisporites nitidus defines 
the base of the LN Zone. Difficulties in its application have 
arisen because spores that are variably verrucate have been 
placed in the species. Turnau et al. (1994) gave a more 
tightly circumscribed definition, restricting the species to 
spores with a continuous cover of hemispherical verrucae. 
In addition, the first occurrence has also caused problems 
as it appears to be absent in some sections. Differences in 
the timing of inception have been variously attributed to 
ecological control or, by Prestianni et al. (2016), to differ-
ential spore transport to distal environments. The section 
from East Greenland clarified this situation, with Marshall 
(2021) finding a distinct increase in diversity, including 
Verrucosisporites nitidus, some 1.5 m below the Devonian/
Carboniferous boundary, associated with the humidifica-
tion that accompanied the flooding of the basin by the deep, 

ansa Zone (Streel 2009). It is a component of all latest Famen-
nian zonations. Braman and Hills (1992) reported it above 
a stratigraphic gap in their LR and LP Zones in Yukon. 
It is also abundant in many localities in Bjørnøya but, as 
shown by Lopes et al. (2021), these represent short 
sections that are difficult to correlate. The sections proba-
bly start high in the LL Zone, so the range base of Retispora 
lepidophyta is not present.

In East Greenland the best section with Retispora lepido-
phyta is on Stensiö Bjerg on Gauss Halvø (Marshall et al. 
2020). Here the first occurrence of Retispora lepidophyta oc-
curs in the upper part of the Britta Dal Formation, above 
some 500 m of section barren of spores. This event accom-
panies a change in the paleoclimate from a long interval of 
sustained aridity to one of higher seasonality that included 
humid episodes. The first occurrence Retispora lepidophyta 
is some 100 m below the first occurrence of Indotriradites 
explanatus, so a significant fraction of its total range must 
be present. Retispora lepidophyta was also used by Vigran 
et al. (1999) to define the Retispora lepidophyta Abundance 
Zone and the Spelaeotriletes spp. – Lophozonotriletes malev-
kensis Assemblage Zone. The first occurrence of Retispora 
lepidophyta has been extensively studied (e.g., Streel 2009) 
although the event appears not to have been independently 
dated in the Arctic.

The FO of Retispora lepidophyta is taken here as 80% 
above the base of the Famennian.

FO of Knoxisporites literatus

In East Greenland (Marshall et al. 2020, Supplementary 
Material) Knoxisporites literatus has a FO in the uppermost 
LL Zone, immediately beneath that of Indotriradites 
explanatus. So its FO is taken here as 86% above the base
of the Famennian.

FOs of Indotriradites explanatus, Tumulispora
 rarituberculata and Tumulispora malevkensis

Indotriradites explanatus is a widely distributed spore 
with a distinctive zona, including a thickened inner ring. 
It occurs in the latest Famennian of Bjørnøya (Lopes et al. 
2021), which supports the general late LL to LE age given 
to the sections there. In East Greenland it occurs in both 
the Stensiö Bjerg and Nathorst Bjerg sections (Marshall et 
al. 2020), where its first occurrence is coincident with strata 
representing a stratified lake deposit that reflects a short in-
terval of warmer, more humid climate.

Streel (2009) placed the base of Indotriradites explanatus 
at about the base of the conodont lower presulcata Zone, 
some 1.6 myr below the Devonian/Carboniferous bound-
ary and 13% into the estimated duration of the Famennian; 
thus, the FO of Indotriradites explanatus is taken here as 
87% above the base of the Famennian.

Tumulispora rarituberculata and Tumulispora malevkensis 
are distinctive spores that have been used in zonation 
schemes by, for example, Higgs et al. (1988), which specify
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stratified and wide lake represented by the Obrutschew 
Formation. This change reflected the climatic amelioration 
that accompanied the collapse of the terminal latest 
Famennian glaciation. Hence, the first appearance of 
Verrucosisporites nitidus is controlled by climate ― 
specifically relatively more humid conditions. This increase 
in spore diversity immediately beneath the VI zone has been 
recognized in other sections and referred to as the LN 
transitional zone (notation as LN*) of Higgs et al. (1993).

The FO of Verrucosisporites nitidus in East Greenland 
occurs within the Obrutschew lake cycle that is coincident 
with the Devonian/Carboniferous boundary (Marshall et al. 
2020). This orbitally forced lacustrine cycle represents either 
precession or obliquity, i.e., a fraction of 20 or 40 kyr. With 
a Famennian duration conservatively estimated at some 12 
myr (Becker et al. 2020), the lacustrine cycle represents less 
than 1% of that total duration. So the FO of Verrucosisporites 
nitidus is taken here as 99% above the base of the Famennian.

LOs of Retispora lepidophyta,  
Ancyrospora spp., Hystricosporites spp., 

Diducites spp. and Rugospora radiata

High resolution sampling across the Devonian/Carbonif-
erous boundary from sections in East Greenland (Marshall 
et al. 2020; Marshall 2021) show that the distinctive, abun-
dant and globally distributed spore species, Retispora lepido-
phyta, becomes extinct over a short time interval; the event 
is coincident with the disappearance of Diducites, all the 
grapnel tipped spores (Ancyrospora and Hystricosporites), 
and Rugospora radiata. The event marks the LN*/VI zonal 
boundary. This combined last appearance is seen in other 
Arctic sections, most notably at the LP/VB zonal boundary 
of Braman and Hills (1992). In Bjørnøya, no stratigraph-
ic sections with continuous palynological recovery occur 
across the Devonian/Carboniferous boundary, but there is 
a clear extinction of Retispora lepidophyta and related forms 
(Kaiser 1970). The extinction of Retispora lepidophyta has 
also been recognized in a number of sections in the Timan 
(Sennova 1972; Durkina 1984).

We note here that Vallatisporites pusillites and Vallatis-
porites verrucosus are important first occurrences in latest 
Famennian zonations from lower latitudes (e.g., New York 
State, USA). However, these species are absent or rare in 
Arctic assemblages below the earliest Carboniferous VI 
spore assemblage (Mangerud et al. 2021).

The LOs of Retispora lepidophyta, Ancyrospora spp., 
Hystricosporites spp., Diducites spp. and Rugospora radiata 
are taken here as the base of the Tournaisian.
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APPENDIX A: TAXON NAMES WITH AUTHORSHIP CITATIONS

Acinosporites lindlarensis Riegel 1968
Ancyrospora Richardson 1960
Ancyrospora ancyrea (Eisenack 1944) Richardson 1962
Ancyrospora eurypterota Riegel 1973
Ancyrospora incisa (Naumova 1953) Raskatova and Obukovskaya in Avkhimovitch et al . 1993
Ancyrospora kedoae (Riegel 1973) Turnau 1974
Ancyrospora langii (Taugourdeau-Lantz 1960) Allen 1965
Ancyrospora loganii McGregor 1973
Ancyrospora longispinosa Richardson 1962
Ancyrospora nettersheimensis Riegel 1973
Archaeoperisaccus (Naumova 1953) McGregor 1969
Archaeoperisaccus indistinctus Lu 1988
Archaeoperisaccus rhacodes Hashemi and Playford 2005
Archaeoperisaccus timanicus Pashkevitch 1964
Archaeozonotriletes tamilii Filippova et al. 1958 (name not validly published ― no description or illustration; synonym of 
     Cymbosporites magnificus according to V.N. Mantsurova personal communication to JEAM 2014)
Archaeozonotriletes variabilis (Naumova 1953) Allen 1965
Archaeozonotriletes vorobjensis Naumova (name not validly published; synonym of Cymbosporites magnificus according to
     V.N. Mantsurova personal communication to JEAM 2014)
Chelinospora concinna Allen 1965
Cirratriradites avius Allen 1965
Cirratriradites monogrammos (Arkhangelskaya 1963) Arkhangelskaya 1985
Cirratriradites punctomonogrammos (Arkhangelskaya 1963) Arkhangelskaya 1985
Contagisporites Owens 1971 
Contagisporites optivus (Chibrikova 1959) Owens 1971 (megaspore pairing to Geminospora lemurata )
Cornispora Staplin and Jansonius in Staplin 1961
Cornispora bicornata Nazarenko in Kedo et al . 1971
Cornispora monocornata Nazarenko in Kedo et al . 1971
Cornispora tricornata Nazarenko in Kedo et al . 1971
Cristatisporites deliquescens (Naumova 1953) Arkhangelskaya 1987
Cristatisporites triangulatus (Allen 1965) McGregor and Camfield 1982
Cymbosporites Allen 1965
Cymbosporites magnificus (McGregor 1960) McGregor and Camfield 1982
Cyrtospora Winslow 1962
Cyrtospora cristifera (Luber in Luber and Waltz 1941) Van der Zwan 1979
Densosporites Berry 1937
Densosporites devonicus Richardson 1960
Dictyotriletes emsiensis (Allen 1965) McGregor 1973
Diducites Van Veen 1981
Diducites poljessica (Kedo 1957) Van Veen 1981 
Diducites versabilis (Kedo 1957) Van Veen 1981
Elenisporis biformis (Arkhangelskaya 1963) Arkhangelskaya 1985
Emphanisporites annulatus McGregor 1961
Geminospora Balme 1962
Geminospora lemurata (Balme 1962) Playford 1983
Geminospora micromanifesta (Naumova 1953) Arkhangelskaya 1985
Geminospora micropaxilla (Owens 1971) McGregor and Camfield 1982 (originally Rhabdosporites micropaxillus ) 
Geminospora svalbardiae (Vigran 1964) Allen 1965 (originally Lycospora svalbardiae )
Geminospora treverica Riegel 1973 (now Acinosporites lindlarensis )

Note: we acknowledge that combinations by Avkhimovitch et al . 1993 have not been validly published, but to validate them is beyond the 
scope of the present work.
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APPENDIX A: continued.
Geminospora tuberculata (Kedo 1955) Allen 1965
Grandispora Hoffmeister et al. 1955
Grandispora protea (Naumova 1953) Moreau-Benoit 1980
Grandispora pseudodeliquescens 
Hymenozonotriletes domanicus Naumova 1953
Hymenozonotriletes lepidophytus var. minor Kedo 1963
Hystricosporites McGregor 1960
Indotriradites explanatus (Luber in Luber and Waltz 1941) Playford 1991
Knoxisporites literatus (Waltz in Luber and Waltz 1938) Playford 1963
Lagenoisporites immensus Nazarenko and Nekriata in Kedo et al. 1971
Lophozonotriletes malevkensis Naumova in Kedo 1963
Lycospora svalbardiae Vigran 1964 (now Geminospora svalbardiae )
Membraculisporis radiatus (Naumova 1953) Arkhangelskaya 1985
Nikitinsporites Chaloner 1959
Retispora Staplin 1960
Retispora archaeolepidophyta (Kedo 1955) McGregor and Camfield 1982
Retispora lepidophyta (Kedo 1957) Playford 1976
Retispora lepidophyta var. minor Kedo 1971
Retispora lepidophyta var. tener Prestianni et al. (2016)
Retispora macroreticulata (Kedo 1974) Byvsheva 1985
Rhabdosporites Richardson 1960
Rhabdosporites langii (Eisenack 1944) Richardson 1960
Rhabdosporites micropaxillus Owens 1971 (now Geminospora micropaxilla )
Rugospora radiata (Yushko 1960) Byvsheva 1985
Spelaeotriletes Neves and Owens 1966
Spelaeotriletes bellus (Naumova 1953) Obukhovskaya in Avkhimovitch et al . 1993 
Spelaeotriletes domanicus (Naumova 1953) Obukhovskaya in Avkhimovitch et al. 1993 
Spelaeotriletes krestovnikovii (Naumova 1953) Obukhovskaya in Avkhimovitch et al. 1993 
Tergobulasporites immensus (Nazarenko and Nekriata in Nazarenko et al. 1971) Turnau 2002 
     (previously Lagenoisporites immensus )
Tumulispora malevkensis (Kedo 1957) Turnau 1978
Tumulispora rarituberculata (Luber in Luber and Waltz 1941) Playford 1991
Vallatisporites Hacquebard 1957
Vallatisporites anthoideus (Sennova in Nazarenko et al. 1971 Braman and Hills 1992 
Vallatisporites preanthoideus Braman and Hills 1992
Vallatisporites pusillites (Kedo 1957) Dolby and Neves 1970
Vallatisporites verrucosus Hacquebard 1957
Verrucisporites submamillarius (McGregor 1960) Chi and Hills 1976a
Verrucosisporites nitidus (Naumova 1953) Playford 1964
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APPENDIX B: SPREADSHEET SUMMARIZING PALYNOEVENTS
Event

FO of Dictyotriletes emsiensis Base of the Pragian
FO of Acinosporites lindlarensis 85% up the Emsian
FO of Emphanisporites annulatus 90% up the Emsian
FO of Grandispora  spp. 90% up the Emsian
FO of Elenisporis biformis 2% up the Eifelian
FO of Grandispora protea 5% up the Eifelian
FO of Ancyrospora ancyrea 10% up the Eifelian
FO of Ancyrospora k edoae 10% up the Eifelian
FO of Ancyrospora longispinosa 10% up the Eifelian
FO of Densosporites devonicus 10% up the Eifelian
FO of Retispora archaeolepidophyta 20% up the Eifelian
FO of Rhabdosporites langii 20% up the Eifelian
FO of Archaeozonotriletes variabilis 50% up the Eifelian
FO of Cirratriradites avius 70% up the Eifelian
FO of Cirratriradites monogrammos 70% up the Eifelian
FO of Cirratriradites punctomonogrammos 70% up the Eifelian
FO of Geminospora micropaxilla 80% up the Eifelian
FO of Geminospora lemurata Base of the Givetian
FO of Cymbosporites magnificus 5% up the Givetian
FO of Cristatisporites triangulatus 75% up the Givetian
FO of Contagisporites optivus Base of the late Givetian
Acme of Archaeoperisaccus  spp. 80% up the Givetian
FO of Archaeoperisaccus timanicus 80% up the Givetian
FO of Chelinospora concinna 80% up the Givetian
FO of Ancyrospora  with multi-furcate tips 5% up the Frasnian
FO of Spelaeotriletes domanicus 5% up the Frasnian
FO of Ancyrospora incisa 10% up the Frasnian
FO of Ancyrospora langii 10% up the Frasnian
FO of Archaeoperisaccus indistinctus 15% up the Frasnian
FO of Cristatisporites deliquescens 20% up the Frasnian
FO of Membraculisporis radiatus 60% up the Frasnian
LO of Archaeoperisaccus Base of the Famennian
FO of Diducites  spp. 30% up the Famennian
FO of Tergobulasporites immensus 30% up the Famennian
FO of Cornispora bicornuta 30% up the Famennian
FO of Cornispora monocornuta 30% up the Famennian
FO of Cornispora tricornuta 30% up the Famennian
FO of Retispora macroreticulata 50% up the Famennian
FO of Retispora lepidophyta 80% up the Famennian
FO of Knoxisporites literatus 86% up the Famennian
FO of Indotriradites explanatus 87% up the Famennian
FO of Tumulisporites malevkensis 87% up the Famennian
FO of Tumulisporites rarituberculata 87% up the Famennian
FO of Rugospora radiata 90% up the Famennian
FO of Retispora lepidophyta  var. tener 91% up the Famennian
FO of Verrucosisporites nitidus 99% up the Famennian
LO of Ancyrospora  spp. Base of the Tournaisian
LO of Diducites  spp. Base of the Tournaisian
LO of Hystricosporites  spp. Base of the Tournaisian
LO of Retispora lepidophyta Base of the Tournaisian
LO of Rugospora radiata Base of the Tournaisian

Calibration
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