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ABSTRACT

While the intensification of the Early Pa-
leozoic Icehouse is commonly cited as the
main driver of the Late Ordovician mass
extinction, we lack high-resolution, strati-
graphically constrained climate records
to test this hypothesis. Here, we develop a
high-resolution climate record for the Late
Ordovician by applying stable isotope geo-
chemistry (880, 8'*C; n = 81) and carbon-
ate clumped isotope paleothermometry (A ;;
n = 45) to fossils from the stratigraphically
expanded Ellis Bay Formation on Anticosti
Island (Canada). Focusing our analysis on
fossils that primarily experienced closed-
system alteration, we identify two distinct
phases of increasing fossil §'®0yppy values: a
moderate increase of 1.0%0—1.5%¢ across the
Katian/Hirnantian boundary and a larger
increase of 2.5%4.5%o in the middle to late
Hirnantian. Only the latter is associated with
A,; evidence for cool tropical sea surface
temperatures, and based on its sequence
stratigraphic context immediately overlying
a regional subaerial unconformity, we inter-
pret this excursion as reflecting the earliest
stages of transgression during the waning
of the Hirnantian Glacial Maximum. This
revises the conclusions of previous paired
stable and clumped isotope studies, which ar-
gued that the major drop in sea surface tem-
peratures occurred at the Katian/Hirnantian
boundary. When integrated with patterns of
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faunal turnover from Anticosti Island, our
conclusion that major tropical cooling and
maximum ice volumes did not occur until the
middle to late Hirnantian suggests that an
apparent pulse of extinction near the Katian/
Hirnantian boundary may be in part a strati-
graphic artifact generated by widespread
glacio-eustically forced unconformities and
facies shifts.

INTRODUCTION

Icehouse climates are infrequent events
throughout Earth history and are often associ-
ated with major transitions in the history of life
(Trotter et al., 2008; Montafiez and Poulsen,
2013; Judd et al., 2024). While the dynamics
of the most recent, late Cenozoic icehouse are
relatively well understood (Zachos et al., 2001;
Westerhold et al., 2020), an understanding of
pre-Cenozoic icehouses is hampered by a pau-
city of deep-sea records, biased representation
of shelf environments, and diagenetic altera-
tion of proxy records (Pope and Read, 1998;
Swart, 2008; Higgins et al., 2018; Peters et al.,
2018; Jones et al., 2020; Goldberg et al., 2021).
More specifically, our understanding of the first
Phanerozoic icehouse, the Early Paleozoic Ice-
house (Page et al., 2007), remains incomplete
due to all of these factors. Early studies pro-
posed that the icehouse was a brief but intense
episode confined to the Hirnantian Stage, con-
sisting of a single episode of icesheet growth
and glacio-eustatic drawdown (Brenchley and
Storch, 1989; Brenchley et al., 1994; Armstrong
and Coe, 1997; Ghienne, 2003). Subsequent
sequence stratigraphic, cyclo-stratigraphic, and
geochemical analyses, as well as computational
modeling, have revealed that the dynamics of the
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Early Paleozoic Icehouse were far more com-
plex (Elrick et al., 2013; Ghienne et al., 2014;
Pohl et al., 2016; Sinnesael et al., 2021; Zimmt
et al., 2024; Bergmann et al., 2025), and there
is a growing body of literature suggesting that
the Early Paleozoic Icehouse may have begun
earlier, largely based on physical stratigraphic
evidence (Calner et al., 2010; Turner et al., 2012;
Ghienne et al., 2023). While uncertainty remains
about the timing of the Ordovician greenhouse—
icehouse transition, studies of Ordovician/Silu-
rian boundary intervals worldwide identify a
clear glacial maximum in the Hirnantian Stage,
characterized by rapid and substantial cooling of
tropical seas and the growth of Gondwanan ice
sheets (Vandenbroucke et al., 2010; Finnegan
et al.,, 2011; Pohl et al., 2016), and a major
(>100 m) drop in eustatic sea level (Harris et al.,
2004; Kaljo et al., 2008; Finnegan et al., 2011;
Porgbski et al., 2019; Goldberg et al., 2021; Ghi-
enne et al., 2023).

The Hirnantian Glacial Maximum (peak of
the Early Paleozoic Icehouse) is often cited as
the cause of a number of disruptions to the Earth
system, including a large positive excursion in
both carbonate and organic §'*C (the Hirnantian
Isotopic Carbon Excursion or HICE; Brenchley
etal., 1994; Kump et al., 1999; Chen et al., 2006;
Melchin and Holmden, 2006; Jones et al., 2011),
the reorganization of ocean circulation and redox
conditions (Hammarlund et al., 2012; Melchin
etal., 2013; Bartlett et al., 2018; Zou et al., 2018;
Young et al., 2020; Li et al., 2021a; Pohl et al.,
2021; Kozik et al., 2022), and the Late Ordovi-
cian mass extinction (LOME), which eliminated
an estimated ~85% of marine species diversity
globally (Jablonski, 1991; Sheehan, 2001; Harper
etal., 2014; Rong et al., 2020; Saupe et el., 2020;
Rasmussen et al., 2019, 2023). However, a well-
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resolved causal relationship between the Early
Paleozoic Icehouse, oceanographic change, car-
bon cycling, and the LOME remains elusive.

Classically, the LOME has been interpreted as
two distinct pulses of extinction—the first, and
main, pulse associated with cooling and glacio-
eustatic fall at the Katian/Hirnantian boundary,
and the second, smaller pulse associated with
warming and glacio-eustatic rise in the middle
to late Hirnantian (Sheehan., 2001; Finnegan
et al., 2012; Saupe et al., 2020)—but it is now
better recognized that the overarching control of
relative sea level changes on stratigraphic archi-
tecture strongly influences both the preservation
and expression of the history of life in the fos-
sil record (Holland, 1995; Peters, 2005; Nawrot
et al., 2018; Zimmt et al., 2021). Stratigraphic
architecture can also hamper an interpretation
of the sequence of environmental changes from
geochemical proxy records (Swart, 2008; Jones
et al., 2020; Geyman and Maloof, 2021), par-
ticularly in icehouse records like the Hirnantian
that are characterized by complex shingling of
stratigraphic sequences, unconformities, and
large offsets in facies (Kidwell, 1997; Read,
1998; Pope and Read, 1998; Brenchley et al.,
2003; Fielding et al., 2006; Di Celma and Can-
talamessa, 2007). Interpretation of the oxygen
isotope record, which is particularly critical for
constraining the timing and magnitude of cli-
mate change, is additionally complicated by its
susceptibility to diagenetic alteration through
interaction with meteoric and basinal fluids,
particularly under icehouse conditions, as fluid-
buffered alteration mechanisms become more
dominant due to frequent, large amplitude sea
level changes (Ahm et al., 2017, 2018; Higgins
et al., 2018; Jones et al., 2020).

Here we assess the timing and magnitude of
the Hirnantian Glacial Maximum and its com-
patibility with the traditional model of the Late
Ordovician mass extinction by applying stable
isotope geochemistry (830, §'3C) and carbon-
ate clumped isotope paleothermometry (A,;) to
fossils from the Ellis Bay Formation (Anticosti
Island, Québec, Canada). After screening for dia-
genetic alteration, the population of A,; temper-
atures from fossils suggests variable closed-sys-
tem alteration processes (viz., sediment-buffered
diagenesis and solid-state reordering), which
re-equilibrated '3C-'30 bonding while largely
preserving the original fossil 60 signatures,
alongside less extensive open-system alteration
under fully marine conditions. Using isotopic
and trace element data to restrict our analysis to
fossils with the best preserved §'80 signatures,
we find evidence of two phases of increasing
o180 values within the Upper Ordovician strata
on Anticosti Island, the younger of which rep-
resents the Hirnantian Glacial Maximum. Com-
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pared to data compiled from late Katian fossils
from the underlying Vaureal Formation, the total
excursion reflects an ~3.5%¢5.5%o increase in
fossil §'80yppp values, concurrent with a drop
in A,; temperatures. These, however, represent
a lower limit on the effects of both tropical sea
surface cooling and ice sheet growth associated
with the Early Paleozoic Icehouse. Given these
new data, if the first “pulse” of the LOME was
indeed driven by an abrupt cooling of tropical
sea surface temperatures and glacio-eustatic fall,
as the current understanding of the extinction
event suggests, it would have occurred well after
the Katian/Hirnantian boundary in the Anticosti
Basin, calling into question the traditional two-
pulse model of the mass extinction.

GEOLOGIC BACKGROUND

Ordovician/Silurian strata exposed along the
northwest-southeast—trending outcrop belt of
Anticosti Island (Québec, Canada; Figs. 1A
and 1B) record deposition in proximal ramp
settings on the landward side of the Anticosti
Basin, a foreland basin along the margin of the
St. Lawrence Platform (Sanford, 1993). During
the Late Ordovician, the Anticosti Basin was
located along the southeastern margin of Lau-
rentia, between 20°S and 30°S paleolatitude
(McLaughlin and Brett, 2007; Torsvik and Cocks,
2016; Swanson-Hysell and Macdonald, 2017).
Throughout the Ordovician, elevated subsidence
rates associated with the initial emplacement of
the Taconic thrust sheet led to the accumulation
of an ~2000-m-thick (~900 m exposed) strati-
graphic succession (Long, 2007; McLaughlin
et al., 2016), comprising one of the thickest
Ordovician/Silurian boundary sections in the
world. Despite long-lived tectonic activity along
the eastern margin of North America, the exposed
succession on Anticosti Island is relatively unde-
formed compared to the rest of the continental
margin, with only minor faults and folds asso-
ciated with later tectonic activity (Bordet et al.,
2010; Pinet et al., 2012). The Upper Ordovician
and Lower Silurian parts of the succession are
particularly well preserved along the western
half of the island, with peak burial temperatures
likely less than 80 °C as constrained by (U-Th)/
He thermochronology (Powell et al., 2018) and
conodont alteration index (CAI <1; Nowlan and
Barnes, 1987), making the succession a valuable
climatic and environmental archive.

Facies throughout the succession reflect
storm-controlled deposition in shallow marine
settings, reflecting the position of the basin
within the tropical storm belt (Sami and Des-
rochers, 1992; Long, 2007; Desrochers et al.,
2010; Copper et al., 2013; Copper and Jin, 2014;
Zimmt et al., 2024). Both the Upper Ordovician
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Vaureal and Ellis Bay formations (Schuchert and
Twenhofel, 1910) preserve a series of mixed car-
bonate-siliciclastic facies, which in the present-
day western part of the island consists of an
association of deeper-water facies comprising
lime mudstones and shales that is capped by
a shallow-water facies association within the
uppermost Lousy Cove and Laframboise mem-
bers (Petryk, 1981; Long and Copper, 1987,
Desrochers et al., 2010; Copper et al., 2013). In
contrast, overlying strata of the lowermost Bec-
scie Formation, which records the Ordovician/
Silurian boundary in the Anticosti Basin (e.g.,
Desrochers et al., 2010; Mauviel and Desro-
chers, 2016; Zimmt et al., 2024), are carbonate-
dominated across the outcrop belt.

As one of the thickest and potentially best-
preserved Ordovician/Silurian boundary sec-
tions in the world, the succession on Anticosti
Island is a critical archive of paleobiological,
paleoceanographic, and paleoclimatological
data for understanding the sequence of Earth
system events across the Ordovician/Silurian
boundary. However, one of the main challenges
in incorporating data from Anticosti into a
global understanding of the Ordovician/Silu-
rian boundary (e.g., Rong et al., 2020) has been
the placement of the lower and upper bounds
of the Hirnantian Stage within the succession
(Riva, 1988; Brenchley et al., 1994; Melchin,
2008; Bergstrom et al., 2010, 2011, 2015; Jones
et al., 2011; Achab et al., 2011, 2013; Mauviel
and Desrochers, 2016; Zimmt and Jin, 2023).
Much attention has been given to understanding
the age of the Ellis Bay Formation; however, in
contrast to the rest of the succession, the Ellis
Bay Formation lacks abundant, diagnostic grap-
tolites that could be used for graptolite-based
age determination (though see Melchin, 2008).
Much of the debate has focused on how to inter-
pret the 8'3C record of the Ellis Bay Formation,
and whether the formation records an expanded
Hirnantian Carbon Isotope Excursion (HICE)
with two distinct peaks (Mauviel and Desro-
chers, 2016), or instead the entirety of the §'3C
excursion is equivalent to what Mauviel and
Desrochers (2016) referred to as the upper HICE
(Bergstrom et al., 2010, 2011, 2015). Given the
available biostratigraphic, chemostratigraphic,
and sequence stratigraphic data from the Ellis
Bay Formation, there are two plausible hypoth-
eses for the age of the Western Ellis Bay Forma-
tion (usage following Copper et al., 2013).

The Hirnantian Stage on Anticosti Island
is Restricted to the Uppermost Ellis Bay
Formation

Support for this hypothesis is based primar-
ily on carbon isotope chemostratigraphic and
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Figure 1. Regional and local context of the Western Ellis Bay Formation on Anticosti Island (Québec, Canada). (A) Location of Anticosti Is-
land in eastern Canada (49°35'21"N, 63°02'54"W). (B) The mapped extent of the Ellis Bay Formation on Anticosti Island, shaded in green,
with the study area on the western coast of the island outlined by a black box; map data from Desrochers and Gauthier (2009). (C) Location
of sampling sites along the tidal bench of western Anticosti Island, where the bedrock of the island is exposed beyond the shoreline (solid
black line) in a broad flat bench (lightly shaded area).

chitinozoan biostratigraphic correlation with
Baltica. In Baltica, Porkuni (Hirnantian) strata
comprise three chitinozoan zones that coincide
with the HICE: the Spinachitina taugourdeaui
(rising limb of the HICE), Conochitina scabra
(peak values of the HICE, ~6%¢—8%o0), and bar-
ren zones (Brenchley et al., 1994, 2003; Kaljo
et al., 2008; Hints et al., 2010). If these same
zones are extrapolated to Anticosti Island, then
the Hirnantian Stage in the Ellis Bay Formation
would begin with the first occurrences of S. tau-
gourdeaui and the rising limb of the upper HICE
in the uppermost Lousy Cove Member; the lower
HICE of Mauviel and Desrochers (2016) would
correspond to one of the moderate- to low-
magnitude carbon isotope excursions recorded
by Katian strata in Baltica and Laurentia (Ain-
saar et al., 2010; Bergstrom et al., 2010, 2020);
this was the interpretation adopted by Finnegan
et al. (2011). Incised valleys in the eastern Vau-
real and Ellis Bay formations (Zimmt et al.,
2024) would therefore have had to have formed
prior to the Hirnantian, indicating eustatic fluc-
tuations in the latest Katian (Calner et al., 2010;
Turner et al., 2012; Ghienne et al., 2023). While

muted, faunal turnover across the Vaureal/Ellis
Bay contact (e.g., Bolton, 1981; Copper et al.,
2013) would correspond to faunal turnover in
the latest Katian, though this would post-date the
pre-Hirnantian pulse of extinction that has been
proposed by Rasmussen et al. (2019) based on
an analysis of the global fossil record.

The Hirnantian Stage on Anticosti Island
Comprises the Entirety of the Ellis Bay
Formation

Support for this hypothesis comes from sev-
eral different lines of evidence that indicate a
major change in the Earth system occurred at the
base of the Ellis Bay Formation. While bulk rock
O13C values from the Ellis Bay Formation only
reach higher values typical of the HICE in the
Laframboise Member (4%0—5%o Vienna Peedee
belemnite [VPDB]; Fig. 2), there is considerable
variability in the expression of the HICE among
Hirnantian sections (Brenchley et al., 1994;
Finney et al., 1999; Brenchley et al., 2003; Chen
et al., 2006; Melchin and Holmden, 2006; Berg-
strom et al., 2011, 2015; Mauviel and Desro-

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37897.1/7278042/b37897 .pdf
bv California Institute of Technoloav user

chers, 2016; Ahm et al., 2017; Kiipli and Kiipli,
2020; Calner et al., 2021). Local processes
strongly influence the expression of carbon
isotope excursions in the geochemical record,
even if the excursion itself reflects a response to
changes in open ocean dissolved inorganic car-
bon (Melchin and Holmden, 2006; Swart, 2008;
Ahm et al., 2017, 2018; Jones et al., 2020; Gey-
man and Maloof, 2021). In coeval Hirnantian
sections around the world, multi-phased carbon
isotope excursions are recorded by carbon-
ate strata, including Monitor Range and Vinini
Creek, Dobb’s Linn, Arctic Canada, Estonia,
and Mirny Creek (e.g., Underwood et al., 1997;
Finney et al., 1999; Brenchley et al., 2003; Kaljo
et al., 2004; Melchin and Holmden, 2006; Kaljo
etal., 2012), supporting the plausibility of a two-
phased HICE with an initial lower-magnitude
excursion in the Anticosti Basin, as proposed by
Mauviel and Desrochers (2016).

While sparse, the available graptolite record
also indicates a Hirnantian age for the Western
Ellis Bay Formation (Melchin, 2008), with mem-
bers of the Metabolograptus extraordinarius and
M. persculptus zones occurring below the base



of the Laframboise Member. A Hirnantian age
for the entire Ellis Bay Formation is further sup-
ported by the first occurrences of the Hirnantia
fauna at the base of the formation (Jin and Zhan,
2008; Copper et al., 2013; Copper and Jin, 2017;
Zimmt et al., 2021; Zimmt and Jin, 2023): the
migration of the Hirnantia fauna, a cool-water
high-latitude fauna, to lower latitudes is used to
mark the start of the Hirnantian Stage in tropical
basins (Temple, 1965; Rong and Harper, 1988;
Rong et al., 2020), reflecting a major shift in
global climatic and oceanographic conditions as
the Early Paleozoic Icehouse intensified (though
see Rong et al., 2002). This episode of faunal
turnover coincides with a pronounced change in
stratigraphic architecture (Zimmt et al., 2024)
and the development of a subaerial unconfor-
mity at the Vaureal/Ellis Bay contact, which has
thus far been traced across the central and east-
ern parts of the island; the development of this
unconformity has been attributed to the onset
of larger glacio-eustatic fluctuations at the start
of the Hirnantian Stage in response to a rapidly
cooling climate (Desrochers et al., 2010; Zimmt
et al., 2024).

METHODS
Sample Collection and Preparation

The only continuous section of the West-
ern Ellis Bay Formation (sensu Copper et al.,
2013) is preserved as a rocky tidal bench that
extends several hundred meters beyond the
shoreline of Anticosti Island; outcrops along
the shoreline provide only intermittent expo-
sures of the formation. Samples were collected
from both this rocky tidal bench and outcrops
along a transect from Anse aux Fraises to
Pointe Laframboise (Fig. 1; 49°50'13.6"N,
64°27'11.5"W-49°48'06.6"N, 64°25'17.4"W);
when possible, collections of fossils were made
from micritic storm beds. The GPS coordinates
of collections were used to project each sample
into the stratigraphic section of Mauviel and
Desrochers (2016), allowing for a direct com-
parison between our new fossil isotopic data
and their bulk rock isotopic data. For this study,
we used the revised stratigraphy of the Western
Ellis Bay Formation from Copper et al. (2013),
which established the current definitions of
the Fraise, Juncliff, Parastro, Lousy Cove, and
Laframboise members (though identical to the
divisions of Copper, 2001) to subdivide the
formation.

Rugose corals were selected as the primary
sampling target for isotopic analysis, given their
primary calcite mineralogy (Brand and Veizer,
1980) and abundance throughout the Ellis Bay
Formation (Finnegan et al., 2011), providing
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the most complete stratigraphic coverage of all
common carbonate fossil groups: in only two
instances, brachiopods were used to supplement
rugose coral data for stable isotope analyses.
There has been some debate over the original
magnesium content of rugose coral calcite, a
factor that would impact '3C-'80 reordering
rates (Perez-Beltran et al., 2023). Available data
suggest that rugose corals were highly sensitive
to the Mg/Ca of seawater, precipitating low-Mg
calcite under early Paleozoic calcite sea condi-
tions and high-Mg calcite during late Paleozoic
aragonite sea conditions (Brand and Veizer,
1980, 1981; Brand, 1981; Webb and Sorauf,
2002; Porter, 2010).

Fossils were sonicated in deionized water for
half an hour to remove adhering sedimentary
matrix. The epitheca (outer wall) of each coral
was then removed by physical abrasion before
the apex (initial portion of growth) of the coral
was sampled using a rotating saw attached to a
Dremel hand drill. Saw blades were operated at
the lowest possible speed to prevent potential
reordering effects during sample preparation;
however, it is unknown whether rugose corals
are similar to belemnites and more susceptible
to reordering during drilling compared to other
calcites (Staudigel et al., 2023). Coral apices
were selected for sampling as they form prior
to the development of septal insertions that can
become occluded by marine sediment and late
stage cements. Powdering entire apices yielded
several 10%s—10%s mg of material from each
coral for subsequent geochemical analyses.
This amount of material is large enough that
homogenized mixtures of multiple generations
of carbonate cannot be ruled out. In some sam-
ples of colonial corals from the Laframboise
Member, it was only possible to collect a piece
of the coral from higher up on the corallite:
visible infilling cement and sediments were
removed using a Dremel hand drill, and then
samples were sonicated in water once more.
Rugose fragments and brachiopod flakes were
selected and powdered using a mortar and pes-
tle, following standard procedure (see Finnegan
etal., 2011).

8180, 313C, and Carbonate Clumped
Isotope (A,;) Analysis and Data Reduction

Measurements of §'%0, §13C, and A,; were
carried out on 61 rugose corals at the Mas-
sachusetts Institute of Technology Carbonate
Research Laboratory, Cambridge, Massachu-
setts, USA, following the methodology of
Anderson et al. (2021), over the period from
July 2020 to December 2021. Analysis was con-
ducted on a Nu Perspective dual-inlet isotope
ratio mass spectrometer, integrated with a Nu
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Carb automated sample preparation unit that was
maintained at a temperature of 70 °C. Approxi-
mately 400-600 pg of calcite sample powder
was weighed for each sample analysis. Samples
were reacted with 150 pl of orthophosphoric
acid, with a density of 1.94 g/cm?, for 25 min
to release CO, gas in individual glass vials. The
evolved CO, gas was purified using cryogenic
separation to remove water and other gases and
further cleaned with a Porapak trap and silver
wool, held at —30 °C.

The purified CO, gas, along with a reference
gas of known composition, was measured using
six Faraday collectors from 44 to 49, over three
acquisitions each consisting of 20 cycles with
a 20-second integration time, totaling 60 cycles
and a 20 min overall integration time. The ini-
tial voltage setting was between 8 V and 20 V
on the m/z 44 beam, with 2 x 108 (Q resistors.
Across the analysis session, an ~50% depletion
in signal strength was observed, with sample
and standard CO, gasses depleting at equivalent
rates. Each analytical session, usually 50 indi-
vidual analyses, started with the measurement
of ETH-1-4 standards (Bernasconi et al., 2018,
2021) in a random order. This was followed by
alternating blocks of three unknown samples and
two ETH anchors, with additional standards like
International Atomic Energy Agency (IAEA)-
C1, IAEA-C2, and Merck measured once per
run. This approach yields an unknown to stan-
dard ratio of 1:1. The standards ETH-1-4 and
TAEA-C2 served as anchors, while other stan-
dards were treated as unknowns to maintain a
balanced ratio of unknown to anchor samples.
After every 10 analyses, the reference side of the
dual-inlet system was replenished with reference
gas to ensure consistency.

Raw mass spectrometer data were initially
screened to remove cycles that deviated from
more than 5 “long-term” standard deviations
from the median A,; measurement. Analyses
with significant cycle deviations, low transducer
pressure, or reference-sample side depletion
rate imbalances were excluded from further
consideration. Details on excluded samples
with low transducer pressure and depletion rate
imbalances can be found in the Supplemental
Material.! The “A,; crunch” Python package
(Dagéron, 2021), adhering to International Union
of Pure and Applied Chemistry 7O parameters,
was then used for data processing, aligning raw
A, measurements with the I-CDES (InterCarb—

ISupplemental Material. Figures S1-S4, along
with the full isotopic, trace element, and statistical
datasets (Tables S1-S3). Please visit https://doi
.org/10.1130/GSAB.S.29260196 to access the
supplemental material; contact editing@geosociety
.org with any questions.
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Carbon Dioxide Equilibrium Scale) scale based
on values from the InterCarb project (Bernasconi
et al,, 2021). A pooled-regression approach
was applied for A,; conversion to I-CDES for
error propagation that includes uncertainty in
the I-CDES reference frame itself (Daéron,
2021). The long-term external repeatability of
A,; across all analyses was determined to be
0.021%o (1SD).

Additional measurements of 6'%0 and 8'3C
were carried out on 20 fossils at the Center for
Stable Isotope Biogeochemistry at the Univer-
sity of California, Berkeley, California, USA,
over the same period using a fully automated
MultiCarb GV Isoprime system operated in
Dual Inlet mode. These measurements were
made to better understand the range in stable
isotope values from targeted intervals within the
Laframboise Member of the Ellis Bay Forma-
tion. All stable isotope values from both labs are
reported relative to the VPDB standard; fluid
equilibrium values are calculated from mineral
8180 values and A, temperatures using the sup-
plemental equation from Anderson et al. (2021)
for calcite-water equilibrium fractionation and
are reported relative to Vienna Standard Mean
Ocean Water (VSMOW). The full stable and
carbonate clumped isotope dataset is available
in the Supplemental Material.

Trace Element Analysis and pXRF Mapping

Of the 61 corals with A4, results, 55 were suc-
cessfully analyzed for trace element concentra-
tions using inductively coupled plasma—optical
emission spectroscopy (ICP-OES). Measure-
ments were performed by Activation Labora-
tories Ltd. (Actlabs, Ontario, Canada) on splits
of the same powders used for A, analysis. The
protocol followed the Actlabs 1E3 method: sam-
ples were digested with Aqua regia with a 3:1
ratio of hydrochloric acid to nitric acid at 95 °C
for 2 h before being diluted with deionized and
ran using a Varian ICP-OES for 38 elements.

Of the 24 corals analyzed from the Lafram-
boise Member, 14 were selected for additional
micro-X-ray fluorescence (WXRF) mapping to
examine the spatial variability of trace elemental
concentrations across the coral, along with any
infilling sediments or cement in between septa.
To prepare samples for imaging, corals were cut
along a transverse plane to produce thin disks
that exposed the interior of each corallite. Disks
were then embedded in Silmar-240 resin slabs
and polished to provide a flat surface for imaging.
Chemical imaging of fossils, as well as internal
sediments and cements, was accomplished with
a Bruker M4 Tornado benchtop pXRF spectrom-
eter in the Division of Geological and Planetary
Sciences Analytical Facility at Caltech, Pasa-
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dena, California, USA. X-rays were generated
from a rhodium tube excited to 50 kV with 250
pA current. Samples in a 2-mbar vacuum were
rastered beneath the primary X-ray beam, which
was focused by polycapillary optics. Fluorescent
X-ray energy spectra were measured simultane-
ously on two 30 mm? silicon drift energy disper-
sive spectrometer (EDS) detectors and assigned
to 20-pm-wide pixels, which had primary beam
dwell times of 2040 ms per pixel. Bruker soft-
ware (Bruker M4 Tornado v. 1.6) was used to
deconvolve fluorescent X-ray EDS spectra from
background, emission line overlaps, and detec-
tor artifacts (i.e., pile-up peaks and detector
escape peaks).

RESULTS

Stratigraphic Patterns of §!°C and 330
from the Ellis Bay Formation

Exposures of the uppermost Vaureal Forma-
tion in a rocky tidal bench along the western
coast of Anticosti Island did not yield any well-
preserved rugose corals that could provide a
pre-Hirnantian reference frame for this analysis.
Instead, we use data reported by Finnegan et al.
(2011) from exposures of the Vaureal Formation
across the western and central parts of the island
to calculate a pre-Hirnantian reference frame
for our mineral §'3C and 6'%0 datasets. Exposed
strata of the Vaureal Formation in this half of the
island are no more than ~0.5 m.y. older than the
base of the Ellis Bay Formation (Long, 2007),
providing a valuable point of comparison for our
dataset. The 13 fossils from the Vaureal Forma-
tion reported by Finnegan et al. (2011) yield a
mean + o §3Cyppg Of 0.2%0 + 0.4%0 (n = 13)
and a mean + o 880 ppg of —3.8%0 £ 0.5%0
(n=13).

Carbon isotope values of rugose corals in the
Western Ellis Bay Formation (Table S1) display
a small positive §'3Cyppp increase (maximum
= 3.0%0, mean & o = 2.5%0 & 0.5%0; n = 16)
in the Fraise Member (sensu Copper et al.,
2013) when compared to available data from
the Vaureal Formation (Fig. 2). A second, larger
d1BCyppp increase occurs within the Lafram-
boise Member (maximum = 6.0%0, mean =+
0 = 4.4%0 £ 0.8%0; n = 44); however, intervals
within the Laframboise Member exhibit sub-
stantial §'3C variability, of up to 3%. (Fig. 3),
exceeding the entire range of values recorded
by the sub-Laframboise Ellis Bay Formation.
Oxygen isotopes of rugose corals record a simi-
lar pattern: higher 8'30yppy values (maximum
= —2.0%0, mean + o = —2.4%0 + 0.3%o;
n = 16) toward the top of the Fraise Member
when compared to the Vaureal reference frame
(Fig. 2), followed by a large positive increase in
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the Laframboise Member (maximum = 1.7%o,
mean + 6 = —1.7%o0 £ 1.0%0; n = 44). As with
813C, there is substantial variation in the 6§30
values of rugose corals within the Laframboise
Member, with a range reaching ~4%o within a
single sampling interval (Figs. 3 and S1).

Fossils from the Ellis Bay Formation form
two distinct populations in 880 versus §!3C
space. Fossils from the lower four members of
the Ellis Bay Formation (sub-Laframboise) tend
to have lower 8'3C and §'30 values (8'3Cyppg
mean £+ o = 2.0%0 £ 0.6%0¢; 6'%0yppp mean
+ 0= —2.6%0 %+ 0.3%0; n=36) compared
to the Laframboise Member (8'3Cyppg mean
+ o0 =4.4%0 £ 0.8%0; 6"Oyppg mean =+
0 = —1.7%o0 £ 1.0%c; n = 44), with particularly
strong differentiation in §'3C (Fig. 4). Addition-
ally, fossils from the Laframboise Member cover
a greater range of both §'%0 and §'3C values com-
pared to those of the sub-Laframboise members.
For this reason, we distinguish between samples
from the sub-Laframboise Ellis Bay Forma-
tion and Laframboise Member throughout this
manuscript.

A, Temperatures and Reconstructed
8180, from the Ellis Bay Formation

Clumped isotope (A ;) temperatures exhibit a
relatively consistent range throughout the entire
sub-Laframboise Ellis Bay Formation (mini-
mum = 36 °C, mean + 0 =42 + 4 °C;n = 21;
Fig. 2). Although the mean A,, temperature of
Laframboise Member corals is similar to that of
the sub-Laframboise Ellis Bay Formation, one
population of values is substantially cooler, with
nine samples below 35 °C (minimum = 28 °C,
mean &+ 0 = 42 + 11 °C; n = 24); however, A,
temperatures in this part of the formation can
vary by up to 32 °C within a single ~0.3 m sam-
pling interval (Fig. S1). Reconstructed equilib-
rium fluid 6Oy gyow values vary considerably
throughout the succession, with an increase in
variability between the sub-Laframboise Ellis
Bay Formation (mean + o = 1.5%0 % 0.7%o;
n=21) and Laframboise Member (mean =+
0 =2.4%0 £ 1.4%0; n = 24).

Trace Elemental Analysis and pXRF
Mapping

Analyzed specimens display substantial vari-
ability (order of 10'-10? differences in con-
centration) in elements known to be sensitive
to diagenetic processes, including Sr, Mg, Fe,
and Mn (Fig. 5, Table S2). Significant positive
covariation is observed between Sr and Mg
(R2=0.24, p < 0.001) and between Fe and
Mn (R? = 0.58, p < 0.001) (Fig. S2; Table S3).
Elemental mapping of 14 rugose corals from
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Figure 2. Fossil data from the Western Ellis Bay Formation plotted alongside bulk rock data from Mauviel and Desrochers (2016) and
Mauviel et al. (2020); vertical dashed lines and light gray boxes indicate the mean and range, respectively, of fossil 6'3C and §'80 values
from the Vaureal Formation reported by Finnegan et al. (2011). Here, and in all figures, we assign a Hirnantian age to the entire Ellis Bay
Formation and lowermost Becscie Formation. While both bulk rock and fossil isotopic data record concurrent intervals of increasing and
decreasing fossil §'3C and §'80 values, bulk rock isotopic values are often lower than fossil data from the same stratigraphic interval. A,
temperatures are relatively consistent throughout the Ellis Bay Formation, except for the Laframboise Member (see Fig. 3). Lithostrati-
graphic data from Copper et al. (2013); conodont data from McCracken and Barnes (1981); chitinozoan data from Achab et al. (2011,
2013); stratigraphic column adapted from Mauviel et al. (2020). Sil.—Silurian; Rhu.—Rhuddanian; Lfmb—Laframboise Member; Fox
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cross-stratification.

the Laframboise Member demonstrates that
coral septa and epitheca (outer wall) are consis-
tently enriched in Sr relative to infilling cements
and sediments, but the relationship of elements
such as Fe and Mn between the coral and the
infilling material is more complex (Fig. 6). In
some specimens, coral skeletons contain less
Fe and Mn than infilling sediment and cement,
while in others the coral skeleton is enriched

in Fe and Mn relative to the infilling cement.
Additionally, the rims of corals collected from
the lowest part of the Laframboise Member are
often partially silicified, with silicification fronts
moving inward toward the center of affected
corals. Silicified areas of the coral contain high
concentrations of Mg and Al, in contrast to areas
that preserve the original carbonate mineralogy
of the specimen.
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DISCUSSION

Comparison of $'3C and §30 Trends in
Fossils and Bulk Rock Datasets

Both fossils (primarily rugose coral; this
study) and bulk rock samples (Mauviel and Des-
rochers, 2016) record a two-phased positive §'*C
excursion within the Western Ellis Bay Forma-
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tion (Fig. 2). The magnitude of these excursions
is larger in the fossil-derived dataset than in bulk
rock data. In the fossil data, there is an initial
positive 8*Cyppg excursion of 2.5%0-3.0%o in
the Fraise Member, versus 2.0%c—2.5%o in the
bulk rock data (termed the lower HICE by Mau-
viel and Desrochers, 2016), which returns to
values close to the Vaureal reference frame by
the top of the Lousy Cove Member. This is fol-
lowed by a larger positive §'*Cyppp €xcursion of
~5.0%o in corals from the Laframboise Member,

versus ~4.0%o in the bulk rock data (termed the
upper HICE by Mauviel and Desrochers, 2016).
Here, we find that rugose coral values within the
peak of the upper HICE excursion are compa-
rable (anywhere from 0%o to 2%o lower) to the
peak values of the HICE recorded by fossils in
other carbonate-dominated Hirnantian sections
(e.g., Hints et al., 2010; Grossman and Joachim-
ski, 2022).

Fossil (this study) and bulk rock (Mauviel
et al., 2020) data record different trends in min-
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eral 880 values throughout the Ellis Bay Forma-
tion despite their overlapping sampling intervals.
In the fossil dataset, the upper Fraise Member
records §'80yppp values 1.2%c—1.7%o higher
compared to fossils from the uppermost Vaureal
Formation, representing a modest increase in
8'80 values that coincides with the lower HICE.
In contrast, mineral 6'3%0 values from the bulk
rock dataset do not record a notable increase
in 8§80 values within the Fraise Member. A
second interval with higher fossil §'80 values
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Vienna Peedee belemnite.

occurs across the contact between the Lousy
Cove and Laframboise members, coincident
with the upper HICE. Here, the magnitude of
the §'%0yppg excursion (2.5%0—4.5%0) substan-
tially exceeds the increase observed in bulk rock
samples. Fossils from the Laframboise Mem-
ber record 8'80yppy values that are among the
highest observed in Hirnantian fossils globally
(0.0%0—1.7%0; Grossman and Joachimski, 2022).
However, some rugose corals from the Lafram-
boise Member have §'80 values within the range
of, or lower than, bulk rock from the same sam-
pling interval (Figs. 2 and 3).

Increases in both fossil §'%0 and 53C values
between the uppermost Vaureal and lowermost

Ellis Bay formations coincide with turnover in
marine benthic faunas (e.g., appearance of the
Hirnantia fauna), as well as changes in strati-
graphic architecture (e.g., development of
incised valleys) and sedimentary facies (Cop-
per, 2001; Jin and Zhan, 2008; Desrochers et al.,
2010; Copper et al., 2013; Copper and Jin, 2017;
Zimmt et al., 2024). Together, these coordinated
changes strongly suggest a transition within
the Anticosti Basin between the deposition of
the Vaureal and Ellis Bay formations, similar
to those observed across the Katian/Hirnantian
boundary in Upper Ordovician sections around
the world (e.g., Brenchley et al., 1994; Finney
et al., 1999; Brenchley et al., 2003; Chen et al.,
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2006; Kaljo et al., 2008; Hints et al., 2010; Cal-
ner et al., 2021). On this basis, and the findings
of previous work (see Geologic Background),
we follow previous workers (e.g., Melchin,
2008; Desrochers et al., 2010; Copper et al.,
2013; Mauviel et al., 2020; Zimmt and Jin,
2023) in ascribing a Hirnantian age to the entire
Ellis Bay Formation.

Diagenetic Assessment of Fossils from
the Ellis Bay Formation: Understanding
the Preservation of 813C, 830, and A,
Signatures

Estimating the Impact of Solid-State
Reordering on Calculated A ,, Temperatures
Jrom the Ellis Bay Formation

Constraining the extent of solid-state reorder-
ing experienced by fossils from the Ellis Bay
Formation is critical for understanding the fidel-
ity of our A,; temperature record as a signal of
Hirnantian sea surface temperature change. At
present, there is still uncertainty in the burial his-
tory of the Anticosti Basin, particularly regard-
ing the amount of post-Silurian sediment cover
that has since been removed. Accordingly, we
calculate maximum estimates of solid-state
reordering for fossils from the Ellis Bay For-
mation using single and double peak burial
history models from Powell et al. (2018). Peak
temperatures are estimated based on either the
uppermost burial estimate from U-Th-He results
(~2.3 km; Powell et al., 2018) or the maximum
burial estimate from organic maturity data across
Anticosti (3.2-3.5 km; Bertrand, 1990), both
assuming a 26 °C/km geotherm. We note that
neither represents the best estimate of burial his-
tory available from each study; instead, we use
the maximum estimates to constrain the worst-
case magnitude of A,; change due to solid-state
reordering. When these maximum burial scenar-
ios are combined with the reordering model of
Hemingway and Henkes (2021), we find that the
largest possible offset in calcite temperatures for
fossils from the Ellis Bay Formation, due solely
to solid-state reordering, would be 1.3 °C based
on U-Th-He results or 7.1 °C based on organic
maturity results (Fig. 7). We recognize, however,
that a complete understanding of the factors that
control the susceptibility of a carbonate sample
to solid-state reordering, and quantifying them,
remains a frontier in clumped isotope paleo-
thermometry (Hemingway and Henkes, 2021;
Li et al., 2021b; Looser et al., 2023; Lu et al.,
2023; Perez-Beltran et al., 2023). Substitutions
and defects in the crystal lattice can increase the
rate of oxygen self-diffusion (Kronenberg et al.,
1984); some fossils, including belemnites, have
demonstrably higher reordering rates of 3C-'30
bonds compared to optical calcite (Looser et al.,



Constraints on the Early Paleozoic Icehouse

Figure 5. Log concentrations
of diagenetically sensitive trace
elements as a function of A,;
v temperature. When viewed in
aggregate, corals from the Ellis
Bay Formation show no rela-
tionship between trace element
concentrations and A, temper-
ature; however, when separated
into their respective strati-

graphic intervals, specimens
from the Laframboise Member

(gray) display a positive corre-
lation between A, temperature
and both log(Fe) and log(Mn),
\v4 suggestive of diagenetic altera-
tion in deep burial settings (Ta-
ble S3; see text footnote 1); no
correlation is observed between
the concentration of trace ele-
ments and A, temperature in
the sub-Laframboise Ellis Bay
Formation (white).
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2023; Perez-Beltran et al., 2023). The range of
Mg concentrations from our specimens (1600—
7200 ppm) suggests that early Paleozoic rugose
coral precipitated low-Mg calcite, as opposed to
the range observed in high-Mg calcite (15,000—
20,000 ppm) from late Paleozoic rugose corals
(e.g., Brand and Veizer, 1981; Sorauf, 1997;
Webb and Sorauf, 2002). Regardless, Ellis Bay
corals are often characterized by higher con-
centrations of trace elements even when com-
pared to Ordovician brachiopod fossils with a
similar low-Mg calcite mineralogy (e.g., Brand
and Veizer, 1980; Brand, 1981; Finnegan et al.,
2011; Cummins et al., 2014). Experimental data
on how these interactions influence solid-state
reordering rates is limited: therefore, while our
estimations of the extent of solid-state reordering
represent an upper bound based on maximum
burial scenarios, differences in reordering rates
for early Paleozoic rugose corals could suggest
that further modification of the A,, tempera-
tures for fossils from the Ellis Bay Formation is
indeed possible.

Sources of Secondary Variability in §'3C,
680, and A ;, Values within the Ellis Bay
Formation

Diagenetic alteration of biogenic calcite can
be accompanied by a decrease in the concentra-
tion of Sr and increases in the concentrations
of Mn and Fe, often also with correspond-
ing decreases in the 6'3C and 6'®0 values, as
well as an increase in the A,; temperature, of
a specimen (Brand and Veizer, 1980; Brand,
1983, 2004; Banner and Hanson, 1990; Shields
et al., 2003; Finnegan et al., 2011; Ullmann
and Korte, 2015; Bergmann et al., 2018; Lu
et al., 2023). While no clear relationship can
be found between the isotopic signature and
trace element concentration of fossils from the
lower Ellis Bay Formation (Figs. 5, S3, and S4;
Table S3), samples from the Laframboise Mem-
ber display a positive correlation between A,;
temperature and Fe concentration expressed in
ppm as log(Fe) (R?=0.27, p = 0.01), as well
as a weaker positive correlation with log(Mn)
(R?=0.12, p =0.08); a negative correlation

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37897.1/7278042/b37897 .pdf
bv California Institute of Technoloav user

70

also exists between 6'%0 and log(Fe) (R = 0.21,
p = 0.03). Bulk trace element results and pXRF
data demonstrate that corals with the highest
A,; temperatures in the Laframboise Member
fall into two separate groups. The first consists
of corals with relatively lower §'3C and §'%0 val-
ues that are characterized by high concentrations
of Fe and Mn in their skeletal calcite (Fig. 6).
High Fe and Mn concentrations associated with
the highest A, temperatures are consistent with
either the precipitation of secondary cements
in the presence of anoxic burial fluids—where
A,; powders represent a mixture of phases—or
dissolution and reprecipitation of coral calcite
during burial. The latter process, involving high
water:rock ratio alteration, could have directly
modified the elemental, 630, §'3C, and A sig-
natures of the coral calcite (Brand and Veizer,
1980; Brand, 1983, 2004; Banner and Hanson,
1990; Finnegan et al., 2011; Looser et al., 2023;
Lu et al., 2023). The second group of high A,
temperature corals has lower Fe and Mn trace
element concentrations in the skeletal calcite, a
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Figure 6. Elemental mapping of transverse sections of the apices of rugose corals from the Laframboise Member, arranged from lowest to
highest clumped isotope temperature; sample bins refer to the stratigraphic intervals that were used to group samples during fieldwork. In-
tensity for each element is scaled to the maximum intensity for that element across all corals to enable a comparison between samples, with
yellows corresponding to the highest and dark blues corresponding to the lowest intensities; all sample images have been rescaled to ensure
that they can be viewed on the same panel. High-temperature corals with comparatively lower §80 values have calcite characterized by Fe
and Mn enrichments, suggestive of high water:rock ratio alteration; high-temperature corals with higher 680 values possess trace element
distributions more similar to that of well-preserved corals with lower A ,; temperatures, suggestive of low water:rock ratio alteration (e.g.,
solid-state reordering, sediment-buffered alteration).

signature indicative of less alteration by anoxic
fluids. Additionally, the calcite from these corals
is characterized by higher concentrations of Sr
and lower concentrations of Fe and Mn relative
to infilling cements and sediments (Fig. 6), and
813C and §'80 values similar to low-temperature
corals, consistent with alteration under low
water:rock ratio conditions (Brand and Veizer,
1980; Brand, 1983, 2004).

When plotted in a three-dimensional space,
comprising §'8Oyppg, A,; temperature, and
reconstructed %0y gqyow Of water (e.g., Eiler,
2011; Bergmann et al., 2018; Goldberg et al.,
2021), the data from fossils of both the sub-
Laframboise Ellis Bay Formation and Lafram-
boise Member reflect this same combination of
diagenetic processes (Fig. 8), with fossils from
the Laframboise Member showing a stronger
influence of high water:rock ratio alteration.
Grouping data from the Laframboise Member
by sampling interval provides a clearer picture
of how diagenetic pathways contributed to the
range of §3C, §'%0, and A,, temperatures in
this part of the formation (Fig. S1). Measured
8180y ppp values within individual sampling
intervals from the Laframboise Member, rang-

ing up to ~4%o, are consistent with variable
water:rock ratio alteration in the presence of
marine fluids. Sampling included both bioherms
and muddy intermound fill, which were sub-
sequently grouped as the same horizon while
in the field: this sampling approach may have
contributed to the observed isotopic variability
and differences in diagenetic pathways. Simi-
larly, the differences in A,; temperatures within
sampling intervals, ranging from 10 °C to 36 °C
(corresponding to differences in calculated
3180y gmow ranging from 1.0%o to 4.8%0) are
attributed to variable water:rock ratio alteration,
with one endmember characterized by sediment-
buffered diagenesis rather than solely solid-state
reordering.

Consideration of Diagenetic Influences on
the Final Isotopic Record of the Ellis Bay
Formation

Fossils that experienced predominantly low
water:rock ratios (e.g., through sediment-buft-
ered diagenesis) are more likely to retain more
primary isotopic signatures like 6!3C and §'30
compared to those that interacted with high
water:rock ratios in the burial environments,
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although A,; temperatures are independently
sensitive to peak burial temperature (e.g., Berg-
mann et al., 2018; Goldberg et al., 2021). Speci-
mens more affected by open-system alteration
tend to be characterized by higher concentra-
tions of Fe and Mn (Figs. 5 and 6), and by 6'30
and §'3C values that plot within the range of
values from the surrounding bulk rock (Figs. 2
and 3). To minimize the effects of open-system
alteration in our analysis of Hirnantian seawater
changes within the Anticosti Basin, we adopt the
criteria used by Barney and Grossman (2022) for
Katian brachiopods, considering rugose coral
samples with Fe >400 ppm and Mn >150 ppm
to be highly altered (Fig. 5). For the 26 speci-
mens from the Laframboise Member lacking
trace element data, we classify them as altered
if they (1) have lower isotopic values compared
to well-preserved fossils from the same sam-
pling interval, and (2) fall within the §"*C and
8180 range of bulk rock from the same sampling
interval, in contrast to well-preserved samples
from the Laframboise Member (Figs. 3 and S1).
Applying these criteria produces coherent iso-
topic profiles for the entire Ellis Bay Formation
(Figs. 9 and 10; compared to Figs. 2 and 3).
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The Significance of the Ellis Bay Formation
as a Record of Hirnantian Climate Change

Placing A, Temperature and 860 Data from
the Ellis Bay Formation in a Global Context
Daéron and Vermeesch (2024) recently com-
pared the A,; temperature calibration of Ander-
son et al. (2021), used in this study, to other A,
temperature calibrations within the I-CDES
reference frame. They found that calculated A,
temperatures were statistically indistinguishable
among the studied calibrations, with differences
of 0.5 °C or less between the combined calibra-
tion equation and the regression published in
Anderson et al. (2021) for A,; values <50 °C.
This gives us some confidence in the accuracy
and repeatability of our calculated A, tempera-
tures. However, caution is warranted when com-
paring our A,; temperatures to the results from
other recent carbonate clumped isotope studies.
The inter-laboratory comparison project by Ber-
nasconi et al. (2021) suggests that inter-labora-

T

80

tory differences are amplified by differences in
data processing methods (e.g., using in-house
heated and equilibrated gases for correction to
the CDES reference frame instead of using ETH
standards and the I-CDES reference frame; omit-
ting a pressure baseline correction in the pres-
ence of an instrument-specific §*’-dependence;
or applying a A,; calibration based on a refer-
ence frame distinct from [-CDES). Based on the
results from Bernasconi et al. (2018, 2021), we
estimate that these choices may lead to differ-
ences as large as 5-10 °C for A,; values <50 °C.

A recent study of Katian brachiopods from
Laurentia (Barney and Grossman, 2022) pub-
lished A,; temperatures using the CDES ref-
erence frame of Dennis et al. (2011) and a
calibration based on ETH standard values pub-
lished prior to the publication of the I-CDES
reference frame. Transforming samples into the
I-CDES reference frame with the ETH stan-
dards run alongside the samples and using the
Anderson et al. (2021) calibration shifts the
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sample population from 25 °C to 55 °C (mean
+0=236+7°C;n=28)t024-72 °C (mean &
o =40 + 11 °C; n = 28), with only two samples
with A,; temperatures cooler than 28 °C. Thus,
when data processing steps are equivalent,
our final dataset (minimum = 28 °C, mean +
0=4046 °C; n=21) and the recalculated
dataset from Barney and Grossman (2022) have
similar distributions and means. Thiagarajan
et al. (2024) published a A, dataset based on
brachiopods and well-preserved micrites from
Baltica, with calculated A, temperatures rang-
ing from 23 °C to 61 °C. While this distribution
is consistent with latitudinal temperature vari-
ability, as Baltica migrated from higher latitudes
to the tropics over the course of the Ordovi-
cian (e.g., Torsvik and Cocks, 2016; Cocks and
Torsvik, 2021; Judd et al., 2024), these results
cannot immediately be compared to the present
study because Thiagarajan et al. (2024) used an
approach for their data processing and calibra-
tion that did not rely on ETH standards: more



Constraints on the Early Paleozoic Icehouse

l Sil
[Rhu.
[Becscie

[Lfmb [Fox Pnt.

Ozarkodina

Lousy Cove

—25

Parastro

B. gamachiana

Hirnantian
Elllis Bay

Fauna 13

Stratigraphic Position (m)
Ordovician

Juncliff

-50

A47 Temperature
70°C
60
50
40
30
20
Data Set
O Bulk Rock
Y Fossil Carbonate
E Vaureal Reference

+
+
—v— —v—
—v— —v—

3| |g
£ (8
¢
-75+ to-
& S —— —v—
5 Y %
=5l
HEEHE o a
EEEE: g
x[Z|E|3|S
582 58 o
e o0 . , A0 ; - . .
N @-§§”’§ § CL Cs CA 0 2 4 6 -4 2 0 2 20 40 60 80 -25 00 25 50 75
o5 o N
d ”Q§ 25E  Camonate Grainsize 8"Crnineral (%0 VPDB) 8"®Opmineral (%o VPDB) A7 Temperature (°C) 8"®00ater (%0 VSMOW)
<
O

Stratigraphic Surfaces

Wave Ravinement Surface

Graded § —] HCS/SCS . =
Calcilutite/Calcarenite Calcisiltite/Calcarenite

Wave-Ripple
Ca\caren’ijt%

Subaerial Unconformity

Oncolite
Platform Bed

[° 0%, ©
® -

% Calcimicrobial-Coral
Bioherm

Surface of Forced Regression

Figure 9. Final isotopic dataset for the entire Ellis Bay Formation, as in Figure 2, but now with only well-preserved fossil samples plotted
for each sampling interval. Vertical dashed lines and light gray boxes indicate the mean and range, respectively, of fossil §3C and §%0
values from the Vaureal Formation reported by Finnegan et al. (2011). Scatter in both stable and carbonate clumped isotope space has
been reduced throughout the formation, most notably in the Laframboise Member (Fig. 10). Sil.—Silurian; Rhu.—Rhuddanian; Lfmb—
Laframboise Member; Fox Pnt.—Fox Point Member; H. crickmayi—Hercochitina crickmayi; H. flor—Hercochitina florentini; C. conc.—
Conochitina conica; B. gamachiana—Belonechitina gamachiana; S.—Spinachitina taugourdeaui; A. ellis.—Ancyrochitina ellisbayensis;
CL—calcilutite; CS—calcisiltite; CA—calcarenite; VPDB—Vienna Peedee belemnite; VSMOW—Vienna Standard Mean Ocean Water;
HCS/SCS—hummocky and swaley cross-stratification.

data and work are needed to properly make such
a comparison (see Grossman et al., 2025). Addi-
tionally, as noted by Bergmann et al. (2025) and
Grossman et al. (2025), the very cold Hirnantian
equatorial temperatures predicted by Thiagara-
jan et al.’s (2024) model are well below those
observed in any Cenozoic analog state.

In light of the complications posed by both
diagenesis and inter-laboratory differences
in the processing of A4, data, comparison of
mineral 880 values may be more immedi-
ately informative for understanding climate
change throughout the Late Ordovician. Pub-

lished brachiopod 6'80yppy values from Barney
and Grossman (2022) range from —5.27%o to
—2.57%0 (mean £ o = —4.64%0 £ 0.58%o;
n = 28), with only the highest isotopic val-
ues overlapping with the range in §'80yppg
values from the Ellis Bay Formation. Simi-
larly, brachiopod 6'®Oyppp values reported by
Thiagarajan et al. (2024) range from —6.91%o
to —3.60%o0 (mean £ 0 = —5.19%0 £ 0.80%o;
n =23). In contrast, fossil §'80ypps values
from our screened Ellis Bay dataset are nota-
bly higher, ranging from —3.57%o to 1.65%0
(mean + o = —2.08%0 & 1.08%0; n = 40). If
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we expand this comparison to include isotopic
data from tropical Ordovician/Silurian bound-
ary sections around the world, we find that fos-
sils from the Laframboise Member have equiva-
lent or higher §'80 values, but lower §!C values,
relative to other Hirnantian sections (Fig. 11).
Fossils from the sub-Laframboise Ellis Bay For-
mation occupy a unique region in isotopic space
between Katian and Hirnantian samples, with
the highest §'30 and '3C values corresponding
to the interval of the lower HICE (Fig. 9). Fossil
8180 values from the Ellis Bay Formation are
thus consistent with an intensifying icehouse
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cross-stratification.

during the Hirnantian Stage, recording evidence
of increasing continental ice mass and cooling
tropical sea surface temperatures, even where
arguments based on A,; temperature alone are
less straightforward and masked by alteration.
The number of other high-resolution, strati-
graphically constrained, and well-preserved
Hirnantian fossil §'%0 datasets comparable to
the current study is, at present, limited. Available
datasets from Baltica capture two distinct phases
of increasing §'%0 in the Late Ordovician, the
first at the Katian/Hirnantian boundary and the

second in the middle to late Hirnantian (Brench-
ley et al., 1994; Hints et al., 2010). Each of these
phases of increasing fossil §'%0 has a magnitude
of 1.5%c—3.0%o, a similar pattern to the Ellis Bay
Formation that would suggest that both the Anti-
costi Basin and Baltica record a similar response
to global climate change during the Hirnantian
Stage. Importantly, we note that no persistent,
positive 6'80 excursions of a similar magnitude
(1.5%0-3.0%0) have been documented in Katian
fossil 880 records (e.g., Goldberg et al., 2021;
Barney and Grossman, 2022).
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The Hirnantian Glacial Maximum in
the Anticosti Basin: Implications for
Understanding the Late Ordovician Mass
Extinction

The Hirnantian Glacial Maximum, repre-
senting the most intense glacial episode of the
early Paleozoic, has long been thought to play a
critical role in causing the Late Ordovician mass
extinction. Throughout the Upper Ordovician to
lower Silurian succession on Anticosti Island,
the largest recorded increase in fossil and bulk
rock carbonate §'%0 values occurs at the con-
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Figure 11. Comparison of fossil stable isotope data from Ordovician/Silurian boundary sec-
tions around the world published in Grossman and Joachimski (2022), supplemented with
data from the present study, as well as Brenchley et al. (1994) and Hints et al. (2010). Global
data do not include the Ellis Bay Formation; data from the Western Ellis Bay Formation
are broken into the lower Ellis Bay Formation (i.e., interval recording the lower Hirnantian
Isotopic Carbon Excursion [HICE]) and the Laframboise Member (i.e., interval recording
the upper HICE). Probability density functions represent all fossils from a given strati-
graphic interval. Here, we note that the well-preserved samples plotted in Figures 9 and 10
tend to plot at the upper end of their respective density distributions. The lower Ellis Bay
Formation occupies a transitional space between fossils from Katian strata and fossils from
the Laframboise Member and Hirnantian strata globally: this effect is most pronounced in

6180 space. VPDB—Vienna Peedee belemnite.

tact between the Lousy Cove and Laframboise
members (Mauviel and Desrochers, 2016); this
excursion is accompanied by an ~10 °C drop in
the best-preserved fossil A,; temperatures, sig-
naling a major cooling of tropical oceans (Figs. 9
and 10). Fossils from the Laframboise Member
record some of the highest 6'%0 values from
Hirnantian strata globally (Fig. 11). Together,
these observations suggest the Laframboise
Member records evidence for substantial tropi-
cal cooling and expansion of Gondwanan ice
sheets compared to conditions recorded in the
lower Ellis Bay Formation.

Stratigraphic evidence clearly points toward
an intensification of the icehouse climate in

the uppermost Lousy Cove Member. Sequence
stratigraphic models predict that the intensifi-
cation of icehouse climate conditions should
cause the development of a regressive surface
of marine erosion and subaerial unconformity in
the stratigraphic record through glacio-eustatic
forcing (Hunt and Tucker, 1992; Zecchin and
Catuneanu, 2013), with subaerial erosion remov-
ing strata and fossils from below the unconfor-
mity that would have otherwise have recorded
cooling temperatures and increasing §'%0 values
leading up to the glacial maximum. In the upper-
most Lousy Cove Member, a sharply defined
regressive surface of marine erosion marks the
transition from lime mudstone to wave-rippled
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calcarenite, signaling glacial advance and sea-
level fall (Figs. 9 and 10; Desrochers et al.,
2010; Zimmt et al., 2024). Above this surface
at the Lousy Cove/Laframboise contact, physi-
cal stratigraphic evidence indicates a prolonged
period of subaerial weathering and erosion (Des-
rochers et al., 2010; Ghienne et al., 2014; Zimmt
et al., 2024). An abrupt shift in both stable and
clumped isotope values across this contact,
consistent with glacial advance and significant
tropical cooling (Figs. 9 and 10), supports the
interpretation that this erosional surface marks
the Hirnantian Glacial Maximum in the Anti-
costi Basin. While the Laframboise Member
itself was previously considered to represent
the Hirnantian Glacial Maximum (Copper,
2001; Finnegan et al., 2011), we argue that it is
more properly considered to reflect conditions
that post-date the peak of the icehouse, which
is instead represented by evidence of sea-level
fall and subaerial weathering and erosion at
the underlying unconformity. Nonetheless, the
Laframboise Member was likely deposited while
there was still a substantial volume of ice on
Gondwana.

Along the Western Coast of Anticosti Island,
facies shifts in the Laframboise Member reflect
a gradual increase in water depth. Gradually
decreasing 8'%0 values, concurrent with ris-
ing A,; temperatures throughout the member
(Fig. 10) are both consistent with sea surface
warming and deglacial sea level rise. This sig-
nal is abruptly truncated at the contact between
the Laframboise Member and the overlying Fox
Point Member of the Becscie Formation, with
a rapid return to pre-Hirnantian §'%0 and §'*C
values. Physical stratigraphic evidence indicates
that this contact is a pronounced transgressive
ravinement surface, marked by a well-developed
hardground, the drowning of the Laframboise
bioherms, and a sharp shift from inner ramp
(Laframboise Member) to deep-subtidal facies
(Fox Point Member), reflecting the abrupt flood-
ing of the ramp (Desrochers et al., 2010; Jones
et al., 2011; Copper and Jin, 2014; Ghienne
etal., 2014; Zimmt et al., 2024). Bioherm devel-
opment in the Laframboise Member following
the peak of glaciation, culminating in a drown-
ing event and the development of a hardground,
resembles records preserving Holocene Melt-
water Pulse 1A, highlighting how abrupt early
deglacial eustatic sea-level rise can dramatically
reshape carbonate ramp ecosystems (Fairbanks,
1989; Cronin, 2012; Blanchon and Chutchara-
van, 2023).

In summary, both stratigraphic and geochemi-
cal evidence in the Anticosti Basin suggest that
ice sheet growth began at the contact between
the Vaureal and Ellis Bay formations (Katian/
Hirnantian boundary), preceding a pronounced



increase in ice volume at the contact between the
Lousy Cove and Laframboise members, mark-
ing the Hirnantian Glacial Maximum (middle
to late Hirnantian). Given that the true peak of
the icehouse is represented by the unconformity
at the Lousy Cove/Laframboise contact, the
preserved 6'80 increase at this surface (2.5%c—
4.5%o in fossil §'%0yppp) only serves as a lower
constraint on the combined effect of increasing
continental ice mass and tropical sea surface
cooling during the peak of the Early Paleo-
zoic Icehouse. Regardless, the total §'%0yppg
increase of ~4%0—5%o between the Vaureal and
Ellis Bay formations is comparable to tropical
8180 excursions associated with glacial advances
during the Late Paleozoic Icehouse (Grossman
et al., 2008). While caution is warranted in the
interpretation of epicontinental isotope records
(e.g., Swart, 2008; Grossman et al., 2008; Ahm
etal., 2017; Judd et al., 2020), the magnitude of
this excursion suggests that the Early Paleozoic
Icehouse may have had an impact on the Earth
system comparable to or exceeding subsequent
icehouse climates.

Our study thus substantially revises the only
previous paired 680 and A,; assessment of
the Ordovician/Silurian boundary by Finnegan
et al. (2011), which regarded the Laframboise
Member as a representative Hirnantian section
that captured the full range of isotopic variabil-
ity throughout the Hirnantian Glacial Maximum.
The A,, temperature and mineral §'30 curves
presented in Finnegan et al. (2011) are here inter-
preted to only capture a small subset of Hirnan-
tian climate and oceanographic change follow-
ing the peak of the Early Paleozoic Icehouse.
Conclusions based on the findings of Finnegan
etal. (2011; e.g., Melchin et al., 2013; Rohrssen
etal., 2013; Jones et al., 2017; Bond and Grasby,
2020; Longman et al., 2021; Rasmussen et al.,
2023) should therefore be revised accordingly,
particularly given that in the Anticosti Basin,
as well as in Ordovician/Silurian boundary sec-
tions around the world, physical stratigraphic
evidence suggests that the main phase of sea
level fall associated with the Hirnantian Glacial
Maximum did not occur until the middle to late
Hirnantian (Desrochers et al., 2010; Kiipli and
Kiipli, 2020; Calner et al., 2021; Ghienne et al.,
2023; Zimmt et al., 2024).

Revision to the timing and stratigraphic posi-
tion of the Hirnantian Glacial Maximum in the
Anticosti Basin, and elsewhere, raises questions
as to the veracity of the two-pulse hypothesis of
the Late Ordovician mass extinction (LOME).
The traditional interpretation of the extinction
event attributes the first, and largest, pulse of
extinction to global cooling and glacio-eustatic
fall at the Katian/Hirnantian boundary (Shee-
han, 2001). Clusters of last occurrences in the
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fossil record, commonly interpreted as a pulse
of extinction, occur at the Katian/Hirnantian
boundary in basins around the world: this bound-
ary is often marked by unconformities and/
or facies shifts that reflect glacio-eustatic fall
at the onset of the intensification of the Early
Paleozoic Icehouse (Holland and Patzkowsky,
2015). However, in the expanded Ordovician/
Silurian boundary section of the Anticosti Basin,
no cluster of last occurrences in the brachiopod
fossil record is present at the Katian/Hirnantian
boundary and the onset of the first phase of
global cooling and glacio-eustatic fall (see Cop-
per et al., 2013; though note the artificial trun-
cation in the ranges of certain species: see data
in Jin and Zhan, 2008, and Zimmt et al., 2021).
Instead, the first cluster of last occurrences in
the Anticosti Basin occurs in the upper, middle
Hirnantian part of the Ellis Bay Formation,
below the subaerial unconformity that marks
the Hirnantian Glacial Maximum when tropical
sea surface temperatures cooled and global ice
volume increased dramatically.

While clusters of last occurrences may repre-
sent genuine pulses of extinction (e.g., indicating
acommon cause; Peters, 2005), the clustering of
last occurrences at major stratigraphic surfaces
is predicted irrespective of the underlying pat-
tern of extinction (Holland, 1995, 2020). The
last occurrences of taxa in the fossil record can
be “backscattered” to older stratigraphic sur-
faces that predate an extinction event (Holland,
1995; Holland and Patzkowsky, 2015; Nawrot
et al., 2018; Zimmt et al., 2021). This effect is
seen in Hirnantian sections: for example, inten-
sive sampling at the Vinini Creek Ordovician/
Silurian boundary section revealed that grapto-
lite species previously thought to have become
extinct at the facies shift marking the Katian/
Hirnantian boundary persisted up to the Ordo-
vician/Silurian boundary. These range exten-
sions decreased the number of last occurrences
at the Katian/Hirnantian boundary both locally
and globally (Mitchell et al., 2007; Storch
et al., 2011). Studies of the global fossil record,
however, have found a clear signal of cooling-
driven extinction in the Late Ordovician (Van-
denbroucke et al., 2010; Finnegan et al., 2012;
Saupe et al., 2020). If cooling was indeed a main
driver of the LOME, it may have either caused
gradual extinctions in marine taxa as the ice-
house reached its peak (e.g., Sheets et al., 2016)
or as a pulse of extinction associated with the
Hirnantian Glacial Maximum itself, with last
occurrences backscattered to older stratigraphic
surfaces marking the Katian/Hirnantian bound-
ary (see Zimmt et al., 2021 and sources cited
therein). This may help to explain the discrep-
ancy in patterns of last occurrences between the
Anticosti Basin and other Ordovician/Silurian
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boundary sections. Further integrative studies
of Ordovician/Silurian boundary sections are
therefore essential for clarifying the relationship
between Earth system changes and the history of
life during this critical interval. Such studies will
play a key role in deconvolving the stratigraphic
influences that shape both the paleobiological
and geochemical records.

CONCLUSIONS

1. When combined, stable isotope (8'*C,
6180), carbonate clumped isotope (4,;), and
trace and minor element data (ICP-OES, pXRF)
can be used to identify fossils that primarily
experienced low water:rock ratio alteration (e.g.,
sediment-buffered alteration, solid-state reorder-
ing). However, burial history estimates suggest
that solid-state reordering may have influenced
the final A,; signature of fossils from the Ellis
Bay Formation and cannot be entirely ruled out.
Leveraging this integrative approach for iden-
tifying well-preserved fossils produces well-
constrained isotopic profiles for the Ellis Bay
Formation.

2. Rugose corals from the Ellis Bay Formation
record two intervals of increasing 8'80yppg val-
ues. The first is in the Fraise Member, just above
the Vaureal/Ellis Bay contact (1.0%c—1.5%0), and
the second is across the base of the Laframboise
Member (2.5%0—4.5%0). Both intervals can be
assigned to the Hirnantian Stage based on an
assessment of chemostratigraphic, biostrati-
graphic, paleobiological, sedimentological, and
sequence stratigraphic evidence.

3. Compared to our Katian reference frame,
the Hirnantian Glacial Maximum marks a
180y ppp excursion of 4%—5%o in the Anticosti
Basin. In contrast to previous work, which con-
sidered the Laframboise Member a representa-
tive record of the Hirnantian Glacial Maximum,
stratigraphic, 5'%0, and A,; data suggest that
the Laframboise Member was deposited in the
middle to late Hirnantian following the Hirnan-
tian Glacial Maximum, despite the continued
presence of large Gondwanan ice sheets and
cool tropical temperatures. This should supplant
the interpretation from previous studies (e.g.,
Finnegan et al., 2012).

4. A middle to late Hirnantian timing of
the Hirnantian Glacial Maximum apparently
contradicts the two-pulse model of the LOME,
which attributes a pulse of extinction to rapid
global cooling and glacio-eustatic fall at the
Katian/Hirnantian boundary. When combined
with insight from the fossil record, patterns of
fossil occurrences suggest that the first pulse
of extinction may have occurred as late as
the Hirnantian Glacial Maximum. These new
data thus challenge the notion that the pri-



mary pulse of the LOME occurs at the Katian/
Hirnantian boundary.
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