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ABSTRACT

Anticosti Island (Québec, Canada) con-
tains one of the thickest Ordovician/Silurian 
boundary sections in the world, providing a 
fossiliferous and well-preserved record of the 
Late Ordovician mass extinction; however, 
the absence of a comprehensive correlation 
framework for the island prevents the full 
incorporation of data from across Anticosti 
into a global understanding of the extinction 
event. Here, we combine sedimentological, 
stratigraphic, and chemostratigraphic data 
to develop a sequence stratigraphic frame-
work for the Ellis Bay and lowermost Becs-
cie formations along the northeastern shore 
of Anticosti Island. These formations record 
six fourth-order (∼100–400 k.y.) depositional 
sequences bounded by regionally traceable 
unconformities. Evidence of subaerial weath-
ering and exposure at many of these uncon-
formities is subtle and has long gone unrec-
ognized, which highlights the complexity of 
correlation in this and other stratigraphi-
cally thin icehouse records. Quartz pebble 
lags that mantle these surfaces punctuate the 
otherwise fine-grained, mixed carbonate–si-
liciclastic strata of the Ellis Bay Formation 
and provide the means to trace unconformi-
ties across localities; these surfaces are also 
marked by depleted carbon isotopic values, 
meteoric cement, microkarst, and incised val-
leys. This sequence stratigraphic framework 
provides the first correlation framework for 
exposures from the eastern end of this classic 
Ordovician/Silurian boundary section, and 

thus enables the integration of paleobiologi-
cal, stratigraphic, and geochemical data into 
a basin-wide perspective of the Late Ordovi-
cian mass extinction. Critically, comparison 
to sequence stratigraphic frameworks from 
coeval sections suggests that other regions 
may be incomplete at the level of the fourth-
order cycles recorded on Anticosti Island and 
may contain similarly cryptic unconformities.

INTRODUCTION

The end of the Ordovician Period was marked 
by a series of major climatic (e.g., Brenchley 
et al., 1994; Goldberg et al., 2021), oceanographic 
(e.g., Pohl et al., 2016; Bartlett et al., 2018), and 
biotic events (e.g., Finnegan et al., 2012; Harper 
et al., 2014; Rong et al., 2020) as the early Paleo-
zoic Icehouse (Page et al., 2007; ca. 470–425 Ma) 
reached its acme. As the icehouse waxed at the 
start of the latest Ordovician Hirnantian Stage 
(445.21–443.07 Ma), continental ice sheets 
rapidly expanded over high southern latitudes, 
ushering in an interval marked by glacioeustatic 
sea-level fluctuations exceeding that of the Last 
Glacial Maximum (Finnegan et al., 2011), a cool-
ing of tropical sea-surface temperatures (Vanden-
broucke et al., 2010), and global changes in oce-
anic redox conditions (Bartlett et al., 2018; Zou 
et al., 2018). Together, these consequences of the 
glaciation are often cited as triggering the Late 
Ordovician mass extinction, which drove ∼80% 
of marine species to extinction (Sheehan, 2001). 
An accurate sequencing of Hirnantian events is 
critical for interpreting the causal relationship 
between the Late Ordovician mass extinction 
and potential climate-related drivers. However, 
global syntheses of Hirnantian records at the sub-
stage level offer conflicting interpretations of the 
sequence of events across the Ordovician/Silu-

rian boundary and their relationship to the mass 
extinction (e.g., Sheehan, 2001; Harper et  al., 
2014; Wang et al., 2019; Rong et al., 2020). In 
part, this is due to the short duration (∼2 m.y. or 
shorter; Goldman et al., 2020) of the Hirnantian 
Stage and the limitations of biostratigraphic and 
chemostratigraphic correlation schemes that are 
used to align stratigraphic records among sedi-
mentary basins (Dowsett, 1988; Rong et al., 2002; 
Xiao et al., 2018; see Jones et al., 2020).

A regional, basin-wide assessment of the 
Ordovician/Silurian boundary could provide a 
detailed perspective on the timing of oceano-
graphic and climatic events during the early 
Paleozoic Icehouse and their relationship to the 
Late Ordovician mass extinction. The peak of 
the early Paleozoic Icehouse, like those of other 
icehouse climates, was characterized by major 
glacioeustatic fluctuations that produced com-
plex stratigraphic architecture in marine basins. 
Hirnantian exposures are marked by abrupt facies 
shifts and subaerial unconformities that record 
large changes in relative sea level (Moreau, 
2011; Ghienne et  al., 2014; Kiipli and Kiipli, 
2020; Calner et al., 2021). This complicates the 
sequencing of events during the Late Ordovician 
mass extinction, as stratigraphic architecture is 
an overarching control on the expression and 
preservation of biotic events in the fossil record 
(Holland and Patzkowsky, 2015; Holland, 2020). 
Properly interpreting the sequence of events dur-
ing the Hirnantian and their relationship to the 
mass extinction hinges on an accurate under-
standing of the structure of the stratigraphic 
record. Sequence stratigraphic principles pro-
vide a framework for combining data from indi-
vidual stratigraphic columns across a basin into a 
comprehensive understanding of the pattern and 
drivers of mass extinctions (Holland and Patz-
kowsky, 2015; Zimmt et al., 2021). This makes 
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a sequence stratigraphic perspective critical for 
interpreting regional records of the Hirnantian 
Stage and thus the pattern and drivers of the Late 
Ordovician mass extinction.

Here, we develop a sequence stratigraphic 
framework for the eastern Ellis Bay (Hirnan-
tian) and lowermost Becscie (Hirnantian/Rhud-
danian) formations along the northeastern shore 
of Anticosti Island (Québec, Canada; Fig.  1). 
Careful study of the stratigraphic record from a 
sequence-stratigraphic perspective enables the 
recognition of cryptic unconformities that bound 
six depositional sequences within the eastern 
Ellis Bay Formation. Many of these unconfor-
mities are unrecognizable in outcrop but are 
mantled by conspicuous horizons of quartz 
pebbles that can be traced across the study area. 
The presence of these quartz pebble lags in the 
otherwise fine-grained, carbonate-siliciclastic 
strata of the eastern Ellis Bay Formation signi-
fies a major fall in relative sea level that exposed 
portions of the ramp to subaerial weathering and 
erosion. The recognition of these six sequences 
solves the long-standing issue of correlation 

across the eastern Ellis Bay Formation and for 
the first time provides a correlation framework 
for the far end of this classic Ordovician/Silurian 
boundary section. Eastern exposures of the Ellis 
Bay Formation, long understood to be crucial 
sources of paleobiological, geochemical, and 
stratigraphic data, can now be incorporated into 
comprehensive studies of the Hirnantian Stage 
on Anticosti Island. We discuss the implications 
of this new framework for understanding the 
sequence of climatic, oceanographic, and biotic 
events across the Ordovician/Silurian boundary.

BACKGROUND

Strata exposed on Anticosti Island (Québec, 
Canada) preserve the Upper Ordovician and 
lower Silurian succession of the Anticosti Basin, a 
foreland basin that constitutes the eastern segment 
of the St. Lawrence Platform (Sanford, 1993). 
In the northern part of the basin around Antico-
sti Island, the Anticosti Basin corresponds to an 
undeformed homoclinal ramp that gently dips to 
the southwest (Castonguay et al., 2005). To the 

north, the sedimentary succession of the Anticosti 
Basin onlaps the Grenvillian metamorphic rocks 
of the Canadian Shield, and to the south, the basin 
is bounded by a fold-and-thrust belt that formed 
over successive Appalachian orogenies (Pinet 
and Lavoie, 2007). Subsidence rates associated 
with early Paleozoic thrust loading apparently 
peaked with the emplacement of Taconic thrust 
sheets in the Gaspé area during the Late Ordo-
vician and diminished across the Ordovician/
Silurian boundary as the basin transitioned to a 
successor basin (Long, 2007). Situated north of 
this Taconic deformation front, the succession on 
Anticosti Island is relatively undeformed despite 
the long-lived tectonic history of the basin (Pinet 
et al., 2012). Reflection seismic profiles show that 
minor normal faults, which played an important 
role in the Late Ordovician accommodation his-
tory of the basin, affected only subsurface strata 
on Anticosti Island (Bordet et al., 2010).

During latest Ordovician and earliest Silurian 
times, the Anticosti Basin was located along the 
eastern margin of Laurentia between 0° and 30°S 
paleolatitude (Fig.  2; McLaughlin and Brett, 
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Figure 1. Regional and local context of the study area on Anticosti Island (Québec, Canada). (A) Regional context of Anticosti Island in east-
ern Canada (inset; black box) depicting the mapped extent of the Ellis Bay Formation, shaded in green. (B) Measured stratigraphic columns 
(black lines) of the Ellis Bay Formation along the eastern end of Anticosti Island. Ordovician/Silurian boundary exposures include Rivière 
Natiscotec (49.47217°N, 62.51543°W), Rivière aux Saumons (49.39915°N, 62.36715°W), Ruisseau à la Batterie (49.38298°N, 62.24535°W), 
Ruisseau Macaire (49.37915°N, 62.20415°W), Rivière Schmitt (49.36435°N, 62.08352°W), Baie Prinsta (49.34463°N, 61.96760°W), and Anse 
Mauvaise (49.32336°N, 61.86337°W). Given coordinates reflect the midpoint of each exposure. Geologic map data are from Desrochers and 
Gauthier (2009); note that the lower boundary of the Ellis Bay Formation on this map is based on the definition of the Ellis Bay Formation 
sensu Long and Copper (1987a) and therefore does not correspond to the formational boundary of the Ellis Bay Formation as defined in this 
paper (see Copper et al., 2013).
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2007; Torsvik and Cocks, 2016; Cocks and 
Torsvik, 2021; Swanson-Hysell and Macdonald, 
2017). Sedimentation along the shallow ramp 
was dominated by storm processes, reflecting 
the position of Anticosti Island within the tropi-
cal storm belt (Sami and Desrochers, 1992; Long, 
2007). This thick (∼900 m) stratigraphic succes-
sion is exposed in an east–west-trending outcrop 
belt across the 200 km length of Anticosti Island 
and is divided into eight formations that span the 
Ordovician/Silurian boundary (Fig. 2; Schuchert 
and Twehhofel, 1910; Copper and Long, 1988; 
Copper et al., 2012; Copper and Jin, 2014, 2015), 
with the Ordovician portion of the succession 
comprising the Vaureal and Ellis Bay formations.

The Upper Ordovician Ellis Bay Formation 
preserves a succession of mixed carbonate–silic-
iclastic facies. In the east, the formation consists 
of a succession of shallow-water, mixed carbon-
ate–siliciclastic facies, while in the west, the 
Ellis Bay Formation consists of a suite of deeper-
water, predominantly carbonate and shale-dom-
inated facies (Petryk, 1981; Long and Copper, 
1987a; Desrochers et al., 2010), which is con-
sistent with the southwestern depositional dip 
of the ramp. Here, we distinguish between the 
western and eastern Ellis Bay Formation sensu 
Copper et al. (2013) to highlight their lithologic 
differences. Uncertainties in the lateral transition 
between these facies suites and poor exposure 
of the Ellis Bay Formation in the center of the 
island have complicated the development of a 
correlation framework for the formation. Long 
and Copper (1987a) were the first to propose 
an east–west correlation framework between 
the westernmost (Anse aux Fraises to Pointe 
Laframboise) and easternmost (Anse Mauvaise) 
exposures of the Ellis Bay Formation (Fig. 1), 

dividing the Ellis Bay Formation at Anse Mau-
vaise into five members (Grindstone, Velleda, 
Prinsta, Lousy Cove, and Laframboise), which 
they tentatively correlated with Bolton’s (1972) 
lithostratigraphic framework for the Ellis Bay 
Formation based on exposures from the west-
ern coast of the island. Later, Copper (2001) 
formally extended the lithostratigraphic frame-
work of Long and Copper (1987a) to the western 
exposures of the Ellis Bay Formation.

An assessment of chitinozoan assemblages 
from Upper Ordovician and lower Silurian strata 
on Anticosti Island by Achab et al. (2011, 2013) 
revealed that the base of the Ellis Bay Forma-
tion as established by Copper (2001) is highly 
diachronous. Building upon the biostratigraphic 
framework established by Achab et  al. (2011, 
2013), Desrochers et  al. (2010) described five 
transgressive–regressive (T–R) cycles for the 
Ellis Bay Formation. Copper et al. (2013) subse-
quently attempted to reconcile these lithostrati-
graphic and sequence stratigraphic frameworks 
by proposing separate lithostratigraphic frame-
works for the western and eastern exposures of 
the Ellis Bay Formation. In the west, Copper 
et al. (2013) divided the Ellis Bay Formation into 
the Fraise, Juncliff, Parastro, Lousy Cove, and 
Laframboise members. In the east, they retained 
the nomenclature of Long and Copper (1987a) 
but placed the boundary of the Ellis Bay For-
mation at the base of the Prinsta Member. This 
established two parallel sequence stratigraphic 
(Desrochers et al., 2010) and lithostratigraphic 
(Copper et al., 2013) frameworks for correlation 
within the Ellis Bay Formation, both of which 
relied on biostratigraphic constraints to define the 
Ellis Bay Formation. However, the applicability 
of a sequence stratigraphic framework that spans 
all western and eastern exposures of the Ellis Bay 
Formation has yet to be tested, hindering the inte-
gration of paleontological and geochemical data 
from Anticosti into a regional understanding of 
the Late Ordovician mass extinction.

Several lines of evidence support a Hirnantian 
age for the Ellis Bay Formation (Copper et al., 
2013). These include the occurrences of the bra-
chiopods Hirnantia (Jin and Zhan, 2008; Zimmt 
and Jin, 2023) in the lowermost eastern Ellis Bay 
Formation and Hindella (Copper and Jin, 2017) 
in the lowermost western Ellis Bay Formation. 
The post-Richmondian conodont Fauna 13, 
which is used to define the Gamachian Stage—
the regional equivalent to the Hirnantian Stage 
(Twehhofel et al., 1954; Goldman et al., 2020)—
also first appears at the base of the western Ellis 
Bay Formation (McCracken and Barnes, 1981; 
McCracken and Nowlan, 1988) and likewise 
supports a Hirnantian age (Goldman et  al., 
2020). Higher in the formation, diagnostic grap-
tolites from the Metabolograptus persculptus 

Zone (Melchin, 2008) and Hirnantian chitino-
zoans (Achab et al., 2011, 2013) occur within the 
Lousy Cove and Laframboise members, which 
affirms a Hirnantian age for the entire Ellis Bay 
Formation.

The position of the Ordovician/Silurian sys-
tem boundary on Anticosti Island is uncertain. 
Across the Ellis Bay/Becscie contact, brachio-
pod (Jin and Zhan, 2008; Li and Copper, 2006), 
chitinozoan (Achab et al., 2011, 2013), conodont 
(McCracken and Barnes, 1981; McCracken and 
Nowlan, 1988), and graptolite (Melchin, 2008) 
faunas transition to assemblages with latest 
Hirnantian to earliest Silurian affinities. These 
changes suggest that the system boundary lies at 
the Ellis Bay/Becscie contact or within the low-
ermost Becscie Formation (Petryk, 1981; Long 
and Copper, 1987a; Desrochers et al., 2010), but 
the precise position remains unclear.

METHODS

Seven closely spaced exposures of the upper-
most Vaureal, Ellis Bay, and lowermost Becscie 
formations were measured along the northeast-
ern coast of Anticosti Island (Figs.  1 and 3). 
Lithostratigraphic nomenclature for members 
and formations, unless otherwise specified, fol-
lows Copper et al. (2013). Note that west of Anse 
Mauvaise, the position of the Vaureal/Ellis Bay 
contact and lithostratigraphic units of the east-
ern Ellis Bay Formation, as described by Cop-
per et al. (2013), are difficult to trace, with the 
exception of the Laframboise Member, which is 
marked at its base by a regional Oncolite Plat-
form Bed sensu Desrochers et al. (2010). For 
each exposure, bedding thickness and character 
(Ingram, 1954), lithology, sedimentary struc-
tures, and body fossils were used to define facies. 
Thin sections for detailed lithological character-
ization were made of representative samples of 
each facies and at major stratigraphic contacts. 
Relationships among facies were inferred from 
regional correlations as well as gradational verti-
cal facies transitions.

At each exposure, samples were collected 
for stable carbon and oxygen isotopic analyses 
at 0.5 m spacing through the Vaureal Forma-
tion, the sub-Laframboise Ellis Bay Forma-
tion, and the lowermost Becscie Formation. 
Sampling near the Laframboise Member was 
conducted at a spacing of 0.1–0.25 m. Samples 
were sectioned and polished to sample micrite 
and fine-grained carbonate, where available, to 
characterize trends in the isotopic composition 
of seawater within the Anticosti Basin. At the 
Center for Stable Isotope Biogeochemistry at the 
University of California, Berkeley, in Berkeley, 
California, USA, isotopic analyses were con-
ducted using a fully automated MultiCarb GV 

Figure 2. Paleogeographic reconstruction of 
Laurentia depicting one reconstruction of 
the approximate paleolatitude of Anticosti 
Island during the Late Ordovician (adapted 
from McLaughlin and Brett, 2007).
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IsoPrime system operated in dual inlet mode. 
At the Stable Isotope Biogeochemistry Lab at 
Washington University in Saint Louis, Missouri, 
USA, isotopic analyses were conducted using a 
Thermo Scientific Gas Bench II coupled to a 
DELTA V Advantage mass spectrometer. All 
stable isotopic values are reported in parts per 
mil (‰) relative to the Vienna Peedee belemnite 
(VPDB) standard by correcting to NBS-19 stan-
dards used for each run. The average analytical 
precision across all runs at the Center for Stable 
Isotope Biogeochemistry is (1σ) ±0.05‰ for 

δ18O and ±0.07‰ for δ13C, and at Washington 
University in Saint Louis, it is ±0.22‰ for δ18O 
and ±0.07‰ for δ13C. New isotopic data are 
supplemented with previously published data 
from Jones et al. (2011). The full dataset can be 
found in the Supplemental Material1.

FACIES ASSOCIATIONS AND 
DEPOSITIONAL SYSTEMS

Overview of Depositional Systems

Three depositional systems are recognized 
within the study area: the siliciclastic tidal (pre-
fix T; Table  1), mixed carbonate–siliciclastic 
ramp (prefix M; Table 2), and carbonate ramp 
(prefix C; Table 3) depositional systems. Facies 
within the mixed carbonate–siliciclastic ramp 
and carbonate ramp depositional systems reflect 

1Supplemental Material. The full carbon and 
oxygen isotope dataset. Please visit https://doi​.org​/10​
.1130​/GSAB​.S.24983262 to access the supplemental 
material, and contact editing@geosociety​.org with 
any questions.

Figure 3. Sequence-stratigraphic cross section of the eastern Ellis Bay Formation, using the maximum regressive surface of the Macairen 
Sequence as a datum. Major stratigraphic surfaces, including sequence-bounding unconformities (marked in red and bolded), maximum 
regressive surfaces (marked in blue), and maximum flooding surfaces (marked in black), can be traced across the study area; regressive 
surfaces of marine erosion (marked in green) are indicated but cannot be traced across localities. Alphanumeric codes to the left of each 
stratigraphic column refer to the facies associations listed in Tables 1–3; alphanumeric codes separated by a slash indicate where one facies 
(right of slash) is overlain by another facies (left of slash) over a thin stratigraphic interval.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37190.1/6268489/b37190.pdf
by University of California Berkeley Library user
on 08 August 2024

https://doi.org/10.1130/GSAB.S.24983262
https://doi.org/10.1130/GSAB.S.24983262
mailto:editing@geosociety​.org
https://doi.org/10.1130/GSAB.S.24983262


The eastern Ellis Bay Formation: A record of Hirnantian sea-level change

	 Geological Society of America Bulletin, v. 136, no. XX/XX	 5

a dominant control of storm processes, which is 
consistent with the findings of previous studies 
(Sami and Desrochers, 1992), and some facies in 
these two systems also preserve evidence of tidal 
processes (Tables 2 and 3; Fig. 3). Both systems 
are present across the study area. The siliciclastic 
tidal system is unique in the study area for the 
dominance of tidal processes and in its restric-
tion to depositionally updip (i.e., eastern) expo-
sures (Fig. 3).

For each facies, an interpretation of key 
features is given in the text, with detailed 
descriptions provided in Tables 1–3. In some 
cases, interpretations of facies differ substan-
tially from those of previous studies (e.g., 
Long and Copper, 1987a, 1987b; Desrochers 
et al., 2010).

Depositional Systems of the Eastern Ellis 
Bay and Uppermost Vaureal Formations

Siliciclastic Tidal Depositional System
The siliciclastic tidal depositional system 

contains a single siliciclastic facies association: 
the compound dune association (Table  1). It 
is present at the top of the Vaureal Formation 
(sensu Copper et al., 2013) at Baie Prinsta and 
Anse Mauvaise, as well as at Rivière Schmitt 
(Fig. 3).

The compound dune facies association (Tcd) 
consists of large-scale, trough cross-bedded 
sandstone with internal discontinuities at the 
base of foresets that are marked by angular mud-
stone (siliciclastic lithology) intraclasts, silici-
clastic coarse sand and pebbles, and gastropod 
grainstones. These features indicate the pres-
ence and passage of dunes that partially eroded 
underlying bedforms (Olariu et al., 2012). An 
upward transition from interbedded mudstone 
and fine-grained sandstone to alternating fine-
grained and coarse-grained sandstone reflects an 
increase in shear stress associated with the pas-
sage of the dune complex. Features such as tidal 
bundling, clay drapes, sigmoidal cross-bedding, 
heterolithic cross-stratification, and herringbone 
cross-stratification provide evidence of a strong 
tidal influence on deposition (Dalrymple, 2010). 
A marine environment is supported by the pres-
ence of open marine taxa, including cephalopods 
and trilobites.

Mixed Carbonate–Siliciclastic Ramp 
Depositional System

The mixed carbonate–siliciclastic ramp depo-
sitional system preserves six environments rep-
resented by the offshore, deep subtidal, shallow 
subtidal, shoreface, sand flat, and transgressive 
lag facies associations (Table 2). Excluding the 
transgressive lag facies, these environments 
constitute much of the thickness of the eastern 
Ellis Bay Formation. While deep and shallow 
subtidal facies associations are well-developed 
and occur across the study area, shoreface and 
sandflat facies associations are largely restricted 
to updip exposures and tend to be much thinner 
than deeper-water facies associations (Fig. 3).

The offshore facies association (Mof) is 
restricted to downdip exposures of the east-
ern Ellis Bay Formation, including Rivière 
Natiscotec and Rivière aux Saumons. Offshore 
facies consist of thin- to medium-bedded mud-
stone interbedded with lenticular, graded wacke-
stone and siltstone beds. An offshore setting is 
indicated by the thickness of the mudstone 
bodies and uncommon and distal storm beds 
(Aigner, 1982). Low-diversity fossil assem-
blages consisting of brachiopods and trilobites 
indicate a fully marine setting. Mof unconform-
ably overlies members of the transgressive lag 
facies association and commonly grades up into 
deep subtidal facies (Mds) or abruptly passes 
into shallow subtidal facies (Mss).

The deep subtidal facies association (Mds) 
consists of very thin to thin tabular mixed car-
bonate–siliciclastic beds interbedded with mud-
stone. Evidence of storm activity, such as grada-
tional beds with sharp, scoured bases; bioclastic 
lags; and concentrations of fossils differentiate 
the mudstone-rich (Mds1) and micritic (Mds2) 
deep subtidal facies from the offshore facies. 
Abundant rippled bedforms and hummocky 
cross-stratification in the rippled deep subtidal 
(Mds3) and hummocky deep subtidal (Mds4) 
facies associations indicate a strong storm and 
wave influence (Dott and Bourgeois, 1982); 
however, the tabular nature of bedding still sug-
gests deposition within the deep subtidal set-
ting (Droser and Bottjer, 1989; Pope and Read, 
1998). Open marine fossil assemblages within 
these facies are commonly low diversity. Mds 
overlies members of the transgressive lag facies 

association (Mtl) as well as the Mof in downdip 
exposures.

The shallow subtidal facies association (Mss) 
consists of highly bioturbated facies that are 
commonly nodular, a feature that is typical of 
Ordovician shallow subtidal settings (Droser 
and Bottjer, 1989; Holland and Patzkowsky, 
1997; Pope and Read, 1998). Members of this 
facies association vary greatly in their lithology, 
which can include silty fossiliferous packstone 
(Mss1; amalgamated shallow subtidal), mud-
stone interbedded with sandy grainstone (Mss2; 
mudstone-rich shallow subtidal), pure lime mud-
stone (Mss3; micritic shallow subtidal), sandy 
peloidal grainstone (Mss4; laminated shallow 
subtidal), and lime mudstone with abundant 
siliciclastic pebbles (Mss5; pebble-rich shallow 
subtidal). While small unbioturbated windows 
preserve sedimentary structures such as hum-
mocky cross-stratification and planar lamination 
in this facies association, most evidence of storm 
activity is almost completely destroyed by bio-
turbation. Shallow subtidal facies associations 
preserve diverse open-marine fossil assemblages 
with common disarticulation and fragmentation 
of skeletal elements. Members of this facies 
association commonly overlie Mds, with only 
a 10–50 cm gradational interval present at the 
transition between the deep and shallow subtidal 
facies associations.

The shoreface facies association (Msf) con-
sists of erosionally based fine- to coarse-grained 
grainstone and sandstone that is either trough 
cross-bedded (Msf1), hummocky cross-strati-
fied (Msf2), or can contain large rip-ups of the 
underlying facies (Msf3). Collectively, these fea-
tures indicate a high shear-stress, shallow-water 
environment (Clifton, 2006). Fragmented open-
marine fossils from each member of this facies 
association support the interpretation of a fully 
marine, shoreline proximal environment. All 
members of this facies association unconform-
ably overlie Mds.

The sandflat facies association (Msd) is 
restricted to updip exposures, where it is com-
posed of a mixture of calcareous sandstone and 
sandy peloidal grainstone, rarely interbedded 
with mudstone at the base of the facies associa-
tion. Tidal influence is indicated by sigmoidal 
cross-bedding with tidal bundling, clay drapes, 

TABLE 1. SILICICLASTIC TIDAL DEPOSITIONAL SYSTEM

Facies 
association and 
interpretation

Lithology and bedding Sedimentary structures Taphonomy Contacts and 
context

Tcd, compound 
dune

Very fine sandstone interbedded with 
mudstone, transitioning upward 
to very fine to coarse sandstone. 
Contains lags of angular mudstone 
clasts, coarse sand, and gastropods 
at the base of troughs.

Large-scale trough cross-bedding in sets 
30–50 cm thick with tidal bundling, clay 
drapes, and coarse lags at the base of sets. 
Heterolithic cross-stratification; sigmoidal 
cross-stratification; flaser, wavy, and lenticular 
bedding; and herringbone cross-stratification.

Very rare tabulate corals, 
stromatoporoids, and aulacerids, 
both abraded and fragmented. 
Smaller marine fossils are 
commonly abraded and 
concentrated in lenses.

Present below 
base of the 
Prinstan 
Sequence 
in updip 
localities.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37190.1/6268489/b37190.pdf
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and flaser and wavy bedding, all of which sug-
gest alternations in current strength and direction 
(Dalrymple, 2010). Msd contains shallow chan-
nels with current-aligned aulacerid stromato-
poroids, stromatoporoids, and tabulate corals 
that also occur in situ within Msd, suggesting a 
fully marine setting. Where it does not overlie an 
unconformity, Msd can overlie Mss2.

The transgressive lag facies association 
(Mtl) is present at all exposures and consists of 
three distinct facies that are commonly capped 
by hardgrounds and overlain by Mof, Mds, 
or Mss. The transgressive lag facies (Mtl1) is 
composed of thin tabular to channelized bod-
ies of bioclastic grainstone and packstone with 
quartz and rare lithic coarse sand to pebbles that 
form small pockets of conglomerate. Rounded 
and bored rip-up clasts derived from the under-
lying lithologies, rimmed by phosphate and 
pyrite, indicate a period of nondeposition and 
cementation of the seafloor (Sepkoski, 1982; 
Myrow et al., 2004). The reworked sandstone 
facies association (Mtl2) comprises tabular beds 
of calcareous, very fine-grained sandstone with 
rare mudstone interbeds. Beds are amalgam-
ated and capped by subtle bored hardgrounds 
but do not preserve any identifiable sedimen-
tary structures. The presence of abundant 
quartzose sand in the middle of an otherwise 
nearly clean carbonate unit is a common indi-
cator of subaerial unconformities, which sug-
gests that Mtl2 consists of reworked sands from 
an intervening period of subaerial weathering 
and erosion (Holland and Patzkowsky, 1996; 
Osleger and Montañez, 1996; García-Hidalgo 
et al., 2007; Wynn and Read, 2008; Read and 
Repetski, 2012). The presence of rare brachio-
pods indicates a marine setting. The condensed 
fossil-bed facies association (Mtl3) consists of 
tabular crinoidal grainstone and rare packstone 
beds. Condensation is indicated by the paucity 
of sedimentary grains other than crinoid ossicles 
that are highly resistant to degradation, as well 
as the abundance of authigenic pyrite (Scholle 
and Ulmer-Scholle, 2003). Grains other than 
crinoid ossicles are less common but include 
brachiopod valves, cephalopods, and, in some 
instances of this facies association, quartz grains 
of up to 1.5 cm in diameter.

Carbonate Ramp Depositional System
The carbonate ramp depositional system is 

composed of four facies associations within 
the study area. Three of these—the inner ramp, 
calcimicrobial patch reef, and siliciclastic shoal 
complex environments—are restricted to the 
Laframboise Member of the Ellis Bay Formation 
(Table 3; Fig. 3). The fourth, the deep subtidal 
facies (Mds4, Table 2), is present everywhere at 
the base of the Becscie Formation.

The inner ramp facies association (Cir) is 
composed of three facies. The transgressive 
inner ramp facies (Cir1) contains concentrically 
laminated oncoids of up to 3 cm in diameter, 
sand-sized peloids, and highly fragmented fos-
sils, which suggests a high-shear stress inner 
ramp environment. Cross-bedding was previ-
ously reported for this facies (Desrochers et al., 
2010). Cir1 fines upward and gradationally 
passes into Cir2, the peloidal inner-ramp facies, 
which preserves rare wave-ripple lamination. 
Cir2 commonly contains small calcimicrobial 
bioherms that range from small build-ups of 
tabulate corals to low-lying bioherms of ∼1 m 
in height and diameter. At Ruisseau Macaire, 
Cir2 is overlain by the inner ramp sand-wave 
complex facies (Cir3). Small-scale trough cross-
stratification with erosional set bases and oppos-
ing flow directions indicates oscillating current 
directions and a strong tidal influence, similar 
to conditions at other subtidal sand wave com-
plexes (Blakey, 1984).

The final two facies associations are restricted 
to the area around Rivière aux Saumons and 
Rivière Natiscotec, where they occur in lat-
eral association with one another. The patch 
reef complex facies association (Cpr) contains 
large, calcimicrobial patch reef complexes (up 
to 4–5 m thick and tens of meters in diameter) 
fringed by tabular bodies of crinoidal grainstone. 
Facies association Css is a starved siliciclastic 
shoal complex that is characterized by lenticu-
lar bodies of large-scale trough cross-bedding 
that in some places cut into underlying strata. 
Pebble lags consisting of fragments of Cir, Cpr, 
and oolitic grainstone, a lithology not observed 
in the study area, can be found as localized lags 
at the base of troughs. Similar starved siliciclas-
tic shoals occur along carbonate shelves fol-
lowing the Last Glacial Maximum, where relict 
siliciclastic sands deposited during the previous 
lowstand systems tract were reworked by storm 
processes along the inner ramp (Testa and Bos-
ence, 1998). Both Cpr and Css overlie Cir and 
are overlain by Mds4.

DEPOSITIONAL SEQUENCES

Along the eastern coast of Anticosti Island, the 
Ellis Bay Formation contains six depositional 
sequences, with the sixth sequence beginning at 
the base of the Laframboise Member and extend-
ing into the lowermost Fox Point Member of the 
Becscie Formation (Fig. 3). Each sequence is 
named for the exposure at which it is best devel-
oped, except for the Ballan Sequence, which is 
named for the soft-sediment deformation struc-
ture at the top of the sequence.

Sequence-stratigraphic nomenclature in this 
study follows the widely used four-systems 
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tract model of Hunt and Tucker (1992), which 
includes the lowstand (LST), transgressive 
(TST), highstand (HST), and falling stage 
(FSST) systems tracts, which are also referred 
to as the depositional sequence (cf. Catuneanu 
et al., 2009). Zecchin and Catuneanu (2013) 
and Catuneanu et al. (2009) provide a detailed 
discussion of the four-systems tract model.

In this sequence-stratigraphic model, the 
sequence boundary is placed at the subaerial 
unconformity and correlative conformity that 
defines the base of the LST. In sequences 
where subaerial weathering and erosion has 
removed the underlying FSST, the subaerial 
unconformity can also lie at the upper bound 
of the HST or lower systems tracts. Following 
standard convention, sequence boundaries are 
named for the overlying sequence. In sequences 
where the LST is present, the maximum regres-
sive surface (Helland-Hansen and Martinsen, 
1996) separates progradational strata of the 
underlying LST from retrogradational strata of 
the overlying TST. Both the subaerial uncon-
formity and maximum regressive surface can 
be eroded by waves during transgression, thus 
forming a composite surface with the transgres-
sive ravinement surface. The maximum flood-
ing surface, which separates the TST and HST, 
is commonly difficult to discern (cf. Zecchin 
and Catuneanu, 2013) because the turnaround 
from retrogradational to progradational stack-
ing occurs within uniform distal facies. In 
these cases, the maximum flooding surface is 
approximated by where progradational patterns 
first become apparent above the flooding surface 
that marks the base of the deepest facies of each 
sequence. Where the FSST is present, the HST 
can be separated from the FSST by either the 

basal surface of forced regression or a regres-
sive surface of marine erosion. While the basal 
surface of forced regression marks the onset of 
forced regression, it can be difficult to identify 
from outcrop data alone (Bhattacharya, 2011). 
Although regressive surfaces of marine erosion 
are diachronous, they constrain the position of 
the FSST. Given the absence of seismic data that 
would demonstrate the seaward and downward 
shoreface trajectory diagnostic of the FSST, we 
place the boundary between the HST and FSST 
at the lowermost regressive surface of marine 
erosion (Fig. 3).

Prinstan Sequence

The basal surface of the Prinstan Sequence 
is exposed at Baie Prinsta and Anse Mauvaise, 
where it is characterized by a switch from the 
siliciclastic tidal depositional system to the 
mixed carbonate–siliciclastic ramp depositional 
system (Fig.  4). It coincides with the contact 
between the Vaureal and Ellis Bay formations 
sensu Copper et al. (2013). At Baie Prinsta, this 
surface is marked by decimeter-scale, stromato-
poroid-encrusted mounds that protrude above 
erosive scours cut into the top of the underly-
ing compound dune facies association (Tcd), 
whereas at Anse Mauvaise it is nearly planar 
and subtly scalloped (Figs. 4A and 4B). Sands 
from Tcd are reworked into the shallow sub-
tidal facies (Mss2) in a thin interval above the 
contact, but well-cemented rip-up clasts of the 
underlying lithologies are absent. The basal sur-
face of the Prinstan Sequence is therefore con-
servatively interpreted as a surface of maximum 
regression combined with a transgressive ravine-
ment surface.

The exposed portion of the Prinstan Sequence 
consists predominantly of the HST of the 
sequence, which is characterized by the mixed 
carbonate–siliciclastic ramp depositional sys-
tem. Where it is fully exposed, the Prinstan 
Sequences ranges from 5.9 m to 6.7 m thick. 
Above the flooding surface at Baie Prinsta and 
Anse Mauvaise, the sequence consists of a 
shallowing-upward package of the mudstone-
rich, shallow subtidal facies (Mss2; Fig.  4B) 
conformably overlain by sandflat facies (Msd; 
Figs. 4C and 4D); the TST is largely absent or 
only present as a thin band at the base of the 
sequence. Poorly developed parasequences in 
Mss2 are capped by sandstone firmgrounds, 
which contrast with the highly bioturbated car-
bonate storm beds of Mss2. All other exposures 
consist of variants of deep subtidal facies. At 
Ruisseau Macaire, the mudstone-rich deep sub-
tidal facies (Mds1) contains several omission 
surfaces with hummocky cross-stratification 
beds that may signify parasequence boundar-
ies. West of Ruisseau Macaire, the proportion of 
mudstone relative to carbonate (predominantly 
lime mudstone) in deep subtidal facies progres-
sively decreases downdip. This decreasing silici-
clastic content is inferred to reflect an increase in 
the distance from a cratonic siliciclastic source 
that would have been in the present-day eastern 
part of the basin (Desrochers et al., 2010).

Macairen Sequence

The unconformity at the base of the Macairen 
Sequence is mantled by rounded quartz and rare 
lithic grains ranging from fine-grained sands to 
pebbles that are reworked into the transgres-
sive lag facies (Mtl1; Fig. 5A). This siliciclastic 

TABLE 3. CARBONATE RAMP DEPOSITIONAL SYSTEM

Facies association 
and interpretation

Lithology and bedding Sedimentary structures Taphonomy Contacts and context

Cir, inner ramp
Cir1, 

transgressive 
inner ramp

Oncoidal grainstone with peloids and skeletal fragments. 
Beds vary from thin to thick, tabular to lenticular in 
geometry. Abundant rip-up clasts at base and as 
cores of oncoids.

Overall fining upwards, with a 
decrease in size and abundance 
of oncoids.

Fossils fragmented, 
abraded, 
micritized, or 
covered by 
microbial layers.

Present at the base of the 
Saumons Sequence at 
all localities, but poorly 
developed at Ruisseau 
Macaire.

Cir2, peloidal 
inner ramp

Fine peloidal grainstone (nearly calcisiltite) with 
small calcimicrobe (∼1 m in height and diameter) 
boundstones (bioherms). Beds very thin to thin, tabular.

Wave-ripple cross-lamination. 
Overall fining upwards.

Fossils fragmented, 
abraded.

Gradationally overlying 
Cir1.

Cir3, sand-
wave 
complex

Coarse bioclastic grainstone, with variable amounts of 
quartz silt; syntaxial cement common. Beds irregular, 
very thin to thin, lenticular.

Small-scale trough cross-
stratification with opposing 
foreset dip directions. Sets 
3–10 cm thick.

Lacks fossils. Only at Ruisseau 
Macaire, immediately 
overlying Cir2.

Cpr, patch reef 
complex

Large (∼4–5 m in height, ∼5–20 m in diameter) 
calcimicrobe boundstones (patch reefs) flanked by 
coarse grainstone with abundant crinoid ossicles. 
Beds very thin to thin, tabular.

None. Fossils fragmented, 
abraded, often 
silicified or 
replaced by pyrite.

Directly overlying Cir1 in 
downdip settings, in 
lateral association with 
Cir3.

Css, starved 
siliciclastic 
shoal complex

Very fine to medium angular quartz sandstone. Beds 
laminated to medium, tabular. Contains pebble lags 
consisting of rounded fragments of C1, C2, and 
oolitic grainstone at the base of troughs.

Large-scale trough cross-
stratification transitions laterally 
from horizontal beds, in sets 
30–50 cm thick. Rip-up clasts 
of underlying or removed facies 
(e.g., ooid grainstone) at base of 
sets and in troughs.

Lacks fossils. Commonly directly 
overlying Cir1 in 
downdip settings, in 
lateral association with 
Cir2.
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lag is best developed at Ruisseau Macaire and 
Ruisseau à la Batterie, where dense accumu-
lations of siliciclastic sand and gravel in Mtl1 
form patches of calcareous conglomerate with 
irregular phosphate- and pyrite-rimmed rip-up 
clasts. Similar surfaces mantled by siliciclas-
tic sands and pebbles in carbonate-dominated 
intervals are important indicators of subaerial 
weathering and erosion, representing a signifi-
cant fall in base level that enabled the delivery 
of relatively coarse siliciclastic sediment into a 
generally carbonate-dominated system (Bam-
bach, 1988; Haynes, 1992; Budd et al., 2002; 
Saylor, 2003). In updip exposures, the uncon-

formity is a scoured and burrowed surface filled 
in by Mtl1 and marked by a black and purple 
stain at the top of the underlying sandflat facies 
(Fig.  5B). In downdip exposures, the uncon-
formity is marked by a thin, blackened, phos-
phatized hardground with irregular cavities and 
pockets, rimmed by diagenetic halos and filled 
by Mtl1. These features support the interpreta-
tion that the base of the Macairen Sequence is 
a combined subaerial unconformity and trans-
gressive ravinement surface.

At Rivière Schmitt, the basal unconformity 
of the Macairen Sequence is marked by an 
incised valley at least 15 m deep; comparison 

to updip exposures suggests that this surface 
truncates the entirety of the Prinstan Sequence 
at Rivière Schmitt. The valley fill consists 
of a succession of sandflat and tidal facies 
(Figs. 5C and 5D) that abruptly overlies under-
lying deep subtidal facies (Mds). Tidal currents 
during transgression likely reworked any flu-
vial facies originally deposited at the base of 
the valley (Smith and Read, 2000). Facies of 
this valley preserve an aggradational stacking 
pattern that is terminated by a flooding surface 
mantled by a dense lag of siliciclastic sand 
and pebbles, as well as rounded rip-up clasts, 
which mark a maximum regressive surface 

A B

C D

Figure 4. Facies and stratigraphic contacts of the Prinstan Sequence at Baie Prinsta, Québec, Canada. (A) Irregularly scalloped maximum 
regressive surface (MRS) at the base of the Prinstan Sequence is formed by differential erosion and encrustation/stabilization of the seafloor 
by stromatoporoids; the contact marks the transition from the tidal-influenced sands of the compound dune facies association (Tcd) to the 
nodular, mudstone-rich shallow subtidal facies (Mss2). (B) Exposure at the eastern end of Baie Prinsta capturing the transition from Mss2 
to interbedded sandstone, grainstone, and mudstone of sandflat facies (Msd); the recessive slope atop Msd marks the deep subtidal facies 
at the base of the overlying Macairen Sequence, which is marked by a subaerial unconformity (SU). (C) Detail of Mss2 and overlying Msd 
showing dense accumulations of stomatoporoids and tabulate corals. (D) Wavy and lenticular bedding characteristic of Msd suggests tidal 
influence.
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reworked by transgressive ravinement; a simi-
lar succession has been observed 2 km to the 
west at Rivière Petite Meule. The valley fill is 
therefore considered to be part of the LST and 
records some of the earliest deposition of the 

Macairen Sequence (Driese et al., 1994; Gré-
laud et al., 2006).

The Macairen Sequence is composed of the 
mixed carbonate–siliciclastic ramp depositional 
system. Above the maximum regressive surface, 

the sequence ranges from 2.5 m to 6.0 m in 
thickness. Above the lag facies (Mtl) mantling 
the transgressive ravinement surface, facies 
contacts within this sequence are gradational 
and record a progradational stacking of facies, 

A

E F

B

D
C

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37190.1/6268489/b37190.pdf
by University of California Berkeley Library user
on 08 August 2024



The eastern Ellis Bay Formation: A record of Hirnantian sea-level change

	 Geological Society of America Bulletin, v. 136, no. XX/XX	 11

which suggests that the preserved portion of the 
Macairen Sequence largely records deposition 
during the HST (Figs. 5E and 5F). The distri-
bution of facies within the sequence reflects the 
gentle southwestward slope of the ramp. Off-
shore facies (Mof), present at the base of the 
sequence in downdip exposures, do not extend 
eastward beyond Ruisseau à la Batterie, while 
sandflat facies (Msd), which cap the sequence 
in updip exposures, do not extend westward of 
Rivière Schmitt.

Ballan Sequence

The base of the Ballan Sequence is a maxi-
mum regressive surface that is marked by an 
abrupt transition from shallow subtidal and 
sandflat facies to deep subtidal facies across 
the study area. There is no evidence of sub-
aerial weathering or erosion at the base of the 
sequence, making it difficult to definitively 
place the Ballan sequence boundary (Fig. 3). 
The maximum regressive surface is immedi-
ately overlain by a thin interval of Mtl1, which 
is notable for the abundance of the gastropod 
Hormotoma gigantea and the presence of large 
tabulate corals of up to several decimeters in 
diameter. It is marked by the peak of the lower 
Hirnantian isotope carbon excursion (HICE; 
sensu Mauviel and Desrochers, 2016) at many 
exposures, which provides an additional means 
for correlation across the eastern Ellis Bay For-
mation (Fig. 6).

At every exposure, the Ballan Sequence is 
dominated by deep subtidal facies (Mds4), 
indicating overstep and maximum flooding of 
the ramp (Figs. 7A–7C); the sequence ranges 
from 2.5 m to 4.9 m in thickness. Mds4 is 
notable for its strong evidence of storm influ-
ence that becomes better developed from the 
base to the top of the facies. In many outcrops, 
this trend is the only evidence of shallowing. 
Exceptions are a thin interval of lower shore-
face (Msf2), and a thin interval of shallow sub-
tidal facies (Mss3) abruptly overlying Mds4 
at Anse Mauvaise and Rivière Natiscotec, 

respectively. These contacts may represent 
a regressive surface of marine erosion that 
marks the base of the FSST at each locality. A 
planed-off saucer structure (sensu McLaugh-
lin and Brett, 2004) marks the top of the Bal-
lan Sequence along the outcrop belt from Anse 
Mauvaise to Ruisseau Macaire (Figs. 7C and 
7D). Zones of intense deformation 0.2–2.5 m 
thick can be traced along coastal outcrops 
for tens of meters before pinching out, only 
to reappear at the same horizon farther along 
the exposure a kilometer or more away. Given 
the rarity of soft sediment deformation struc-
tures in the succession, the distinctive Ballan 
saucer structure is attributed to a single event, 
perhaps due to a combination of seismic (pos-
sibly the activation of subsurface faults; Bor-
det et al., 2010) and eustatic (forced regression 
and slope instability; McLaughlin and Brett, 
2004) processes.

Natiscotecan Sequence

The unconformity at the base of the Natiscote-
can Sequence is a sharp erosional surface with 
centimeters to decimeters of relief; it is mantled 
by a lag of phosphate and pyrite-rimmed, bored 
rip-up clasts and rounded quartz pebbles that 
are reworked into the facies of the transgressive 
lag facies association (Fig. 8). At Baie Prinsta, 
Mtl1 is present only where the unconformity 
truncates the axes of the Ballan saucer structure, 
but the rip-up clast and quartz pebble lag can be 
traced continuously above intervening stretches 
of undeformed strata (Figs.  7D and 7E). In 
downdip exposures, the erosional nature of the 
contact is visible only in hand samples and thin 
sections, where the surface is sharp, rimmed by 
a diagenetic halo, and abruptly overlain by Mtl1 
or Mtl3, both of which contain common quartz 
sand and pebbles (Figs. 8A and 8B). These fea-
tures suggest that the base of the Natiscotecan 
Sequence is a subaerial unconformity combined 
with a transgressive ravinement surface (Bam-
bach, 1988; Haynes, 1992; Hillgaertner, 1998; 
Budd et al., 2002; Saylor, 2003).

The Natiscotecan Sequence ranges from 
3.3 m to 8.3 m thick and shows a marked 
increase in thickness moving westward and 
downdip. Transgressive lag facies at the base of 
the Natiscotecan Sequence are well-developed 
between Rivière Schmitt (Mtl2) and Ruisseau à 
la Batterie (Mtl1 and Mtl3), where a series of 
condensed facies record the earliest stages of 
relative sea-level rise during the TST. Downdip, 
these facies pinch out to a thin interval of the 
condensed fossil-bed facies (Mtl3) that is capped 
by a well-developed phosphatic hardground, 
with borings and meter-sized, planed-off cepha-
lopods, that marks a major flooding surface 
(Fig. 8C). Above this surface, downdip expo-
sures record a package of offshore facies (Mof) 
that are abruptly overlain by a thick interval of 
shallow subtidal sediments (Mss1; Fig. 8D); this 
non-Waltherian facies contact defines a regres-
sive surface of marine erosion marking the base 
of the falling stage systems tract (Zecchin and 
Catuneanu, 2013). Farther updip, exposures are 
dominated by deep subtidal facies that record a 
subtle upward increase in siliciclastic grain size 
and bed thickness that is abruptly overlain by 
shoreface deposits (Figs. 8E, 8F, and 9A–9C). 
This abrupt juxtaposition of shoreface siliciclas-
tic facies atop deep subtidal carbonate facies is 
a common expression of forced regression in 
mixed carbonate–siliciclastic settings (Zecchin 
and Catuneanu, 2017).

Mauvaisen Sequence

The basal unconformity of the Mauvaisen 
Sequence is traceable from Anse Mauvaise 
to Rivière Natiscotec. In updip exposures, it 
is marked by a subtle erosional surface with 
sharply defined pits and pockets cut into under-
lying shoreface facies (Fig.  9B); vadose silts, 
calcite-filled vugs, and meteoric cements were 
reported from immediately below the uncon-
formity at Anse Mauvaise (Desrochers et  al., 
2010). Above this surface, a lag consisting of 
rounded quartz and rare lithic grains, ranging 
from medium-grained sands to pebbles, and 

Figure 5. Photos of the Macairen Sequence. (A) In situ portion of the transgressive grainstone lag facies (Mtl1) at the base of the sequence at 
Baie Prinsta containing well-rounded quartz pebbles. (B) Subaerial unconformity (SU) of the Macairen Sequence at Anse Mauvaise; where 
it is not removed by the transgressive surface, the upper several centimeters of the top of the Prinstan Sequence are darkly stained and 
marked by irregular pockets and cavities interpreted as microkarst. This surface is overlain by micritic deep subtidal facies (Mds2) with 
abundant Hindella, a common component of transgressive facies. The hammer used for scale is roughly 30 cm long. (C) Dense accumula-
tions of aulacerids in thin, channelized beds within sandflat facies (Msd) at Rivière Schmitt. (D) Detail of Msd from the lowstand systems 
tract (LST) at Rivière Schmitt showing sigmoidal cross-bedding and tidal bundling of fine-grained and coarse-grained sandstone layers. (E) 
Nearly complete succession of the Macairen Sequence at Baie Prinsta, with transgressive lag facies (Mtl1) (top of shelf at base of exposure) 
overlain by the micritic deep subtidal facies (Mds) that subsequently grade up into nodular, mudstone-rich shallow subtidal facies (Mss2). 
At the top of this photo, Mss2 passes upward into sandflat facies (Msd). (F) Exposure of at Rivière aux Saumons capturing the gradational 
contacts within the sequence. Offshore facies (Mof) pass upward into deep subtidal facies (Mds1), followed by a gradual transition to shal-
low subtidal grainstone of facies Mss1, which is capped by the Ballan Sequence maximum regressive surface (MRS).
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decimeter-scale platy rip-up clasts of the under-
lying lithologies are reworked into the lower-
most pebble-rich shallow subtidal facies (Mss5; 
Fig. 9C). The presence of hardgrounds within 
Mss5 indicates periodic sediment starvation and 
condensation in a subtidal setting (Gómez and 
Fernández-López, 1994; Föllmi, 2016). Mss5 is 
overlain by deep subtidal facies (Mds).

In downdip exposures west of Ruisseau 
Macaire, the basal unconformity of the Mau-
vaisen Sequence is placed at an abrupt change 
from nodular to tabular bedding within Mss1, 

which coincides with a marked decrease in 
bed thickness. At Ruisseau à la Batterie, 
Rivière aux Saumons, and Rivière Natiscotec, 
depleted carbon isotopic values occur below 
this change in bedding (Fig. 6). Comparison 
to isotopic data from the Mss1 facies of the 
Macairen Sequence suggests that this deple-
tion cannot be explained as a facies-specific 
effect; furthermore, isotopic data from more 
distal exposures of the western Ellis Bay For-
mation do not record this depletion (Mauviel 
and Desrochers, 2016). Instead, this isoto-

pic depletion is interpreted to reflect mete-
oric diagenesis during a period of subaerial 
weathering and erosion (Allan and Matthews, 
1982; Driese et  al., 1994; Railsback et  al., 
2012). The base of the Mauvaisen Sequence 
is therefore interpreted as a combined sub-
aerial unconformity and transgressive ravine-
ment surface.

The Mauvaisen Sequence gradually increases 
in thickness from Anse Mauvaise to Rivière aux 
Saumons, increasing from 5.9 m to 9.2 m thick. 
Lowermost strata of the Mauvaisen Sequence 

Figure 6. Carbon isotopic profiles for each locality plotted within the context of the sequence stratigraphic framework of the Ellis Bay 
Formation, using the base of the Saumons Sequence as a datum. This surface corresponds to the base of the Upper Hirnantian isotope 
carbon excursion (HICE) sensu Mauviel and Desrochers (2016). A small positive carbon isotope excursion at the contact of the Macairen 
and Ballan sequences marks the lower HICE of Mauviel and Desrochers (2016). See Figure 3 for key to facies and surfaces. VPDB—Vienna 
Peedee belemnite.
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are characterized by stratigraphic condensa-
tion, including multigenerational flat pebble 
conglomerates and well-developed hardgrounds 
that mark the base of the micritic deep subtidal 
facies (Mds2; Fig.  9D). However, Mds2 con-
stitutes nearly the entire sequence in downdip 
settings, obscuring the boundary between the 
TST and HST (Fig. 9E). Updip at Anse Mau-
vaise, the TST is defined by a single parase-
quence that records the alternation between 
shallow and deep subtidal facies (Fig. 9A). At 
the top of this parasequence, a well-developed 
hardground marks the base of a thick interval 
of deep subtidal facies, demarcating the lower 
bound of the HST. While hardgrounds are also 
present at Baie Prinsta, Rivière Schmitt, and 
Ruisseau Macaire, these surfaces are not cor-
relative. An interval of convolute bedding (sensu 
McLaughlin and Brett, 2004), ∼1.5 m below the 

most prominent hardground at Anse Mauvaise 
(Fig.  9F), can be traced westward along the 
coastline as it transitions to a saucer structure 
located above another prominent hardground 
present at the base of the sequence both at Baie 
Prinsta (Fig. 9G) and Rivière Schmitt. This sug-
gests that the hardground at Anse Mauvaise 
(marking the base of the HST) cannot be cor-
related with hardgrounds farther downdip. The 
maximum flooding surface at Baie Prinsta and 
Rivière Schmitt is therefore tentatively placed at 
an interval of thick mudstone and a thin, black-
ened, phosphatized hardground within Mds2, 
respectively. Farther downdip, the maximum 
flooding surface is placed in the lower portion 
of Mds2, which characterizes nearly the entire 
sequence at these localities.

Above the maximum flooding surface, sub-
tle evidence of shallowing is indicated by an 

increase in the number of packstone and grain-
stone storm beds within Mds2. The facies is ero-
sively overlain by the laminated shallow subtidal 
facies (Mss4), which contains abundant large, 
angular rip-ups of Mds2 at its base (Figs. 10A 
and 10B). Given the lack of evidence for signifi-
cant shallowing immediately prior to this transi-
tion, the abrupt, erosive transition from a deep 
subtidal to a shallow subtidal/inner ramp envi-
ronment is interpreted as a regressive surface of 
marine erosion that marks the base of the FSST 
of the sequence at each locality.

Saumons Sequence

The base of the Saumons Sequence is a well-
defined subaerial unconformity that is traceable 
across the eastern Ellis Bay Formation; this 
surface coincides with the base of the Lafram-

Figure 6. (Continued)
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boise Member, sensu Long and Copper (1987a) 
and Copper et al. (2013). Evidence of subaerial 
weathering and erosion is best expressed in 
updip exposures, where the surface is sharply 
defined and varies in expression from flat, with 
irregular cavities cut below the surface, to undu-
latory, ranging from centimeter-scale pitting to 
significant relief of up to 30 cm (Figs.  10C–
10F). In some places, such as at Anse Mauvaise 
and Baie Prinsta, inner ramp facies at the top 
of the Mauvaisen Sequence have been com-
pletely eroded, and large platy rip-up clasts (up 
to ∼50 cm in diameter) of underlying litholo-
gies mantle the unconformity. Moving west-
ward, evidence of subaerial weathering and 
erosion becomes more subtle and is expressed 
as pitting, small, irregular cavities, and a sharp, 
eroded surface (Fig. 10F). These features sug-
gest that the base of the Saumons Sequence is 
a combined subaerial unconformity and trans-
gressive ravinement surface (Zecchin and Catu-
neanu, 2013).

The TST of the Saumons Sequence is 
characterized by the carbonate ramp deposi-
tional system. At nearly every exposure, the 
unconformity is overlain by a well-developed 
transgressive inner ramp facies (Cir1); the 
one exception is Ruisseau Macaire, where 
only a thin layer of oncoids mantles the 
unconformity. Cir1 fines upward and grada-
tionally passes into the peloidal inner ramp 
facies (Cir2), which is either overlain by the 
sand-wave complex facies (Cir3), the patch 
reef complex facies (Cpr; Fig.  10G), or the 
starved siliciclastic shoal complex facies (Css; 
Fig. 10H). Both Cpr and Css are restricted to 
downdip exposures, where they can be later-
ally interspersed with one another. In some 
cases, rip-up clasts of ooid grainstone, a facies 
that is not present in situ at any exposure, are 
reworked in Css.

The shallow-water facies of the carbon-
ate ramp depositional system are capped by a 
phosphatic hardground across the eastern Ellis 
Bay Formation that drapes the bioherms pro-
truding above the surface. Reddish staining of 
this surface at Rivière aux Saumons indicates 
local enrichments of pyrite that were subse-
quently oxidized. Previous studies interpreted 

this sharply defined surface as a subaerial 
unconformity based on its paleorelief (in west-
ern outcrops), small-scale ridges and grooves, 
and the rounded pebble intraclast lags that 
mantle this surface (Desrochers et al., 2010); 
however, these features also could have formed 
in an entirely marine setting through transgres-
sive ravinement. In the study area, the surface 
displays no unequivocal evidence indicative 
of subaerial weathering and erosion such as 
paleokarst, incision, a light carbon isotopic 
spike, quartz pebble lags, or meteoric cements 
that mark subaerial unconformities in other 
sequences of the Ellis Bay Formation (Hill-
gaertner, 1998; Pope and Read, 1998; Brench-
ley et  al., 2006; Grélaud et  al., 2006; Rails-
back et al., 2012). Given the lack of definitive 
evidence to support a subaerial origin for the 
formation of this surface, the upper contact of 
the carbonate ramp depositional system in the 
study area is best described as a major flooding 
surface associated with sediment starvation and 
potential shutdown of the carbonate factory. It 
is overlain by a coarse, megarippled transgres-
sive lag (Mtl1) that is commonly blackened, 
with phosphate-replaced grains, which indi-
cate a prolonged period of condensation asso-
ciated with flooding of the ramp (Föllmi, 2016). 
At all exposures, Mtl1 is followed by Mds4, 
which onlaps the bioherms that protrude above 
the flooding surface. Where the HST of the 
Saumons Sequence is well-exposed, carbon-
ate beds of Mds4 display a thickening-upward 
trend, which broadly suggests progradation. 
The upper contact of the Saumons Sequence is 
not exposed at any locality.

DISCUSSION

Stratigraphic Architecture of the Ellis Bay 
and Lowermost Becscie Formations

Depositional sequences of the Ellis Bay and 
lowermost Becscie formations are broadly simi-
lar in their architecture, being dominated by pro-
gradational and forced-regressive stacking pat-
terns (Fig. 3). A typical depositional sequence 
begins with a combined subaerial unconformity 
and transgressive ravinement surface that is 

almost planar, reflecting erosional truncation of 
the subaerial unconformity (Zecchin and Catu-
neanu, 2013). For most depositional sequences, 
the LST is absent or, in the rare case of a minor 
relative sea-level fall, poorly developed and 
indistinguishable from the underlying HST, such 
as across the Macairen–Ballan contact. This is 
expected given the distance of the study area 
from the shelf break (Catuneanu, 2006).

The exception to this pattern is the valley 
fill within the Macairen Sequence at Rivière 
Schmitt, which is filled by a thick succession 
of tidally influenced facies that suggests a fall 
in relative sea level of at least 15 m. Exposures 
examined in this study most likely do not capture 
the full width or the maximum depth of erosion 
of the incised valley at the base of the Macairen 
Sequence. The predominantly siliciclastic facies 
of the uppermost Vaureal Formation and Prin-
stan Sequences in updip settings, as well as the 
conspicuous presence of tidal processes, mark-
edly contrast with the storm-dominated, carbon-
ate-dominated facies that characterize facies at 
localities downdip from Rivière Schmitt. Stud-
ies of other icehouse carbonate ramps reported 
that tidally influenced siliciclastics are common 
features of valley fills (Smith and Read, 2000), 
which suggests that the valley at the base of the 
Macairen Sequence may be one part of a larger 
incised valley system. Further data from the 
uppermost Vaureal Formation along the east-
ern coast of Anticosti Island will be critical for 
understanding the full extent of this incised val-
ley system.

In most depositional sequences of the study 
area, transgressive ravinement surfaces are over-
lain by the transgressive lag facies association 
(Mtl) that often constitutes most of the TST. A 
rapid rise in relative sea level, coupled with the 
low gradient of the ancient ramp, would have 
outpaced the rate of carbonate production and 
trapped siliciclastic grains in nearshore settings, 
producing a thin TST (Cattaneo and Steel, 2003; 
Zecchin, 2007; Zecchin and Catuneanu, 2017). 
In some sequences, the lag is overlain by a series 
of relatively thin facies that reflect conditions of 
sediment starvation and/or condensation during 
the TST. Rare, nearly pure siliciclastic facies in 
TSTs (e.g., the Natiscotecan Sequence) would 

Figure 7. Photos of the Ballan Sequence. (A) Interbedded lime mudstone and calcisiltite of the deep subtidal facies Mds4 at Anse Mauvaise; 
the lower contact of the saucer structure at the top of the Ballan Sequence is exposed just below the tree line. (B) East of part A, the Ballan 
soft-sediment deformation structure is well exposed. Note that the top of the saucer structure has been planed off, marking the subaerial 
unconformity (SU) of the Natiscotecan Sequence. (C) Exposure of the Ballan saucer structure at Baie Prinsta, where its planed-off upper 
contact coincides with the sequence boundary between the Ballan and Natiscotecan sequences. (D) Detail of the saucer structure from part 
C, showing how the axes of the loads have been irregularly eroded, with lows filled by a transgressive lag (transgressive lag facies associa-
tion; Mtl1) consisting of phosphate and pyrite-rimmed rip-up clasts and quartz pebbles in grainstone. (E) Where the saucer structure is not 
present at the top of the Ballan Sequence at Baie Prinsta, large, extensively bored, phosphate and pyrite-rimmed rip-up clasts and sparse 
quartz pebbles mantle the subaerial unconformity that separates the Ballan and Natiscotecan sequences. Hammer is 30 cm long.
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Figure 8. Photographs of the Natiscotecan Sequence. (A) Thin section of the basal transgressive grainstone facies (Mtl1) at the base of the 
sequence at Rivière Natiscotec. Quartz pebbles and sand reworked into the transgressive lag contrast with the fine-grained facies below and 
above Mtl1. (B) Thin section capturing the Ballan/Natiscotecan contact (sharp surface at top of thin section) at Rivière aux Saumons. Here, 
the condensed fossil bed facies (Mtl3) has a sharp, irregular contact with the underlying deep subtidal facies (Mds4) of the Ballan Sequence, 
but also fills in burrows below the contact. (C) At Rivière Natiscotec, a phosphatic hardground with large, planed-off, meter-sized orthocone 
nautiloids marks the top of Mtl1. Hammer is 30 cm long. (D) Complete exposure of the Natiscotecan Sequence at Rivière Natiscotec, with 
the Natiscotecan subaerial unconformity (SU) right above river level. The bench above river level is the hardground in part C, above which 
offshore facies (Mof) are abruptly overlain by thick-bedded grainstone of the amalgamated shallow subtidal facies association (Mss1). (E 
and F) Complete exposure of the Natiscotecan Sequence at Anse Mauvaise and Baie Prinsta, respectively. At both exposures, deep subtidal 
facies (Mds1, Mds2, and Mds4) are abruptly overlain by trough cross-stratified grainstone and sandstone of the shoreface facies Msf1. For 
detailed views of the Natiscotecan/Mauvaisen contact, see Figure 9.
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Figure 9. Photographs of the Mauvaisen Sequence. (A) Exposure of the Mauvaisen Sequence at Anse Mauvaise, where 
the contact between the shoreface facies Msf1 (red) and nodular pebble-rich shallow subtidal facies Mss5 (white) marks 
the subaerial unconformity (SU) at the base of the Mauvaisen Sequence; it is overlain by a succession of deep Mds and 
shallow Mss subtidal facies (Mds2, Mds4, Mss3, and Mss5). (B and C) Details of the Mauvaisen subaerial unconformity at 
Baie Prinsta showing microkarst pockets filled by pebble lags at the base of the overlying Mss5 facies and large, irregular 
rip-up clasts of the underlying Msf1 reworked into the lag at the base of Mss5. (D) Condensed transgressive lag facies 
Mtl1 just above the base of the sequence at Baie Prinsta with multiple generations of phosphate and pyrite-rimmed rip-up 
clasts beneath a well-developed hardground surface, suggesting multiple episodes of starvation and/or condensation. (E) 
Full exposure of the sequence at Baie Prinsta, dominated by lenticular lime mudstone of the micritic deep subtidal facies 
Mds2. The top of the sequence is marked by a pronounced grainstone bed (see Fig. 10). (F) Bedding-plane view of con-
volute bedding above the Mauvaisen subaerial unconformity, but below the maximum flooding surface of the sequence, 
at Anse Mauvaise showing broad antiforms and synforms along the deformed seafloor. (G) Saucer structure north of the 
bridge crossing Rivière Prinsta at Baie Prinsta, located above the maximum flooding surface of the Mauvaisen Sequence.
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presumably have been sourced from reworked 
sediments that were deposited on the ramp dur-
ing the FSST and LST of the previous sequence 
(Khetani and Read, 2002; Wynn and Read, 
2008; Read and Repetski, 2012; Testa and Bos-
ence, 1998).

In nearly all sequences, shallow-water facies 
of the TST are abruptly overlain by deeper-water 
carbonates and mudstones, reflecting a rapid rise 
in relative sea level. Progradational patterns in 
the HST are indicated by shallowing-upward 
facies stacking patterns or, where the HST 
consists of a single facies (e.g., in the Ballan, 
Mauvaisen, and Saumons sequences), increases 
in the frequency, thickness, and proximality of 
storm beds. Siliciclastic and shallow-water car-
bonate facies abruptly overlying finer-grained 
offshore and deep subtidal facies reflect the 
down-stepping of the shoreline during the FSST 
(Zecchin and Catuneanu, 2017). The regressive 
surface of marine erosion at the base of these 
erosively based deposits is commonly mantled 
by large rip-up clasts of the underlying litholo-
gies, which indicates a prolonged period of sedi-
ment bypass and seafloor cementation during 
forced regression (Pattison, 1995; see Zecchin 
and Catuneanu, 2017). In some cases, and rather 
atypically, FSSTs comprise the thickest part of 
the depositional sequences in the study area 
(e.g., the Natiscotecan Sequence).

Evidence of Subaerial Weathering and 
Erosion in the Ellis Bay Formation

Subaerial unconformities in the eastern Ellis 
Bay Formation are traceable across the study 
area, enabling the recognition of six depositional 
sequences within the Ellis Bay and lowermost 
Becscie formations (Fig. 3). These unconformi-
ties are commonly combined with the transgres-
sive ravinement surface, which may remove 
or rework evidence of subaerial weathering 
and erosion (Zecchin and Catuneanu, 2013; 
Figs.  5B, 7D, 8A, 9B, and 10B–10F). Each 
of these unconformities represents a substan-
tial gap in the stratigraphic record and reflects 
a combination of nondeposition and erosion 

associated with relative sea-level fall and trans-
gressive ravinement. Notably, evidence of sub-
aerial weathering and erosion at each of these 
surfaces becomes increasingly subtle westward 
and downdip due to an inferred shorter duration 
of subaerial exposure and an increased period 
of bypass and nondeposition during transgres-
sion resulting from siliciclastic sequestration in 
nearshore areas and the reestablishment of the 
carbonate factory (Figs. 10D–10F). Siliciclastic 
grains reworked into the transgressive lag and 
lower part of the TST commonly mark uncon-
formities in downdip exposures that would oth-
erwise be cryptic. These lags vary from lenses 
of pebble conglomerates to horizons of sparse 
quartz pebbles, but they can all be traced along 
unconformities to updip exposures. The broad 
distribution of these thin horizons of siliciclas-
tic sand and gravel over an area of the ramp 
previously dominated by carbonate production 
indicates a dramatic shift in sedimentation pat-
terns within the predominantly fine-grained 
mixed carbonate–siliciclastic ramp depositional 
system, which require a marked increase in 
the volume and rate of transport of siliciclastic 
sediment to the inner and mid-ramp. Long-term 
changes in weathering or tectonic uplift that 
may modify siliciclastic source areas would be 
unlikely to produce such intermittent and brief 
pulses of siliciclastic sand and gravel to the 
ramp (e.g., Pope and Read, 1998; Saylor, 2003). 
These are instead attributed to high-frequency 
glacioeustatic fluctuations, which would have 
repeatedly flooded and drained epicontinental 
seas during the Hirnantian Stage, generating 
intermittent increases in both the source area and 
rate of transport of siliciclastic grains to the ramp 
(Read, 1998; Khetani and Read, 2002; García-
Hidalgo et al., 2007). The incised valley at the 
base of the Macairen Sequence suggests that 
relative sea-level changes in the Anticosti Basin 
were sufficient for rivers to incise deep valleys 
and transport siliciclastic material to settings that 
were previously in mid-ramp positions (Driese 
et al., 1994; Grélaud et al., 2006). These silici-
clastics would have been subsequently reworked 
by waves during transgression and incorporated 

into the TST as lags and reworked siliciclastic 
facies (Haynes, 1992; Saylor, 2003; Wynn and 
Read, 2008; Read and Repetski, 2012).

At the outcrop scale, geometries of subaerial 
unconformities tend to be flat to broadly undu-
latory but can locally have several decimeters 
of relief, such as at the base of the Saumons 
Sequence at Anse Mauvaise and Baie Prinsta, 
where underlying inner ramp facies were sub-
ject to a prolonged period of subaerial weather-
ing and erosion (Fig. 10). Evidence of meteoric 
alteration at these surfaces is indicated by micro-
karst, with surfaces that are sharp, pitted, and 
stained by iron-oxides, and in updip exposures 
underlain by irregular pockets and cavities (Pope 
and Read, 1998; Hillgaertner, 1998; Brady and 
Bowie, 2017). Gravitational cements, solution-
enlarged vugs (Desrochers et  al., 2010), and 
depleted carbon isotopic values below unconfor-
mities in downdip settings are also suggestive 
of meteoric alteration (Fig. 6). Depleted carbon 
isotopic values are attributed to exchange with 
meteoric pore waters depleted in δ13C, given 
their localized expression (see Mauviel and Des-
rochers, 2016) and the restricted stratigraphic 
interval over which they occur (Allan and Mat-
thews, 1982; Driese et al., 1994). Rare samples 
of intraclast breccias also have been recovered 
from slumps of the Ellis Bay Formation close to 
the Mauvaisen unconformity at Rivière Schmitt. 
While the stratigraphic position of these samples 
cannot be further constrained, their characteris-
tics suggest a paleokarst origin.

Comparisons with Previous Sequence 
Stratigraphic Frameworks

Desrochers et al. (2010) is the only other study 
that reported unconformities from the eastern 
Ellis Bay Formation. In their study of the upper-
most Vaureal, Ellis Bay, and lowermost Becscie 
formations at Anse Mauvaise, Desrochers et al. 
(2010) documented five T–R sequences (TR-1 
through TR-5) defined by maximum regressive 
surfaces and subaerial unconformities, follow-
ing Embry and Johannessen (1992). Desrochers 
et al. (2010) heavily relied on the context and 

Figure 10. Photographs of the upper Mauvaisen and Saumons sequence. (A) Erosive base of the laminated shallow subtidal facies (Mss4) at 
the top of the Mauvaisen Sequence at Rivière aux Saumons, overlying micritic deep subtidal facies (Mds2). (B) Laminated shallow subtidal 
facies (Mss4) as exposed up-river from Baie Prinsta at the top of the Mauvaisen Sequence, capped by a sharp, irregular surface that marks 
the Saumons subaerial unconformity (SU). (C) Irregular karst surface truncating Mss4 up-river from Baie Prinsta, filled in by the lowermost 
inner ramp facies Cir1, which marks the base of the Saumons Sequence. (D) The contact between Mss4 and Cir1 marks the unconformity at 
the base of the Saumons Sequence at Anse Mauvaise; across much of the exposure at this exposure, Mss4 has been completely eroded away 
and is present only as rip-up clasts and as the cores of oncoids in the base of Cir1. (E) Bedding-plane view of the contact between the Saumons 
and Mauvaisen sequences depicted in part C up-river from Baie Prinsta, revealing an irregular karst surface that cuts down into the top 
of the Mauvaisen Sequence. (F) Contact between the Mauvaisen and Saumons sequences at Rivière aux Saumons showing irregular high-
amplitude, low-relief undulations. (G) Bioherms of the patch reef complex facies (Cpr) in the Saumons Sequence at Rivière aux Saumons 
(Nine-Mile Pool exposure) are up to 4 m high and 20 m across. (H) Trough cross-bedding of coarse-grained sandstone at Rivière Natiscotec 
indicates the existence of dunes migrating across the inner ramp during the early stages of transgression during the Saumons Sequence.
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geometry of stratigraphic surfaces to infer the 
presence of subaerial weathering and exposure, 
making the inference of subaerial unconformi-
ties difficult, as many of these surfaces were 
modified by transgressive ravinement. In many 
cases, the interpretation of subaerial exposure 
was not substantiated until the present study. 
Investigation of the eastern Ellis Bay Forma-
tion westward of Anse Mauvaise demonstrates 
that the lateral extent of subaerial unconformi-
ties is much greater than reported by Desrochers 
et al. (2010); each of the subaerial unconformi-
ties at Anse Mauvaise described by Desrochers 
et al. (2010) can be traced westward to Rivière 
Natiscotec.

Differences in the criteria used to recognize 
and interpret major stratigraphic surfaces within 
the Ellis Bay Formation prevent a reconciliation 
between the interpretation of Desrochers et al. 
(2010) and the present study. For example, the 
Prinstan, Macairen, and Ballan depositional 
sequences of this study were not described by 
Desrochers et al. (2010), who considered them 
“smaller scale” parasequences within their 
TR-1 sequence and proposed that they had lim-
ited potential for regional correlation (Fig.  4; 
Desrochers et  al., 2010). As shown here, the 
Prinstan, Macairen, and Ballan depositional 
sequences and their bounding surfaces are all 
traceable across localities of the eastern Ellis 
Bay Formation. Higher in the eastern Ellis Bay 
Formation, the maximum regressive surface 
separating TR-3 and TR-4 is placed at a phos-
phatic hardground, which is interpreted here as 
the maximum flooding surface of the Mauvaisen 
Sequence. However, these T–R sequences and 
the hardground separating them are not traceable 
west of Anse Mauvaise. Three of the five T–R 
sequences identified by Desrochers et al. (2010) 
therefore have limited potential for correlation 
and do not have an equivalent in the present 
study. Finally, the top of TR-5 lacks definitive 
evidence of subaerial weathering and erosion. A 
step-function in the upper HICE across the top 
of TR-5 in the western Ellis Bay Formation, used 
as evidence of subaerial exposure, is not present 
in the eastern Ellis Bay Formation, which sug-
gests that the magnitude of the hiatus across this 
surface is greater in distal ramp settings than in 
proximal ramp settings. Therefore, either the 
correlation of this surface by Desrochers et al. 
(2010) is incorrect or the top of TR-5 is not a 
subaerial unconformity.

Despite these differences, some of the sur-
faces of Desrochers et al. (2010) coincide with 
surfaces identified in this study. Specifically, the 
base of TR-1 coincides with the base of the Prin-
stan Sequence, the base of TR-2 is equivalent 
to the base of the Natiscotecan Sequence, and 
the base of TR-3 is the same as the base of the 

Mauvaisen Sequence, which is equivalent to the 
entirety of both TR-3 and TR-4. Finally, the base 
of the TR-5 sequence coincides with the base 
of the Saumons Sequence, which, based on bio-
stratigraphic and chemostratigraphic data, is the 
only surface that can be confidently extended to 
the western Ellis Bay Formation. This suggests 
that the Saumons unconformity is a regionally 
traceable surface that represents a greater fall in 
relative sea level compared to older unconformi-
ties in the eastern Ellis Bay Formation.

Depositional Sequences of the Ellis Bay 
Formation Reflect Glacioeustasy

Sequence stratigraphic architecture of Ordovi-
cian/Silurian boundary exposures is commonly 
interpreted to reflect an overarching glacioeu-
static control on relative sea level, particularly 
given the climatic context of the Hirnantian 
Stage (Brenchley et al., 1994; Page et al., 2007; 
Finnegan et  al., 2011). Many features of the 
eastern Ellis Bay Formation are consistent with 
a strong glacioeustatic forcing. Sequences of 
the eastern Ellis Bay Formation are similar to 
fourth-order sequences developed during the late 
Paleozoic and Cenozoic icehouses, being thin, 
on the order of 10 m or less, and incomplete at 
the systems tract level, (Kidwell, 1997; Read, 
1998; Fielding et al., 2006; Di Celma and Canta-
lamessa, 2007). The overall architecture of Ellis 
Bay depositional sequences consists of shallow-
ing-upward sequences of a similar magnitude 
bounded by closely spaced, regionally traceable 
unconformities. These patterns are consistent 
with a glacioeustatic driver of relative sea-level 
change (Catuneanu and Zecchin, 2013). Facies 
deposited during Ellis Bay TSTs and HSTs are 
predominantly carbonate, while facies of Ellis 
Bay FSSTs and LSTs reflect the influence of a 
nearshore siliciclastic system. This pattern of 
reciprocal sedimentation (Van Siclen, 1964), the 
“lower carbonate–upper siliciclastic” pattern of 
Catuneanu et al. (2011), has been attributed to 
high-frequency relative sea-level changes dur-
ing icehouse intervals (Read, 1998). In contrast 
to late Paleozoic and Cenozoic sequences, the 
eastern Ellis Bay Formation is dominated by 
aggradational, progradational, and degradational 
stacking patterns, which are referred to as the 
R-cycle by Zecchin (2007). Sequences deposited 
during icehouse intervals are dominated by ret-
rogradational stacking and top-truncation owing 
to the magnitude of transgressive ravinement 
associated with transgression during icehouse 
climates that removes much of the HST and 
FSST. These kinds of sequences were termed 
the T-cycle by Zecchin (2007). The dominance 
of regressive facies in the Ellis Bay Formation 
may reflect its development on a relatively rap-

idly subsiding area (see discussion of Long, 
2007, in the following paragraph) in contrast to 
the much lower accommodation rates of other 
Paleozoic and Cenozoic platforms. Rapid sub-
sidence rates would favor rapid relative sea-level 
rise during transgression and prevent significant 
truncation of regressive deposits during relative 
sea-level fall associated with normal and forced 
regression.

Alternative drivers of accommodation change, 
such as tectonic subsidence, would have been 
unlikely to generate the regular, high-frequency 
sequences of the Ellis Bay Formation, although 
subsidence rates would have modified the 
architecture of these depositional sequences as 
stated above. Backstripping analysis of Anti-
costi Island by Long (2007) demonstrated that 
rates of relative sea-level change peaked dur-
ing the deposition of the Vaureal Formation 
and abruptly declined during the deposition of 
the Ellis Bay Formation. In his analysis, Long 
(2007) did not account for the rate of eustatic 
sea-level change, and therefore calculated the 
rate of relative sea-level (accommodation) 
change throughout the succession, not the rate 
of tectonic subsidence (e.g., Hayden et  al., 
2008). The onset of glacioeustatic fall during 
the Hirnantian would have reduced the rate of 
relative sea-level change compared to that of the 
underlying Katian strata, producing the marked 
decrease in rates Long (2007) calculated across 
the Vaureal/Ellis Bay formational contact. It is 
likely that elevated subsidence rates persisted 
or gradually declined throughout the deposition 
of the Ellis Bay Formation, producing a slower 
but overall net positive rate of relative sea-level 
change during the Hirnantian. Elevated rates of 
subsidence would have modified the relative 
sea-level curve for the ramp by generating rapid 
rises in relative sea level and prolonged periods 
of positive accommodation rates relative to other 
coeval exposures, resulting in the development 
of the R-cycle architecture that characterizes the 
Ellis Bay Formation compared to the T-cycle 
architecture that typifies other icehouse climates 
(Catuneanu and Zecchin, 2013).

Recent reappraisals of the biostratigraphy 
(Melchin, 2008; Achab et al., 2011, 2013; Cop-
per et al., 2013; Copper and Jin, 2017; Zimmt 
and Jin, 2023) and chemostratigraphy (Mauviel 
and Desrochers, 2016) of the Ellis Bay Forma-
tion assigned the entire Ellis Bay (sensu Copper 
et al., 2013) and lowermost Becscie formations 
on eastern Anticosti Island to the Hirnantian 
Stage, implying that the six sequences described 
here span an interval of ∼2 m.y. (Goldman et al., 
2020). If time is apportioned equally among the 
six sequences, each sequence would represent 
∼333 k.y., which is close to the periodicity of 
the Milankovitch 400 k.y. eccentricity cycle. If 
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the hiatuses at each subaerial unconformity are 
long, as interpreted here, then the amount of 
time represented by the total thickness of each 
sequence would be substantially shorter. In their 
cyclostratigraphic assessment of the Ordovician/
Silurian boundary on Anticosti Island, Mauviel 
et  al. (2020) defined multiple orders of T–R 
cycles throughout the western Ellis Bay Forma-
tion based on bed thickness, facies transitions, 
and storm proximality trends, following Sami 
and Desrochers (1992) and Long (2007). While 
there potentially is evidence to suggest multiple 
orders of sea-level fluctuation within the eastern 
Ellis Bay Formation (e.g., the maximum regres-
sive surface at the base of the Ballan Sequence), 
meter-scale cycles that are present in the western 
Ellis Bay Formation are absent from the eastern 
Ellis Bay Formation. Any change in relative sea 
level would be more apparent in the shallower 
water, more shoreline-proximal setting of the 
eastern Ellis Bay Formation, where facies tran-
sitions are more marked than in the deeper-water 
facies of the western Ellis Bay Formation. Given 
the absence of such cycles from the eastern Ellis 
Bay Formation, it is likely that any evidence of 
such meter-scale cycles within individual facies, 
if indeed driven by allocyclic forcing, was 
removed by amalgamation and scour surfaces 
that characterize the shallow-water facies of the 
eastern Ellis Bay Formation.

A comparison of the basinward extent of 
unconformities in the Ellis Bay Formation can 
be used to assess the relative magnitude of each 
sea-level cycle, following Desrochers et  al. 
(2010). Unconformities present in the eastern 
Ellis Bay Formation are traceable across the 
study area, with only the base of the Ballan 
Sequence being marked by a maximum regres-
sive surface, thus suggesting that the sequence-
bounding unconformity may be restricted to 
portions of the ramp farther updip, eastward of 
the study area. Correlation of the unconformity 
at the base of the Saumons Sequence with the 
base of the TR-5 Sequence from Desrochers 
et al. (2010) extends the Saumons unconformity 
across the outcrop belt. This makes it the only 
recognized basin-wide unconformity in the Ellis 
Bay Formation, and therefore it represents the 
largest fall in relative sea level among the six 
sequences. Enrichments in oxygen isotopic val-
ues and cooler clumped isotopic paleotempera-
tures above the Saumons unconformity in the 
western Ellis Bay Formation support the inter-
pretation that the surface represents the largest 
glacioeustatic fall during the Hirnantian Glacial 
Maximum (Finnegan et al., 2011; Mauviel et al., 
2020). The interpreted pattern of glacioeustatic 
sea-level change from the Ellis Bay Forma-
tion is therefore a series of small- to moderate-
amplitude, early- to mid-Hirnantian cycles that 

culminated in a final, high-amplitude cycle dur-
ing the mid- to late Hirnantian, followed by a 
rapid rise in eustatic sea level that persisted into 
the Rhuddanian. This is consistent with the pat-
tern of relative sea-level fluctuations recorded 
in other Hirnantian exposures around the world 
(Ghienne et al., 2014; Kiipli and Kiipli, 2020; 
Calner et al., 2021).

Implications for Latest Ordovician Events

In contrast to earlier models of either one or 
two glacioeustatic sea drawdowns during the 
Hirnantian (Brenchley et al., 1994; Finney et al., 
1999; Sutcliffe et al., 2000; Sheehan, 2001), the 
Ellis Bay Formation supports the existence of 
a Cenozoic-style icehouse that culminated in a 
middle–late Hirnantian glacial maximum. This 
pattern is consistent with modeling and field 
studies that have built an increasingly complex 
picture of the dynamics of glacial–interglacial 
cycles throughout the early Paleozoic Icehouse 
(Moreau, 2011; Ghienne et al., 2014; Pohl et al., 
2016; Pohl and Austermann, 2018; Sinnesael 
et al., 2021). Because of this complexity, inter-
basinal correlation of sequences from different 
settings, particularly between ice-distal and ice-
proximal sites, is tenuous at best and difficult to 
test with alternative correlation methods (Pohl 
and Austermann, 2018; Creveling et al., 2018), 
although interbasinal correlations of Ordovician/
Silurian boundary sections have been proposed 
previously (e.g., Bergström et al., 2006; Melchin 
et al., 2013; Ghienne et al., 2014). Because of the 
recognized difficulties in interbasinal correla-
tion during the Hirnantian Stage and the current 
limitations of biostratigraphic correlation of the 
Anticosti Basin with other Ordovician/Silurian 
boundary sections, we do not presently speculate 
on interbasinal correlations using the sequence 
stratigraphic framework for Anticosti Island.

Recent revisions to the stratigraphy of Ordo-
vician/Silurian boundary exposures document 
fewer sequences (two to four) and unconformi-
ties (two to three) in Hirnantian strata (Moreau, 
2011; Ghienne et  al., 2014; Kiipli and Kiipli, 
2020; Calner et al., 2021) compared with the six 
sequences and four unconformities described 
here for the eastern Ellis Bay Formation. Con-
tinued subsidence into the Hirnantian on Anti-
costi Island would have favored the preserva-
tion of sequences and their bounding surfaces 
compared to cratonic settings (Elrick and Read, 
1991; Wilkinson et  al., 1991; Brady, 2015), 
where evidence of subaerial weathering and 
exposure (e.g., karst, incision, terrestrial depos-
its) reflect longer periods of emergence (Pope 
and Read, 1998; Brenchley et al., 2006; Berg-
ström et al., 2012; Kröger et al., 2015). Given 
the conditions that contributed to the excep-

tional preservation of the Ordovician/Silurian 
boundary on Anticosti Island, it is possible that 
other Ordovician/Silurian boundary exposures 
may be missing some of the fourth-order sea-
level cycles (100–400 k.y.) recognized in this 
study. Alternatively, it is also possible that other 
Ordovician/Silurian boundary exposures record 
similarly subtle unconformities, particularly in 
stratigraphically thin sections that traditionally 
have been regarded as stratigraphically complete 
(e.g., Chen et al., 2006). This makes correlation 
of Hirnantian sections based on unconformities 
and the interpretation of stratigraphic architec-
ture problematic, a conclusion that is further 
indicated by the need to now reassess the inter-
basinal correlations of Ghienne et al. (2014) that 
were based on a previous sequence stratigraphic 
framework for Anticosti Island by Desrochers 
et al. (2010). These findings, along with those 
from modeling studies of carbonate platform 
stratigraphy under icehouse conditions, remain 
a major challenge for the long-distance corre-
lation of depositional sequences, particularly 
in the absence of supporting evidence (Read 
et al., 1991).

Improving our understanding of the pattern 
and timing of climatic and oceanographic events 
during the Hirnantian Stage is critical for evalu-
ating the causes of the Late Ordovician mass 
extinction and understanding the subsequent 
pattern of recovery following the extinction 
event. An increasing appreciation for the com-
plexity of climatic and oceanographic change 
during the Hirnantian Stage has resulted in the 
traditional two-pulse, climate-driven paradigm 
of the Late Ordovician mass extinction being 
called into question (Holland and Patzkowsky, 
2015; Sheets et al., 2016; Wang et al., 2019). In 
the past decade, a range of alternative patterns 
and mechanisms for the extinction event have 
been proposed, ranging from a single event 
driven by mass volcanism (Jones et al., 2017; 
Bond and Grasby, 2020) to a prolonged event 
driven by environmental degradation through-
out the entire Hirnantian Stage as glacial cycles 
intensified (Harper et  al., 2014; Holland and 
Patzkowsky, 2015; Sheets et  al., 2016). How-
ever, evaluation of these hypotheses can only be 
accomplished through an assessment of patterns 
of last occurrences in the fossil record and their 
relationship to geochemical proxy data of envi-
ronmental and climatic change (Holland, 2020). 
Critically, modeling and field studies have dem-
onstrated that patterns of last occurrences are 
controlled by the structure of the stratigraphic 
record, such that changes in relative sea level, 
local environment, and sedimentation rate can 
all influence the interpretation of the pattern 
and drivers of a mass extinction event (Holland, 
1995; Holland and Patzkowsky, 1999; Scarponi 
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and Kowalewski, 2004; Nawrot et  al., 2018). 
High-frequency glacioeustatic fluctuations 
throughout the Hirnantian Stage would have 
played an important role in the expression of 
the Late Ordovician mass extinction in the fossil 
record, even if the extinction event itself were 
unrelated to climatic change (Holland and Patz-
kowsky, 2015). Recent work has highlighted that 
basin-wide sequence stratigraphic frameworks 
are one of the only reliable means for determin-
ing the underlying pattern, timing, and tempo 
of a mass extinction event (Zimmt et al., 2021). 
An improved understanding of the stratigraphic 
architecture of the eastern Ellis Bay Forma-
tion at a regional scale therefore represents an 
important step toward the ongoing reassessment 
of faunal turnover across the Ordovician/Silu-
rian boundary, particularly given that previous 
interpretations of faunal turnover were framed 
within a now-outdated lithostratigraphic frame-
work (e.g., Copper, 2001).

CONCLUSIONS

(1) Upper Ordovician strata of the eastern 
Ellis Bay and lowermost Becscie formations 
on Anticosti Island preserve six fourth-order 
(∼100–400 k.y.) depositional sequences: the 
Prinstan, Macairen, Ballan, Natiscotecan, 
Mauvaisen, and Saumons sequences. These 
sequences record deposition in tidal, mixed car-
bonate–siliciclastic ramp, and carbonate ramp 
depositional systems, reflecting an array of 
environments from offshore to inner ramp and 
shoreface settings.

(2) Unconformities within the eastern Ellis 
Bay Formation are often cryptic in outcrop but 
are mantled by horizons of quartz pebbles that 
were reworked into overlying transgressive lag 
facies. These quartz pebble lags are the remnants 
of a siliciclastic system that distributed coarser 
clastic material across the inner and mid-ramp 
during the falling stage systems tract and low-
stand systems tract: they are the most conspicu-
ous features associated with subaerial weathering 
and erosion and can be found across the eastern 
Ellis Bay Formation. Similar quartz pebble lags 
in other mixed carbonate–siliciclastic succes-
sions may provide useful markers that indicate a 
period of subaerial weathering and erosion when 
unconformities are otherwise cryptic.

(3) Incised valley systems characterized by 
tidally influenced and predominantly siliciclas-
tic facies are present within the eastern Ellis 
Bay Formation and indicate a drop in relative 
sea level of at least ∼15 m by the end of the 
Prinstan Sequence. The presence of these tidally 
influenced siliciclastic facies in eastern updip 
localities contrasts with their absence in west-
ern downdip exposures. Additional field study 

is needed to establish the areal limits and thick-
nesses of these incised valley deposits.

(4) Depositional sequences of the Ellis Bay 
Formation are characterized by thin, truncated 
cycles of a similar magnitude that are bounded 
by regionally traceable unconformities. These 
features indicate a dominant glacioeustatic con-
trol on their architecture. Analysis of previous 
studies suggests that subsidence persisting into 
the Hirnantian Stage enabled the preservation 
of these depositional sequences and their cor-
responding unconformities.

(5) Comparison of the Ellis Bay Formation to 
coeval Hirnantian exposures suggests that other 
regions may be incomplete at the level of the 
fourth-order cycles that occur in the Ellis Bay 
Formation. At a regional scale, stratigraphic 
architecture is expected to be an overarching 
control on the expression of oceanographic, 
climatic, and biotic events, which complicates 
the interpretation of the pattern and drivers of 
the Late Ordovician mass extinction. Result-
ing uncertainties in interbasinal correlations 
based on unconformities and interpretations of 
stratigraphic architecture thus complicate global 
correlation of Hirnantian records and our under-
standing of the Late Ordovician mass extinction.
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