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ABSTRACT

In-depth ichnological and sedimentological analyses of the Cenomanian-
Turonian boundary Oceanic Anoxic Event (OAE2) from the Western Interior
Seaway of west-central Alberta reveal a persistent physico-chemically stressed
setting. The interval is characterised by a dominantly diminutive and dimin-
ished ichnological assemblage, with familiar ichnotaxa (e.g. Phycosiphon,
Chondrites, Nereites, Planolites, Teichichnus, Cylindrichnus and Palaeophy-
cus), fugichnia and navichnia ethological groups, and evidence of meiofaunal
reworking and two other indistinct biodeformational fabrics. Grouping trace fos-
sils into four ichnoguilds (the fugichnia ichnoguild, the Planolites ichnoguild,
the Phycosiphon ichnoguild and the Chondrites ichnoguild) reveals fluctuating
oxygen, salinity and sedimentation stress over time. Integrated analysis of ich-
nological characteristics, ichnofacies and ichnoguilds reveals five different bot-
tom water oxygen scenarios, including: (i) poorly oxygenated, (ii) severely
dysoxic, (iii) extremely dysoxic, (iv) episodic storm-injected oxygen and (v)
anoxia. Comparing trace fossil data with carbon isotope data, where the OAE2 is
defined as a positive excursion, reveals oxygen trends over the event. Oxygena-
tion was found to be highest below the OAE2 and declined rapidly over the
Cenomanian-Turonian boundary. The Cenomanian-Turonian boundary itself
is characterised by low and constantly fluctuating depositional dissolved oxy-
gen, but never persistent anoxia. Counterintuitively, the most deoxygenated
interval occurs after the termination of the OAE2 event. The delayed onset of
lowest oxygen levels may be due to peak transgression occurring post-OAE2
and slowed northward migration of warm oxygen-poor Tethyan waters.

Keywords anoxia, Cenomanian-Turonian Boundary, ichnology, Oceanic
Anoxic Event 2, organic-rich mudstones, palaeo-oxygenation, Western Inte-
rior Seaway.

INTRODUCTION

Cretaceous oceanic anoxic events (OAEs) are
widely recognised Mesozoic perturbations in the
global carbon cycle. Individual events are
defined by globally recognised positive carbon
isotope excursions (CIE, §'°C), and often corre-
spond to micro- and macrofossil extinctions and
deposition of organic-rich horizons, both linked

to poorly oxygenated bottom waters (Schlanger
& Jenkyns, 1976; Jenkyns, 1980; Schlanger et al.,
1987; Leckie et al, 2002). Perhaps the most
well-known of these events is the short-lived
OAE2 (~560 to 885 kyr; Sageman et al., 2006), a
global productivity event, that resulted in osten-
sibly globally distributed organic-rich mudstone
layers (e.g. Arthur et al., 1987; Takashima et al.,
2006; Trabucho Alexandre et al., 2010)
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bracketing the Cretaceous Cenomanian-Turonian
boundary (CTB, ~93.95 Ma; Singer et al., 2025).
Large igneous provinces (LIPs) have been recog-
nised as the likely OAE2 forcing (Turgeon &
Creaser, 2008). A LIP-associated rise in atmo-
spheric CO, led to intense global warming and
resulted in widespread ocean acidification and
stratification (e.g. Barclay et al., 2010; Jen-
kyns, 2018). The exact large igneous province
responsible for the OAE2 event remains debated,
but it likely resulted from multiple significant
eruptive episodes, including those associated
with the Caribbean Plateau (CLIP; Turgeon &
Creaser, 2008), the Kerguelen Plateau (KLIP;
Walker-Trivett et al., 2024) and/or the High Arc-
tic Large Igneous Province (HALIP; Dummann
et al., 2024). Extreme warming and deoxygen-
ation were briefly punctuated early on by a
presumed global cooling event (i.e. the Plenus
Cold Event) and synchronous temporary re-
oxygenation of oceanic waters (Jenkyns, 2018).

European and US localities containing the
OAE2 have been extensively studied to recon-
struct local, regional and global environmental
and climate conditions during the Cenomanian—
Turonian hot house. However, OAEs are poorly
characterised in the Canadian portion of the
North American Western Interior Seaway (WIS),
and detailed ichnofossil analyses have yet to be
completed for the majority of the North Ameri-
can mudstone sections. Furthermore, the full
extent of deoxygenation in the WIS—including
its lateral spread, duration and intensity—is not
yet fully understood (e.g. the southern extent of
the WIS within the United States is interpreted
to reflect improved oxygenation within the
lower half of the OAE2-bearing interval, and
lacks evidence for expression of the Plenus Cold
Event (Arthur & Sageman, 2005; Elderbak &
Leckie, 2016; Lowery et al, 2018; Sageman
et al., 2024)).

Trace fossils provide valuable insight into the
dissolved oxygen concentration (DO;) of bottom
waters and surrounding pore waters that are
not discernible from primary sedimentary struc-
tures or geochemical data alone (Bromley &
Ekdale, 1984; Bromley, 1996; MacEachern
et al., 2007; Gingras et al., 2011). Further, bio-
genic reworking directly reflects seawater and
pore-water chemistry at the time of an organ-
ism’s activities, whereas post-depositional pro-
cesses such as advection of elements through
pore water (Scott & Lyons, 2012), and bioturba-
tion itself (Lowemark & Singh, 2024;
Monedero-Contreras et al., 2024), can alter

geochemical data. In marine settings, even sedi-
ments that are partially oxygenated support
some infauna and surface grazers. Within rea-
son, trace fossil distributions and bioturbation
extent before, during and after the OAE2
can be used to coarsely reconstruct DO,
concentrations.

As warmer oceans hold less oxygen, studying
ancient climactically induced low-oxygen envi-
ronments like the WIS CTB interval can help
predict and potentially mitigate future ocean
response to ongoing climate change. Under-
standing depositional oxygenation also has
economic utility. Conventionally, poorly oxy-
genated sediments are thought to have higher
rates of preserved organic carbon, and thus more
resource potential. Several formations deposited
in the WIS during the Cenomanian-Turonian
transition are indeed important source rocks and
source-rock reservoirs (e.g. the Second White
Specks Formation, the Eagle Ford Formation).
Hence, understanding redox histories within a
basin may help pinpoint hydrocarbon sweet
spots (e.g. Demaison & Moore, 1980; Pratt, 1984;
Tyson, 1987; Savrda & Bottjer, 1991).

This study uses trace fossils to interpret the
extent of deoxygenation across the OAE2-
bearing interval in a Western Canadian core.
Integrating an extensive ichnological data set
with sedimentology, total organic carbon mea-
surements and carbon isotopes facilitated
detailed interpretations of: (i) the total of the
physicochemical stressors acting at the site of
deposition; (ii) the relative extent of deoxygen-
ation over the OAE2-bearing interval; and (iii)
how this interval differs from other OAE2-
bearing intervals in the WIS and globally.

GEOLOGICAL BACKGROUND

The Cretaceous interval in central Alberta is
recorded by strata deposited within the Western
Canadian Foreland Basin (WCFB), representing
the northern part of the broader North American
WIS (Fig. 1). Basin development began in the
late Jurassic, initiated by the collision of ter-
ranes along the western edge of the North Amer-
ican Craton (Monger et al., 1982), resulting in
the Cordillera fold and thrust belt, subsequent
foreland subsidence and the development of an
east-west deepening asymmetrical epicontinen-
tal foreland basin (Price, 1973; Beaumont, 1981;
Pand & van der Pluijm, 2015; Quinn et al,
2016).
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Fig. 1. Palaeogeography and general lithofacies of the Western Interior Seaway during the OAE2 (modified from
Sageman & Arthur, 1994 and Blakey, 2014). Red star indicates core location, red arrows indicate warm normal
salinity Tethyan-influenced waters and blue arrows indicate cold low-salinity Boreal-influenced waters. Location
of palaeoceanographic fronts from Arthur & Sageman (2005) and Laurin & Sageman (2007). Approximate locations
of frontal cross over (water mass circulation) modified from Slingerland et al. (1996) (northern USA) and Sageman
et al. (2024) (northern Alberta). Location of the Bow Island Arch (BIA) after Wright (1994), representing a sub-
aqueous palaeo-topographic high during the late Cenomanian through Early Turonian.

Palaeontologic and sedimentologic evidence
indicate the Late Cenomanian WIS saw the
influx of Tethyan waters infiltrating from the
incipient Gulf of Mexico during the Greenhorn
Transgression, resulting in significant expansion
and widening of the seaway (Kauffman, 1977,

1984; Hancock & Kauffman, 1979; Kauffman &
Caldwell, 1993). Warm southern-sourced
normal-marine Tethyan waters commingled with
the cold and low-salinity Boreal Sea waters
intruding southwards from the proto-Arctic
Ocean (Kauffman & Caldwell, 1993). A likely
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east-west-oriented oceanic front developed in
the southern (American) part of the seaway
(Fig. 1) as the Tethyan waters migrated north
along the eastern edge (Leckie et al., 1998;
Fisher, 2003; Polyak, 2003; Arthur & Sage-
man, 2005; Laurin & Sageman, 2007; Corbett &
Watkins, 2013; Elderbak et al., 2014; Elderbak &
Leckie, 2016; Lockshin et al, 2017; Lowery
et al, 2018; Fortiz et al, 2024), and
counter-clockwise circulation was at least inter-
mittent (potential circulation latitudes indicated
by red arrows in Fig. 1) (Slingerland et al., 1996;
Arthur & Sageman, 2005; Elderbak &
Leckie, 2016; Sageman et al., 2024). Palaeontolo-
gic data and circulation models indicate poten-
tial Tethyan influence over the eastern edge of
the Canadian portion of the WIS during the
Cenomanian-Turonian transition (Schroder-
Adams et al, 1996; Hosseininejad Mohe-
bati, 2016; Sageman et al., 2024), but the extent
of influence over present-day western Alberta
and the location of a palaeo-oceanic front is so
far undocumented.

The late Cenomanian through Early Turonian
was a period of intense LIP-associated volca-
nism and outgassing of CO,, which led to a
warming climate (Vermeij, 1995; Leckie et al.,
2002; Turgeon & Creaser, 2008) and enhanced
hydrologic cycle (i.e. continental weathering),
increasing terrigenous nutrient influx into the
seaway (e.g. Larson & Erba, 1999; Bryant et al.,
2021). These conditions, combined with the
warm  southern-sourced  waters, triggered
intense photic zone primary productivity. As a
result, many areas within the WIS saw
increased settling and preservation of organic
carbon and carbonate (e.g. calcareous skele-
tons), with associated deposits recording the
+3"°C  excursion that corresponds with the
onset of the globally traceable OAE2 (positive
3"°C excursions indicate increased concentra-
tions of the heavier '’C isotope in organic mat-
ter and carbonates, reflecting '*C depletion—a
situation common in times of global increased
organic matter burial) (Schlanger & Jen-
kyns, 1976; Arthur & Schlanger, 1979; Leckie
et al.,, 2002; Jenkyns, 2010). This intense pro-
ductivity likely played a role in the develop-
ment of poorly oxygenated bottom waters in
the northern (Alberta) portion of the WIS (e.g.
Percy & Pedersen, 2020). In contrast, the south-
ern (US) portion of the WIS saw an increase in
bottom water oxygenation during this time (e.g.
poorly oxygenated Hartland Shale/Lower Eagle
Ford Formation and the better oxygenated

overlying Bridge Creek Limestone/Upper Eagle
Ford Formation, Fig. 2), owing to improved cir-
culation as Tethyan waters overtopped a south-
ern Texan relict reef margin sill (Arthur &
Sageman, 2005; French et al., 2024). The initial
oxygenation event to the south is concomitant
with the ‘Benthonic Zone’, recording an abrupt
increase in benthic foraminiferal assemblages
(Eicher & Worstell, 1970), generally correspond-
ing with the initial OAE2 + §"°C excursion and
the onset of the Plenus Cold Event identified in
Europe.

The  Late  Cenomanian  interval in
west-central Alberta (red star in Fig. 1) is char-
acterised by the deposition of the silty and
slightly calcareous mudstones of the Belle
Fourche Formation (Fig. 2). Continued deepen-
ing of the seaway and supposed higher pro-
ductivity and associated organic influx to the
sea floor led to the deposition of the more cal-
careous organic-rich mudstones of the Second
White Specks Formation (2WS) in the late
Cenomanian to early Turonian (Fig. 2).
Third-order sea-level fluctuations continued
throughout the deposition of the 2WS (Fig. 2;
Haq, 2014) leading to internal stratal surfaces
within the formation itself (e.g. ‘Lower’, ‘Mid-
dle’ and ‘Upper’ units separated by transgres-
sive and regressive surfaces; Percy, 2021). A
north-east plunging subaqueous topographic
high running from northern Montana (the
Sweetgrass Arch, SA) through southern Alberta
and Saskatchewan (the Bow Island Arch, BIA)
was located south-east of the cored location
(Fig. 1) (Wells, 1957; Ridgley et al., 1999). The
BIA influenced depositional geometry in south-
ern Alberta during the latest Cenomanian to
early Turonian, forming axis-perpendicular
transgressive sand ridges (Belle Fourche For-
mation) and carbonate ridges (Lower 2WS)
(Percy, 2021). However, differential subsidence
limited the BIA’s impact during the deposition
of the upper portion of the 2WS (Percy, 2021).
Other detailed local palaeodepositional recon-
structions for the western-edge 2WS interval
are limited (e.g. Tyagi et al., 2007; Plint et al.,
2012; Prokoph et al., 2013; Lowery et al,
2014; Percy & Pedersen, 2020; Percy, 2021), as
the majority of studies conducted on the West-
ern Canadian Cenomanian-Turonian interval
are focused on the reservoir potential of the
organic-rich 2WS (e.g. Stasiuk & Good-
arzi, 1988; Furmann et al., 2014, 2015, 2016;
Boucher, 2016; Synnott et al,, 2017; Goodarzi
et al., 2022).
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Fig. 2. Stratigraphic column modified from Percy & Pedersen (2020), Alberta Geological Survey (2015), Leckie
et al. (1998) and Hart et al. (2024). Stage boundary dates from the Geological Society of America (updated 2022),
eustatic seal level curves adapted from Haq (2014), OAE2 dates from Jones et al. (2021) and Dummann
et al. (2024). The red shaded area indicates the studied core interval, and the colour stack to the right indicates
internal stratigraphic boundaries referred to throughout this study (orange = Belle Fourche Formation, dark blue =
Lower Second White Specks, medium blue = Middle Second White Specks, light blue = Upper Second White

Specks and pink = Carlile Formation).

Prior research efforts describe the 2WS as
deposited in a shallow (<70 m), sediment-
starved setting with frequent seafloor reworking
(Plint et al., 2012; Percy & Pedersen, 2020). Pre-
vious analysis of the studied drill core suggests
deposition occurred mainly through the trans-
port of clay-mineral dominated silt- to
sand-sized composite particles, including faecal
pellets and intraclasts (Percy & Pedersen, 2020).
The abundance of mud-dominated intraclasts
confirms repeated cycles of deposition, erosion
and redeposition, likely due to storm-wave
reworking (Plint, 2014; Percy & Pedersen,
2020).

Conventionally, the lack of pervasive biogenic
reworking throughout the 2WS, this core
included, has been ascribed to fluctuating but
low bottom water DO, concentrations (e.g.
Schroder-Adams et al., 1996; Synnott et al.,
2017; Percy & Pedersen, 2020). Beyond these
simple interpretations, there has been no
attempt to ichnologically analyse the extent of
deoxygenation over the encapsulated OAE2
interval in Canada.

MATERIALS AND METHODS

This study examined a well-preserved, slabbed
and nearly continuous >100-m-long drill core
spanning the Upper Belle Fourche Formation
and the entirety of the overlying 2WS Forma-
tion, located just northwest of Calgary, AB
(Figs 1 to 3) (core details: Shale Petroleum’s
Boggy Lake 02/13-06-30-05W5/0 well, drilled
summer 2014; associated horizontal well: Hz
Boggy Lake 10-12-30-06W5, 98% recovery; the
included basal portion of the Middle Turonian
Carlile Formation was not evaluated herein).
The core was evaluated for fine detail (<1 cm)
sedimentological and ichnological characteris-
tics before, during and after the OAE2.
Recognising discrete trace fossils, especially
in the mud-dominated 2WS, is made difficult by
the lack of significant lithologic contrast. Here,
substantial care was taken to evaluate ichnologi-
cal features at a millimetre scale. Detailed analy-
sis involved examining washed core faces under
various lighting conditions (e.g. regular over-
head light, close-up high-intensity flashlight),
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Fig. 3. Litholog of studied drill core.
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with wet core providing the best contrast for
identifying biogenic reworking. Unfortunately,
the wet core photographed poorly, thus only dry
photographs are included. Each naturally
fractured bedding plane was inspected for hori-
zontal trace fossils. Millimetre-scale sedimento-
logical and ichnological observations were
recorded in 10 cm intervals, including primary
sedimentological structures, mineralogy, burrow
size, diversity and Bioturbation Index (0 to 6;
e.g. Taylor & Goldring, 1993). Further ichnologi-
cal assessments included evaluating: (i) trace
fossil types (i.e. the ethological characteristics of
individual ichnotaxa), (ii) distributions of ichno-
genera (e.g. changes in trace fossil diversity and
ichnoguild distributions through time) and (iii)
burrow size fluctuations (e.g. Gingras et al.,
2011).

Forty-four thin sections, originally sampled by
Percy & Pedersen (2020) (currently held at the
Core Research Center in Calgary as part of a
public collection), were examined for further
insight into sedimentological and ichnological
characteristics. Following standard practice for
organic-rich mudstone studies, thin sections
were prepared ‘ultra-thin’ (<20 pm) to enhance
the visibility of silt and mud-sized features and
reduce opacity (Schieber, 1998; Macquaker &
Adams, 2003; Lazar et al., 2015a). The ultra-thin
nature of the thin sections enhances birefrin-
gence; thus, staining thin sections for mineral-
ogy is of heightened importance. All thin
sections were stained with Alizarin Red-S for
calcite (stains red), potassium ferricyanide for
ferroan calcite (dark purple) and dolomite (blue)
differentiation, and sodium cobaltinitrite for
feldspar differentiation (k-spar stains yellow)
(Percy & Pedersen, 2020).

Total organic carbon content and carbon iso-
tope ratios (613C0rg) were measured at 50 cm
intervals. Core samples were first cleaned and
rinsed with distilled water to remove any dril-
ling mud or markings. A homogenised bulk 200
mesh powder was produced using an auto-
mated agate mortar and pestle. Splits from the
homogenised powder were used for subsequent
analyses. Programmed pyrolysis by HAWKTM
was used to determine TOC content with +5%
analytical error based on analyses of a standard
reference material (internal 9107 shale stan-
dard) every 5th sample. Carbon isotope samples
were initially decarbonated by acid washing
and then rinsed with distilled water until
neutral. Carbon isotope ratios were then
determined by Continuous Flow-Elemental
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Analysis-Isotope Ratio Mass Spectrometry (CF-
EA-IRMS). Reported results are relative to the
Vienna PeeDee Belemnite standard (V-PDB),
with +0.2 9, analytical error (based on internal
lab standards calibrated against international
standards, run every 5th sample). The TOC and
carbon isotope values herein are likely true for
their sampled depths, as burrow penetration
depths over the entire cored interval are shal-
low (<1 cm) and would not have redistributed
geochemical signatures more than several centi-
metres at most, certainly not beyond the 50 cm
sample resolution.

In west-central Alberta, the transition
between the siliceous mudstones of the Belle
Fourche Formation and the more calcareous
mudstones of 2WS is gradual (Tyagi et al.,
2007; Percy & Pedersen, 2020). The ‘Bighorn
River Bentonite’ (BRB) is commonly picked as
the formation contact on well logs (represented
by a positive spike in gamma-ray and a nega-
tive spike in resistivity) (Bloch et al., 1993;
Tyagi et al., 2007; Percy, 2021). In the studied
core, the Belle Fourche-2WS formation bound-
ary is placed at 2787.5 m depth, where a stark
change from interbedded siltstone and mud-
stone to dark grey mudstone with common
bivalve fragments occurs (after Percy & Peder-
sen, 2020). A hiatus at the CTB, within the
upper portion of the OAE2 CIE, was identified
in the Kaskapau Formation in northern Alberta
(van Helmond et al., 2016). This hiatus may be
reflected herein as a~ 25 cm thick
well-cemented interval (~2782.15 m) roughly
20 cm above the Bighorn River Bentonite
(Fig. 3). Without detailed palaeontologic data
or age dating, the CTB herein has been placed
at this cemented zone (2782.15 m), roughly
coinciding with the recovery phase of the
OAE2 as indicated by decreasing 8'°C values
(carbon isotope data for this core clearly shows
the positive excursion, concomitant with the
OAE2, spanning 2781 to 2787.5 m). This is fur-
ther consistent with the idea that the Bighorn
River Bentonite is equivalent to the ‘B Benton-
ite’ in the southern (US) WIS, dated older than
the CTB (Tyagi et al., 2007; Barker et al,
2011). Following the work of Percy & Peder-
sen (2020), the 2WS is divided into Lower
(organic-rich calcareous mudstone, L2WS),
Middle (quartz-rich silty mudstone, M2WS)
and Upper (non-calcareous mudstone, U2WS)
intervals based on mineralogy and grain size
(and separated by transgressive and regressive
surfaces).
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Table 1.

Gingras

each facies match the lithofacies colours on Figs 10 and 16.

Facies descriptions and interpretations, and corresponding spilt core diagram (left). Shaded colours of

> S Sedimentology Ichnology E— =
= ae ek Description BI Description Ichnogenera ikl s
S Interbedded | Ubiquitous normally graded beds and bed sets, with intercalated erosively- Low diversity and diminutive suite Sonolfes, Daltsderived flows (e.g,
= normally graded | based wave ripples and low angle laminated siltstones. Soft sediment 0.6 | Biogenic reworking fluctuates bed-by- potentially
2 1 and siltrippled | deformation is common. Carbonaceous detritus and wood fragments are bed i R pichatins o (lempkaie kedi) Fig.4
a 1 medium grey | sporadic to common along bedding planes, while syneresis cracks, calcareous Common top down (lam-scram) fugichnia, River-d d fluenced prodel
. : 2 iver-dominated storm-influenced prodelta
silty mudstone | pellets and bivalve fragments are rare. reworking St
Poorly to - : Planolites,
moderately | Sitstone beds present as starved current rpples, combined flow ripples, wave Phycosiphon, | Prevalent storms (e.g, tempestites, WESGFs)
bionirbatad | "9ple.andlow angle laminated b, Sitstone beds ae oftencapped by Low diversity and diminutive suite Gelchichmes With pinchusting delide i usncs (2.5,
2 interbedded structureless appearing mud. Normally graded beds are rare throughout. Soft 0-6 | Bed-by-bed fluctuation Nereites, hyperpycnites, 2wave-supported Fig. 5
ipplecsiitand | Sediment deformation occurs both as convolute bedding and flame structures. et hyperpyenites)
v Fish scales, carbonaceous detritus, and inoceramus molds are common along Common Lam-scram i
medlumBTeY | bedaing planes. Calcareous pellets are rar. ugichnia Wave- and storminfluenced dista prodelta
mudstone
Planclites,
Frequent siltstone starved current ripples and ripple-tail lamination. Common Low diversity, diminutive suite Phycosiphon, | Prevalent wave action (e.g., WESGFs)
normally graded beds, rare wave rippled and low angle laminated siltstone o2 | setbrbcivoion fugichnia punctuated by storms (e.g, tempestites) and
beds. Bedding planes show common fish scales, rare ammonite and < Ry ReRveuabon, deltaic influence (e.g., hyperpycnites)
inoceramus molds. Bivalves and calcareous pellets are rare throughout. Wave- and storm-influenced distal prodelta
Difficult to tell burrow size and trace ‘Planolites, Fig.6
diversity Phycosiphon, Similar setting to facies 3A, with less
o : - s . Telchichnis prevailing physicochemical stress (e.g., more
Near complete biogenic obscures primary y 4 | Near complete homogenization over Teichichnis, | 4 rense biogenic reworking). Stll undr some
features. Remnant starved ripples and ripple-tail lamination. several beds (>20 cm thick) . :gichma 5 | aveiniuance (6.4 WESGES)
Overall ‘fuzzy’ appearance to reworked Storm-influenced shelf
beds
Tow diversity and diminutive suite Planolites, : =
Homogeneous-appearing dark grey mudstone beds predominate. Silt-streaked - — Phycosiphon, Prevalent wave action (e.g., WESGFs)
appearance owing to thin siltstone starved ripples and ripple-tail lamination v " ) Nereites, punctuated by weak storms {small
Some rippled structures show alternating silt and mud foresets. Bivalve 0 | Lam-scram reworking of silt beds (>5 Chondrites, tempestites and hyperpycnites) Fig.7
fragments common throughout, calcareous pellets rare throughout, mm thick) fugichnia Sediment-starved storm-influenced shelf
i i and into starved ripple structures. Near complete homogenization over
relatively thick intervals (>10 cm)
Witrix composed of It-szed mud aggregates, commorly occurring s re- Planolites, Prevalent wave action (WESGFs, winrowed
transported intraclasts (Percy and Pedersen, 2020), calcareous pellets and Low diversity and diminutive suite Phycosiphon, | sodiments, disaggregated pelets, re-
muddy pelagic fecal pellets (Percy and Pedersen, 2020). Thin siltstone wave i ichi i i with
ripples, combined flow ripples, starved current ripples and ripple tail 0:¢ | Bed-by-bed fiuctuation, some Nereites, 5 4
et o , ; consistently reworked stacked beds et punctuating storms (e.g., thin tempestites Fig.8
lamination, often capped by structureless-appearing mudstone beds, Sporadic fugichnia, i Ftoratss)
normally graded beds and soft sediment deformation. Frequent bivalve ‘fuzzy’ appearance to more reworked i ; )
fragments and bioclastic lags. Calcareous pellets commonly disaggregated and beds 8L Sediment-starved storm-influenced sheif or
accumulated as starved ripples prodelta fringe
Most calcareous facies, matrix dominated by sand and silt-sized mud . = Planolites,
1 N oor lithologic contrast makes burrow .
aggregate composite particles (commonly as intraclasts) (Percy and Pedersen, o8l it Phycosiphon, Prevalent wave action (winnowed sediments,
2020), bivalve fragments, and calcareous pellets. ppearing eyl i pellets,
d‘arkl grey r:u:istlone ::Izlus. [Siltsllonen starved com;ined ﬂovn rippl:s,dc:rr:nt 0-5 | Bed-by-bed fluctuation fugilcr:‘nia, Fitaciast aggagatis; stowed psicil _—
ripples, and ripple-tail lamination. Rare to sporadic normally graded beds, ReaRt bedding indicatad waar navichnia
flame structures at the base of starved ripples. Bioclastic lags are sporadic, sacing el nean Sediment-starved storm-influenced shelf
" ; ! ’ complete biogenic homogenization in under a high productivity water column
v:hvl:( calcareous pellets are commonly disaggregated into starved ripple ot instances ‘
structures.

? represents a tentative identification.
RESULTS AND INTERPRETATIONS

Facies analysis

As this paper is focused on ichnological inter-
pretation, conventional sedimentological and
facies descriptions and ensuing interpretations
are not included herein, but are summarised in
Table 1 and Fig. 4 through Fig. 9.

The entire cored length reflects high degrees
of heterogeneity and is thinly interbedded with
grain size often shifting at millimetre intervals.
Lithofacies were designated based on overall
grain size and mineralogy, dominant sedimen-
tary structures, bioturbation intensity and types
of trace fossils. Terms ‘rare’, ‘sporadic’, ‘com-
mon’, ‘abundant’ and ‘ubiquitous’ are used to
describe the increasing relative appearance of
sedimentary and biogenic features. The terms
‘interbedded’, ‘pin-striped’ and ‘silt-streaked’
denote the common occurrence of silt beds
>5 mm, 2 to 5 mm and <2 mm, respectively.
Terms ‘unbioturbated’, ‘poorly bioturbated’,
‘moderately bioturbated’ and ‘well bioturbated’

were used to denote BIs 0, 1 to 3, 3 to 4 and >5,
respectively.

Seven lithofacies are recognised (Table 1,
Figs 4 to 9). As this is an ichnologically focused
study, descriptive facies names are used for ease
of understanding as opposed to the standardised
facies naming scheme for mudstones proposed
by Lazar et al. (2015b). Facies include: (1) inter-
bedded normally graded and silt rippled
medium grey silty mudstone, (2) poorly to mod-
erately bioturbated interbedded rippled silt and
medium grey mudstone, (3A) poorly to moder-
ately bioturbated pinstriped medium grey silty
mudstone, (3B) well-bioturbated pinstriped
medium grey silty mudstone, (4) poorly to
well-bioturbated silt-streaked dark grey mud-
stone, (5) poorly to moderately bioturbated cal-
careous pinstriped dark grey mudstone and (6)
poorly bioturbated silt-streaked calcareous dark
grey mudstone.

Overall, cursory facies interpretations indicate
varying deltaic, storm and wave influence
through time under relatively shallow waters
(<70 m, above storm wave base). Facies are
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Fig. 4. Core photographs showing variation within Facies 1. (A) Representative box core of Facies 1 (2801.70 to
2800.35 m). (B) Photograph showing bed-by-bed fluctuation of bioturbation within the facies, and top-down ‘lam-
scram’ reworking of several beds (2807.25 m). (C) Photograph showing diverse heterogeneity of facies, with
stacked hyperpycnites and tempestites (2804.35 m). (D) Thick stacked muddy hyperpycnites and base of overlying
thick tempestite (2805.80 m). (E) Stacked hyperpycnites with intervening top-down bioturbated beds (2806.95 m).
(F) Wood fragment along bedding plane (2789.20 m). (G) Silt-filled Chondrites burrow network (2805.65 m). White
labels represent biologic features and black labels represent sedimentological features. White abbreviations: P (Pla-
nolites), Ph (Phycosiphon), Ch (Chondrites), f (fugichnia), Bv (bivalve), CP (calcareous pellets), FB (fish bones)
and W (wood fragment). Black abbreviations: SR (starved ripple), WR (wave ripple), LA (low angle lamination), F
(flame structure), Sy (syneresis), SSD (soft sediment deformation) and HCSm (micro-hummocky cross stratifica-
tion). Bold white lines represent bedding contacts, dashed white lines represent internal bed boundaries. Grey tri-
angles represent graded intervals. Core is 7 cm in diameter.

numbered from most proximal (e.g. Facies 1) to
most distal (e.g. Facies 6), representing decreas-
ing energy levels with increasing distance from
the western palaeoshoreline.

Ichnology

Previous studies of the Canadian OAE2-bearing
interval have characterised it as largely devoid

of burrowing (e.g. Bloch et al., 1993), or poorly
to moderately bioturbated with only a few
distinct ichnogenera (Hosseininejad Mohe-
bati, 2016; Percy & Pedersen, 2020). The ichno-
logical analysis presented here reveals a higher
diversity =~ of ichnogenera and generally
increased bioturbation intensities compared to
earlier assessments, a difference attributed to
the finer scale of investigation employed. The
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10 S. K. Biddle and M. K. Gingras

| Hyperpycnites

| Hyperpyenits

Fig. 5. Core photographs showing variation within Facies 2. (A) Representative box core photograph of Facies 2
(2738.20 to 2736.70 m). (B) Core photograph showing variation in silt ripple types, and contrasting WESGF and
hyperpycnite beds (2737.95 m). (C) Photograph showing bed-by-bed fluctuating intensities of biogenic reworking
(2735.15 m). (D) Photograph showing hyperpycnites and tempestites, with intervening bioturbation (2743.35 m).
(E) Relatively large-scale soft sediment deformation (2741.55 m). (F) Homogeneous-appearing dark mudstone beds
with intervening silt ripples (2755.20 m). (G) Carbonaceous detritus on bedding plane in (F). White labels repre-
sent biologic features and black labels represent sedimentological features. White abbreviations: P (Planolites), Bi
(bioturbation), IBF1 (inconspicuous bioturbated fabric 1), Bv (bivalve) and CD (carbonaceous detritus). Black
abbreviations: SR (starved ripple), WR (wave ripple), CFR (combined flow ripple), CR (current ripple), LA (low
angle lamination), F (flame structure), HCS (hummocky cross-stratification) and SSD (soft sediment deformation).
Bold white lines represent bedding contacts, dashed white lines represent internal bed boundaries. Grey triangles
represent graded intervals. Yellow arrows denote scour surfaces. Core is 7 cm in diameter.

total ichnological dataset over the cored inter- mud-lined burrows in lighter coloured silty beds
val is illustrated in Fig. 10. leads to high contrast duochromatic structures

Burrows are documented nearly exclusively in (e.g. Fig. 10). Bioturbation is also commonly
elevation view (on clean slabbed core faces). recognised as top-down reworking (‘lam-scram’)
Bioturbation is identified most clearly in inter- of coarser grained (silt-mineral dominated) beds,
vals of high lithologic contrast (e.g. intercalated where primary sedimentary structures are pre-
siltstone and mudstone beds) where passive and served at the base of the bed, below the penetra-
active silty-sediment infilling of burrows in tion extents of burrows (e.g. Figs 4B to E, 5D, 6G
mudstone beds, or emplacement of mud-filled or and 7E). In low contrast areas (i.e. stacked beds
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Hyperpycnites

Fig. 6. Core photographs of variation within Facies 3A (B-H) and 3B (I). (A) Representative box core photograph
(2727.00 to 2725.75 m). (B) Photograph of pin-striped appearance resulting from starved ripples. Stacked bedsets
of starved ripples up through structureless mudstones represent WESGF's. Internal tripartite structure denoted by
A, B and C labels (e.g. Macquaker et al., 2010). (C) Partially bioturbated pin-striped starved silt ripple interval
(2726.20 m). (D) Macerated fish scales resulting in a sparkly appearance along bedding planes (2698.90 m). (E)
Stacked hyperpycnites in otherwise pin-striped mudstones (2708.05 m). (F) (2698.15 m), (G) (2704.70 m) and (H)
(2729.95) showing various appearance of normally graded hyperpycnites. (G) Uppermost hyperpycnite shows
basal mud layer emplaced during waxing phase. (I) Representative core photograph of the well-bioturbated Facies
3B (2731.65 m). White labels represent biologic features and black labels represent sedimentological features.
White abbreviations: Ph (Phycosiphon), P (Planolites), f (fugichnia), IBF1 (inconspicuous bioturbated fabric 1),
IBF2 (inconspicuous bioturbated fabric 2), FS (fish scales) and Bv (bivalve). Black abbreviations: RT (ripple tail),
SR (starved ripple), WR (wave ripple), LA (low angle lamination) and FM (fluid mud). Grey triangles represent
graded intervals. Yellow arrows denote scour surfaces. Core is 7 cm in diameter.

of similar lithology and/or colour) where dis- Ichnogenera diversity, trace fossil diameters
crete trace fossils are not always clear, bioturba- and extent of biogenic reworking (i.e. Bioturba-
tion results in beds with diffuse bounding tion Index) show constant fluctuation over the
margins (bedding contacts are not obvious), length of this core, often on a bed-by-bed scale.
interrupted otherwise continuous laminae (e.g. A total of nine distinct trace fossil types are
laterally punctuated laminae), and an overall identified herein. The maximum diversity
‘fuzzy’ appearance (e.g. Figs 4B, 5D and 8G) (e.g. recorded for a single 10 cm bin was five types.
Schieber et al., 2021; Biddle et al., 2025). Burrow diameters range between 1 mm and
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12 S. K. Biddle and M. K. Gingras

Suspension
(lofted?)

Fig. 7. Core photographs of variation within Facies 4. (A) Representative core box photograph (2704.75 to
2703.60 m). (B) Well-bioturbated dark grey mudstone with intercalated WESGFs and hyperpycnites (2723.85 m).
(C) Representative silt-streaked appearance (2725.60 m). (D) Planolites along bedding plane in (C). (E) Starved
silt-mineral ripples and calcareous pellet lags (2718.70 m). (F) Inoceramous bivalve and small ammonite mould
(2729.75 m). (G) Fish scales along bedding plane in (E). White labels represent biologic features and black labels
represent sedimentological features. White abbreviations: Ph (Phycosiphon), P (Planolites), f (fugichnia), Bi (bio-
turbation), CP (calcareous pellets), FS (fish scales), Av (bivalve) and a (ammonite). Black abbreviations: RT (ripple
tail) and SR (starved ripple). Yellow arrows denote scour surfaces. All core is 7 cm in diameter.

6 mm, most commonly being between 1 mm
and 3 mm. The largest recorded burrows, having
6 mm diameters, were only noted in 10 bins,
accounting for <1% of the cored interval. The
only tiering relationship identified in this core
is that of occasional microscopic bioturbation
overprinting macroscopic traces (identified
petrographically).

The small size and lack of bedding plane orien-
tations restrict ichnotaxa identification to the

ichnogeneric level. The seven ichnogenera identi-
fied throughout this core include: (i) fully marine
specialised deposit feeding traces of Phycosiphon
and Nereites, (ii) the fully marine specialised
deposit feeding and chemosymbiotic traces of
Chondrites, (iii) eurytopic deposit feeding traces
of Planolites and Teichichnus and (iv) the dwell-
ing, filter feeding or predation traces of Cylin-
drichnus and Palaeophycus. Fugichnia (i.e.
‘escape traces’) are also observed throughout.
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Bioturbation Index:

Fig. 8. Core photographs showing variation within Facies 5. (A) Representative box core of Facies 5 (2754.70 to
2753.45 m). (B) Photograph showing moderately bioturbated character with calcareous pellets and common
bivalve fragments (2746.35 m). (C) Poorly bioturbated starved rippled pin-striped interval (2754.35 m). (D) Starved
rippled dark grey mudstone with stacked WESGFs (2760.90 m). (E) Planolites along bedding plane in (F). (F)
Pin-striped appearance with thin normally graded beds and thin silt-mineral ripples (2787.65 m). (G) Representa-
tive photograph showing the subtlety of bioturbation variation. Coloured bars to the right indicate BI. Orange line
illustrates the boundary between a well bioturbated overlying bed and a weakly bioturbated bed with preserved
lamination below (2781.60 m). White labels represent biologic features, black labels represent sedimentological
features. White abbreviations: P (Planolites), f (fugichnia), Bv (bivalve) and CP (calcareous pellets). Black abbrevia-
tions: SR (starved ripple), WR (wave ripple), LA (low angle lamination), FM (fluid mud), F (flame structure), SSD
(soft sediment deformation) and Py (pyrite). Bold white lines represent bedding contacts and dashed white lines
represent internal bed boundaries. Grey triangles represent graded intervals. Yellow arrows denote scour surfaces.
Core is 7 cm in diameter.

Occurrences of ichnogenera are displayed in bed, and even within a single bed (e.g. Fig. 14).
Fig. 10. Detailed descriptions and occurrences of In many cases, meiofaunal reworking is most
ichnogenera can be found in Data S1 and Fig. 11. intense near the tops of beds, leaving the depo-

Macroscopic ‘fuzzy’ appearances of beds or sitional character of the bases preserved (e.g.
internal laminae are attributed to varying Fig. 12); mimicking that of macroscopic ‘lam-
degrees of reworking by infaunal meiofauna (e.g. scram’ textures. Many beds that appear
Schieber & Wilson, 2021); subsequently con- macroscopically as unbioturbated (e.g. Fig. 12C),
firmed by thin-section analysis (Figs 12 and 13). show evidence of meiofaunal reworking in
Extents of meiofaunal reworking vary bed-by- thin-section (e.g. Fig. 12D).

© 2025 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology

851807 SUOWIWOD 3AIEaID) 3|l |dde aup Aq peusenob afe ssjoie YO ‘88N JO Sa|nJ 10} Arelq18UIUO A1/ UO (SUORIPUOD-PUR-SLLLBYLIOY"A8 | IM"AeJq 1 [oUU0//SHRL) SUORIPUOD Pue Swiie | 81 89S *[G202/2T/9T] Uo Ariqiauliuo AB|im ‘AisieAlun eoluyae L ulleL Aq 9002 PeS/TTTT OT/I0p/wi0o" A3 im Akeiqijul|uo//sdny wouy papeojumod ‘0 ‘TE0ESIET



14 S. K. Biddle and M. K. Gingras

Fig. 9. Core photographs showing variation within Facies 6. (A) Representative box core of Facies 6 (2765.10 to
2763.75 m). (B) Photograph showing silt-streaked appearance of calcareous pellets (2764.70 m). (C) Photograph
showing that ‘silt streaks’ are likely the product of ripple tail lamination (2757.25 m). (D) Fish scales along bed-
ding plane in (E), resulting in sparkly appearance. (E) Silt-streaked mudstone with soft sediment deformation near
top and calcareous pellet lag above scale bar (2761.10 m). White labels represent biologic features and black labels
represent sedimentological features. White abbreviations: Bv (bivalve), CP (calcareous pellets) and Bi (bioturba-
tion). Black abbreviations: SR (starved ripple), RT (ripple tail lamination) and SSD (soft sediment deformation).
Bold white lines represent bedding contacts and dashed white lines represent internal bed boundaries. Core is

7 cm in diameter.

Additionally, three indistinct biodeforma-
tional fabrics (IBFs) are noted. These include: (i)
compacted burrowed medium-grey-coloured
mudstones; (ii) homogeneous-appearing dark-
grey mudstones; and (iii) ‘mantle and swirl’
traces (navichnia; i.e. ‘sediment swimming’
traces). Superficially laminated compacted bur-
rowed medium-grey mudstones (IBF1), which
contain dark-grey wavy streaks often mistaken
for organomineralic aggregates or mud intra-
clasts, are confirmed by thin-section analysis to
instead represent a ‘burrow-laminated’ fabric
formed by the compaction of dominantly
horizontal bioturbation structures (Figs 5F, 6E
and 14). Homogeneous-appearing dark-grey

mudstones (IBF2) appear similar to dark-grey
structureless fluid mud beds but show faint rem-
nant heterogeneity with diffuse borders (Figs 6B
and 15). This faint heterogeneity is more obvi-
ous in thin sections (Fig. 12C,D). These beds are
taken to represent near-complete biogenic
homogenisation. More detailed descriptions of
these biodeformational fabrics can be found in
Data S1.

Ichnofacies

The bed-by-bed alternation of bioturbation
intensity, the overall diminutive and impover-
ished trace fossil suites, the presence of
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Fig. 10. Facies, ichnologic data, TOC (wt%), carbon isotopes and mineralogy distributions over the entire cored
interval. Ichnogenera organised by their ichnoguild association (coloured bars match colours in Table 2). Mineral-
ogy from XRD analysis of Percy & Pedersen (2020). Stratigraphic surfaces from Percy (2021), regressive ‘R’, trans-
gressive ‘T’, flooding surface ‘FS’, Bighorn River Bentonite ‘BRB’. ‘R?’ indicates a new surface Ichnologically

identified herein.

common navichnia in the lower section and the
predominance of Phycosiphon and fugichnia
throughout make this entire core analogous to
MacEachern & Bann’s (2020) recently proposed
Phycosiphon Ichnofacies. Characterising the
entire core length as belonging to the Phycosi-
phon Ichnofacies limits a more detailed under-
standing  of  small-scale  variations in
physicochemical conditions. Therefore, the ich-
nological data have been further subdivided into
distinct ichnoguilds.

Ichnoguilds

An ichnoguild is a behavioural ordering system
defined as a group of organisms that use similar
feeding strategies to exploit a shared tier (e.g.
depth) below the sediment-water interface
(Bromley, 1996). Three main parameters are

considered when defining an individual ichno-
guild: (i) the temporal occupancy of a burrow;
(ii) the food resource being exploited; and (iii)
the depth of exploitation (Bromley, 1996). The
temporal occupancy of a burrow is categorised
as either permanent/semi-permanent (e.g. dwell-
ing structures, sessile organisms), or transient
(e.g. mobile feeding structures) (Bromley, 1996;
Buatois & Mangano, 2003). Exploited food
resources include detritus or deposit feeding,
suspension feeding and chemosymbiosis (Brom-
ley, 1996). Depth of exploitation refers to the
depth of the sediment tier being exploited, for
example, shallow-tier or deep-tier. Similar to
Seilacherian Ichnofacies, ichnoguilds are named
based on the dominant ichnotaxon (Brom-
ley, 1996; Buatois & Mangano, 2003).

Four distinct ichnoguilds are identified
herein: (i) the fugichnia ichnoguild, (ii) the
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Fig. 11. Expression of Ichnological features of the Bell Fourche and Second White Specks Formations. (A) Phyco-
siphon colonising silty beds (2703.75 m). (B) Planolites most easily seen in dark mud beds, and Chondrites exclu-
sively occurring in dark grey mud beds (2798.56 m). Solid white lines denote individual sedimentation events,
extent of top-down reworking of bedsets (lam-scram) marked by dashed lines (2800.35 m). (C) A single navichnia
occurrence in a silty bed, Phycosiphon in silty bed below (2784.61 m). (D) Navichnia (sediment swimming trace)
seen in dark mud (fluid mud). (E) Several Cylindrichnus penetrating underlying mud bed (2710.63 m). (F) Large
Teichichnus in mud bed (largest trace diameter documented in the entire core length), small fugichnia seen in
thin silt bed, Phycosiphon fully reworking a silt bed, small Planolites throughout (2741.40 m). (G) Bedding plane
view of Teichichnus in (F) (right-side outlined). (H) Central bed showing the lateral variability of biogenic rework-
ing, illustrated in the gradient bar along the bottom (2794.74 m). (I) Close-up photograph of outlined area in (H)
showing mm scale Palaeophycus burrows. Abbreviations: Phycosiphon (Ph), Planolites (P), Chondrites (Ch), Zoo-
phycos (Z), Cylindrichnus (Cy), Teichichnus (T), Palaeophycus (Pa), navichnia (n), fugichnia (f) and bivalve frag-
ment (bv). All core is 7 cm in diameter.

Fig. 12. Photomicrographs illustrating the utility of microichnological analysis. (A) Thin section showing
well-laminated appearance (2758.75 m). (B) Annotated image from (A) outlining signs of meiofaunal reworking,
both as lam-scram (top-down; LS) reworking of beds and an overall fuzzy appearance (fzy). (C) Thin section show-
ing well-defined beds (2787.20 m). (D) Annotated image from (C) outlining the fuzzy top-down reworking of beds
(fzy), as well as remnant heterogeneity within an otherwise biogenically homogenised bed (IBF2). Standard thin
section diameters (2 cm).
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18 S. K. Biddle and M. K. Gingras

Fig. 13. Example of meiofaunal overprinting. (A) Thin section scan showing macroscopic silt-filled Planolites (P).
Uppermost normally graded bed is also cryptically bioturbated, resulting in an overall ‘fuzzy’ appearance. Stan-
dard thin section (2 cm diameter) (2793.45 m). (B) Photomicrograph mosaic showing partial meiofauna reworking
of a single Planolites (yellow label in both figures). Base of trace appears fuzzy and homogenised due to meiofau-
nal grain reorganisation. Scale bar: 100 um.

DECOMPACTED BURROWS (40%)

COMPACTED BURROWS

DECOMPACTED BURROWS (40%)

Fig. 14. Core photographs and photomicrograph of burrows within compacted medium grey muds, termed incon-
spicuous bioturbated fabric 1 (IBF1). (A) Core photograph showing wispy darker grey features within an otherwise
homogeneous-appearing medium grey mudstone bed (2787.70 m). Core is 7 cm in diameter. (B) Virtually ‘decom-
pacted’” mud bed, where photograph was vertically stretched to show likely sediment character prior to 40%
dewatering (e.g. Schieber, 2003). (C) Photomicrograph of erosive based compacted plug-like fluid mud showing
top-down colonisation by obscure traces of IBF1 (2745.60 m). Thin section is 2 cm in diameter. (D) Virtually
decompacted image (to 40% dewatering), enhancing original non-parallel orientation and same matrix fill.
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Fig. 15. Core photographs of remnant heterogeneity in nearly fully biogenically homogenised mud beds (IBF2).
(A) Core photograph showing poor lithologic contrast in dark mudstone interval. Small remnant silt bed seen in
outlined area (2761.50 m). (B) Digitally enhanced (sharpened, increased colour contrast) remnant silt bed from (A)
showing small circular burrows (b). (C) Subtle remnant heterogeneity of IBF2 (dashed outline). IBF1 occurs in a
bed near the top of the photograph (2783.70 m). (D) Enhanced bed from (C). Core in (A) and (C) is 7 cm in

diameter.

Planolites ichnoguild, (iii) the Phycosiphon ich-
noguild and (iv) the Chondrites ichnoguild
(summarised in Table 2).

Fugichnia ichnoguild

The fugichnia ichnoguild (grey ichnogenera col-
umns in Fig. 10) is characterised by mobility
traces that are not associated with specific feed-
ing patterns or ichnotaxa, and consists of fugich-
nia and navichnia. This ichnoguild provides a
line of depositional evidence, rather than
insights into tiering relationships and resource
exploitation. Fugichnia are animal escape struc-
tures, indicating rapid sediment emplacement.
Navichnia records a sediment-swimming behav-
iour as organisms migrate through soupy muds.
Although both trace fossils are typified by differ-
ent event deposits, their existence indicates
rapid and episodic sedimentation and can act as
a visual proxy for episodic sedimentation on
Fig. 10. Navichnia may also signal a delta-
proximal position, where river-derived fluid

muds can propagate via wave/storm resuspen-
sion and enhancement.

Planolites ichnoguild

The Planolites ichnoguild (orange ichnogenera
columns in Fig. 10) is characterised by shallow
tier deposit feeding structures created by both
mobile and sessile organisms. Compositional
ichnotaxa include Planolites, Teichichnus,
Palaeophycus and Cylindrichnus. These traces
dominantly reflect the behaviours of facies-
crossing trophic generalists (e.g. Gingras et al.,
2007) and are common of organisms able to
withstand reduced salinity (e.g. Howard &
Frey, 1973, 1975; Howard et al., 1975; Gingras
et al., 1999, 2011; Buatois et al., 2005; MacEa-
chern & Gingras, 2007; Dashtgard et al., 2008).
Further, Planolites represents backfilled grazing
traces (i.e. no connection to the sediment-water
interface), and as such the burrowing animals
likely fulfilled their dissolved oxygen require-
ments from surrounding non-anoxic pore-waters.
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20 S. K. Biddle and M. K. Gingras

Table 2. Ichnoguild characteristics. Colours correspond to those seen in Figs 10 and 16.

Temporal Feeding
Ichnofacies  Ichnoguild  Ichnogenera  Occupancy  Strategies Environment Proxy for
Phycosiphon Fugichnia Fugichnia Transitory N/A — Escape Rapidly Episodic
(mobile) structure deposited sedimentation
sediment
Navichnia Transitory N/A - Sediment  Soupy substrate
(mobile) swimming (fluid mud)
structure
Planolites Planolites Transitory Deposit feeding  Shallow tier, Oxygenated
(mobile) marine or pore waters
freshwater
influence
Palaeophycus Permanent/  Deposit feeding/  Shallow tier,
semi- carnivory fully marine or
permanent fresh water
(sessile) influence
Teichichnus ~ Semi- Surface detritus ~ Shallow tier,
permanent feeding, deposit  fully marine or
(sessile) feeding fresh water
influence
Cylindrichnus Permanent Surface detritus Shallow tier,
feeding fully marine or
fresh water
influence,
opportunistic
Phycosiphon Phycosiphon  Transitory Deposit feeding  Shallow tier, Normal
(mobile) fully marine, marine
opportunistic salinity
?Nereites Transitory Deposit feeding,  Shallow tier,
(mobile) surface grazing fully marine or
fresh water
influence
Chondrites Chondrites Permanent/  Deposit feeding =~ Middle-deep Sustained
semi- tier, fully marine oxygenated
permanent or freshwater bottom waters
(sessile) influence,

oxygen stress

? represents a tentative identification.

Overall, the generalist elements of the Planolites
ichnoguild do not reflect characteristics signal-
ling specific conditions beyond that of non-
anoxic pore-waters at the time of burrow
emplacement. Distributions of the Planolites ich-
noguild in Fig. 10 may act as a visual proxy for
(at least temporarily) oxygenated pore waters.

Phycosiphon ichnoguild
The Phycosiphon ichnoguild (green ichnogenera
columns in Fig. 10) is characterised by generally

fully marine (i.e. normal salinity) shallow-tier
specialised mobile deposit feeders of Phycosi-
phon and shallow-tier deposit feeders and sur-
face grazers of Nereites (e.g. Goldring et al,
1991; Wetzel & Bromley, 1994; Bednarz & Mcll-
roy, 2009; Gingras et al., 2011; Rodriguez-Tovar
& Dorador, 2014; Comerio et al., 2018; MacEa-
chern & Bann, 2020). Phycosiphon is a known
rapid opportunistic coloniser of event beds
(Wetzel & Uchman, 2001). Thus, its relative
absence in the event-bed-dominated Belle
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Fourche Formation (i.e. Facies 1) indicates salin-
ity fluctuations play a dominant role in dictating
the occurrences of this ichnoguild. Much like
Planolites, Phycosiphon does not maintain an
open connection to the sediment-water inter-
face, requiring bioavailable DO, in pore waters
(Wetzel & Uchman, 2001). Ultimately, the occur-
rence of this ichnoguild signals fully marine
depositional conditions (e.g. euryhaline) in sedi-
ments with oxygenated pore waters. The strong
association of Phycosiphon and Nereites herein
to fully marine conditions (e.g. euryhaline)
allows this ichnoguild to act as a visual proxy
for normal marine salinity in Fig. 10.

Chondrites ichnoguild

The Chondrites ichnoguild (blue ichnogenera
columns in Fig. 10) represents specialised deep-
tier permanent deposit-feeding and/or chemo-
symbiotic structures of exclusively Chondrites.
These deep-tier permanent organisms are con-
trolled by the availability of oxygen in bottom
waters rather than that of sediment pore waters
(e.g. Bromley & Ekdale, 1984; Ekdale & Mason,
1988; Smith et al., 2000; Martin, 2004), as trace
makers maintain an open connection to the
sediment-water interface allowing irrigation of
oxygenated waters at depth. The redox potential
discontinuity (RPD) will shallow within the sed-
iments if pore water oxygen concentrations are
low, constricting the depths to which mobile
deposit feeders can penetrate (Bromley &
Ekdale, 1984). Thus, the presence of Chondrites
is generally taken to infer dysoxic to anoxic pore
waters, while monospecific suites of Chondrites
record dysoxic bottom waters with even further
reduced pore waters (e.g. Bromley & Ekdale,
1984; Savrda & Bottjer, 1987; Bromley, 1996;
Savrda, 1998; Knaust, 2017). Chondrites com-
monly occurs at other Cenomanian-Turonian
OAE?2 localities within the WIS (Savrda, 1998;
Sageman, 1989; Kauffman & Sageman, 1990;
Grosskopf, 2015), and its abundance increases
along the west-to-east deoxygenation gradient,
particularly in more carbonate-rich southern
intervals from Colorado to Kansas (e.g.
Savrda, 1998). As such, it is surprising that
Chondrites is absent from the OAE2-equivalent
interval of this study, and the entirety of the
encapsulating = L2WS  (representing  peak
transgression).

The general absence of Chondrites in this
study is interpreted to reflect a combination of
environmental stressors. These include salinity
stress, particularly notable in the Belle Fourche

Ichnology of OAE2 in Western Canada 21

(Facies 1), as Chondrites typically represents
fully marine conditions (e.g. MacEachern et al.,
2007; Gingras et al., 2011; Paz et al., 2023); sub-
strate instability, especially in intervals domi-
nated by fluid muds that preclude stable, open
burrow systems (e.g. Wetzel & Uchman, 1998);
elevated nutrient availability, which reduces the
necessity for specialised deep-tier deposit
feeders at organic-rich levels (>2% TOC; Wetzel,
1983, 1991); and transient oxygenation, since
sustained deep-tier feeding behaviours require
stable, well-oxygenated conditions due to higher
metabolic demands compared to shallow-tier
mobile deposit feeding (Buatois et al., 2011;
Sperling et al., 2013; Desai & Biswas, 2018).
Chondrites within this core is rarely monospe-
cific and most often present in intervals with
the highest ichnodiversity. This association
strongly suggests that at this location, Chon-
drites was most often emplaced during times of
sustained bottom water oxygenation or dysoxia
(e.g. relatively stable/equilibrium conditions).
These relatively stable conditions allowed: (i)
colonisation by various organisms with differing
feeding strategies (in this core Chondrites is
associated with the most ichnologically diverse
intervals); and (ii) time for the construction of
these complex permanent features. Thus, Chon-
drites herein may act as a visual proxy for sus-
tained partially oxygenated bottom waters in
Fig. 10.

Interpretations of ichnoguild distributions
Ichnoguild analysis provides a simple visual
proxy for changing physicochemical stresses
over the length of this core (e.g. the coloured
ichnogenera columns in Fig. 10). Several physi-
cochemical interpretations can be made by look-
ing strictly at the ichnoguild distributions
plotted on Fig. 10.

The prevalence of the fugichnia ichnoguild
indicates the interval was prone to episodic sed-
imentation, while the specific distribution of
navichnia indicates a waning river influence
through time. The Planolites ichnoguild alone
suggests the Belle Fourche Formation and mid-
dle and uppermost 2WS intervals possessed the
most oxygenated pore waters, and when com-
bined with the other ichnoguilds suggests pore-
water oxygenation within the Lower 2WS
dropped off rapidly and seemingly declined
through time. Elements of the Phycosiphon ich-
noguild fluctuate throughout this cored interval
but generally increase in abundance upwards,
indicating a gradual return to stable marine
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conditions (e.g. normal marine salinities and
oxygenation). The inverse relationship between
elements of the fugichnia and Phycosiphon ich-
noguilds corroborates decreased deltaic influ-
ence over the depositional lifetime of this core.
Similar to the Planolites ichnoguild, the distri-
bution of the Phycosiphon ichnoguild indicates
increasingly stable conditions after the termina-
tion of the Lower 2WS, with an apparent peak
in stability in the uppermost 2WS. The distribu-
tion of the Chondrites ichnoguild indicates that
the Belle Fourche Formation and middle and
uppermost 2WS intervals were at least punctu-
ated by periods of sustained bottom water oxy-
genation. Overall, ichnoguild analysis indicates
that the Belle Fourche Formation and uppermost
2WS experienced the least oxygen stress.

DISCUSSION

Ichnological expressions of stress

The entire cored interval displays a common
theme of diminutive and diminished ichnologi-
cal suites. In general, the small body sizes and
low diversity of infaunal traces are a clear
response to imposed stresses acting at, or just
below, the sediment-water interface. Sedimento-
logical and ichnological features indicate three
main physicochemical stressors acting through-
out the deposition of this core, including: (i)
reduced oxygenation; (ii) reduced salinity; and
(iii) rapid/episodic = sedimentation.  These
stressors are reflected in various proportions
over time (e.g. facies and ichnoguild
interpretations).

Reduced DO, in bottom waters and sediment
pore waters is reflected as a marked decline in
trace fossil size, ichnogenera diversity and depth
of burrow penetration (e.g. Rhoads & Morse,
1971; Bromley & Ekdale, 1984; Savrda & Bott-
jer, 1987, 1989, 1991, 1994; Gingras et al., 2011;
MacEachern et al., 2012; Dashtgard et al., 2015;
Dashtgard & MacEachern, 2016). Reductions in
body size stem from a strategic adaptation to
improve oxygen diffusion through an increased
body surface area to volume ratio (Moore &
Francis, 1985), ichnogenera diversity declines to
accommodate only those species adapted to
reduced oxygenation (e.g. modern-day nemer-
teans and nematodes) and depth of penetration
is reduced due to a shallowing in the RPD
within the sediments. Although this core dis-
plays all the characteristic signs of oxygen

depletion, similar ichnological expressions
could result from other stressors, or a complex
combination of a variety of acting stressors.

The interpretation that many of the normally
graded beds throughout this core represent rapid
deposition of river-derived wave-supported
hyperpycnites (e.g. Table 1) suggests an imposed
reduction in salinity. Paralleling low-oxygen
conditions, reduced salinity can lead to low-
diversity suites of simplistic infaunal feeding
behaviours (e.g. Planolites) and diminutive bur-
row sizes (e.g. Beynon et al., 1988; Pemberton &
Wightman, 1992; Gingras et al, 1999, 2011,
2025; Bann et al., 2004; Bann & Fielding, 2004;
Buatois et al.,, 2005, 2011; MacEachern et al.,
2007, 2012; MacEachern & Gingras, 2007;
MacEachern & Bann, 2020). Reduced body size
may be ascribed to a prevailing juvenile commu-
nity, owing to shortened lifespans attributed to
difficulties in ionic- and osmoregulation under
salinity-reduced conditions (Gingras et al., 2011;
MacEachern et al., 2012). Diminutive suites may
also be a strategic adaptation to improve oxygen
diffusion (or other solute transport) over an
increased body surface area (Gingras et al., 1999,
2011; MacEachern & Gingras, 2007), as reduced
salinities impose an increased biologic oxygen
requirement (Rees et al., 1977; MacEachern
et al., 2012).

Although reductions in available DO, and
salinity produce similar effects within an ichno-
logical suite, they favour different trace fossil
types. Low-oxygen settings show extremely
impoverished ichnological suites dominated by
diminutive infaunal deposit-feeding burrows
typical of fully marine salinities (e.g. Phycosi-
phon, Chondrites) (e.g. Bromley & Ekdale, 1984;
Ekdale & Mason, 1988; Wignall, 1991; Savrda,
1995, 2007; Gingras et al., 2011), while reduced
salinity settings show various simple diminutive
deposit-feeding traces (e.g. Planolites, Cylin-
drichnus) (Howard & Frey, 1975; Gingras et al.,
1999, 2011, 2025; MacEachern & Gingras, 2007;
Dashtgard et al., 2008).

Intervals of rapid and episodic deposition
(e.g. tempestites, hyperpycnites, wave-enhanced
sediment gravity flows) are typified by low
intensity, non-uniform (sporadic) and top-down
(‘lam-scram’) reworking by transient simplistic
feeding behaviours (e.g. those of Planolites and
Phycosiphon), in combination with an abun-
dance of rapid movement structures (e.g.
fugichnia, navichnia) (Howard, 1975; Seila-
cher, 1982; Frey, 1990; Pemberton et al., 1992;
Leithold, 1993; Leithold & Dean, 1998;
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MacEachern et al., 2005, 2012; MacEachern &
Bann, 2020). Sporadic top-down reworking and
indistinct sediment mottling are owing to rapid
sediment accumulation impeding the construc-
tion of permanent and semi-permanent domi-
ciles, while associated clastic dilution leads to
reduced nutrient density; both favouring tran-
sient feeding behaviours (MacEachern et al,
2005, 2012). Additionally, rapid deposition
results in sediments promptly passing through
the RPD, imposing an oxygen stress, precluding
endobenthic organisms and hindering even
deep-tier deposit feeders (e.g. Chondrites)
(MacEachern et al., 2005, 2012; MacEachern &
Bann, 2020).

Ichnological relative oxygen curves

Ichnological reconstruction of relative oxygen
curves is not a novel concept (e.g. Savrda &
Bottjer, 1986, 1991, 1994; Tyszka, 1994; Wan
et al., 2003; Rodriguez-Tovar et al, 2009;
Allington-Jones et al., 2010). Rodriguez-Tovar
et al. (2009) used ichnological diversity counts
to generate an oxygen curve for the OAE2-
bearing interval in pelagic and hemipelagic
deposits near Manilva, Spain (fig. 4 in Rodri
guez-Tovar et al., 2009). Changes in burrow
diameter (i.e. size) were used to interpret oxy-
gen fluctuations throughout the hemipelagic
OAE2-bearing interval in Tibet (Wan et al,
2003). The Size-Diversity Index (SDI), calculated
as the product of ichnogenera diversity and
maximum burrow diameter (sensu Hauck et al.,
2009), has been used as a proxy for both salinity
(Hauck et al., 2009; Gingras & MacEachern, 2012;
Botterill et al., 2015; Timmer et al., 2016) and
oxygenation stress (Furlong, 2019; Gonzailez
et al., 2022). Herein, Fig. 10 illustrates three
ways to reconstruct relative DO, levels: (i)
diversity plots (purple column), (ii) maximum
burrow diameters (green column), and (iii) the
Size-Diversity Index (blue column). The diver-
sity plots indicate the highest oxygen concentra-
tions in the Upper 2WS. The maximum burrow
diameters indicate the highest oxygen concen-
trations in the Belle Fourche and Upper 2WS
Formations. The SDI curve combines and exag-
gerates the trends in the diversity and diameter
curves, indicating that oxygenation was highest
in the Upper 2WS. Further, each of the three
potential proxy curves suggests that oxygenation
was never stable, but rather constantly fluctuat-
ing, with the lowest oxygen conditions in the
upper portion of the Lower 2WS.
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Oxygen scenarios

The combined ichnological and sedimentologi-
cal intricacies of this core suggest five prevailing
oxygen scenarios: (i) moderately dysoxic bottom
waters (0S1), (ii) severely dysoxic bottom waters
(0S2), (iii) extremely dysoxic bottom waters
(0S3), (iv) storm injection of oxygen under
extremely dysoxic bottom waters (0OS4) and
anoxia (OS5) (using the oxygen terminology and
saturation cut-offs outlined by Tyson & Pear-
son (1991)). Descriptions and interpretations of
each scenario are summarised in Table 3.

Reflections of Oceanic Anoxic Event 2 (OAE2)

The carbon isotope curve for this core places the
OAE2 between 2781 m and 2787.5 m depth
(Figs 10 and 16), showing a rapid +2 §"C
increase with the return to background values,
or ‘lapsing’, apparently beginning at 2783.5 m.

Pre-OAE2

The Belle Fouche interval (Facies 1, deposited
before transgression and the CIE) displays pro-
nounced trace fossil diminution compared to
typical salinity-stressed intervals (e.g. MacEa-
chern & Bann, 2020), indicating an imposed
deoxygenation stress before the onset of the
OAE2. Deposits of the Belle Fourche Formation
at this location are interpreted to reflect moder-
ately dysoxic bottom waters (OS1).

A lithological change begins 3 m below the
onset of the OAE2, gradually shifting from the
interpreted most proximal coarsest-grained
deposits (Facies 1) to well-established distal cal-
careous fine-grained deposits (Facies 5) of the
L2WS <20 cm above the initial excursion
(Figs 10 and 16). This is consistent with the
regional deepening of the WIS noted from the
southern (American) intervals (e.g. Arthur &
Sageman, 2005). This lithological shift is con-
comitant with a dramatic pause in bioturbation,
occurring roughly 30 cm (2787.80 m, Fig. 16)
before the OAE2-bearing interval. The total pre-
clusion of infauna is indicative of likely anoxia
(OS5). Sedimentation rates calculated from Sage-
man et al.’s (2006) total CIE duration estimates
in the WIS of 847 to 885 kyr place this initial
temporary anoxic event 39 to 41 kyr in advance
of the global definition (CIE) of OAE2 onset.
Higher resolution carbon isotope analysis would
undoubtedly help resolve this timeline. Other
geochemical studies have noted excursions
beginning shortly before the onset of the CIE.
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Table 3. Descriptions and interpretations of the four oxygen scenarios.

Scenario Description Interpretation DO, (mL/L)
0S1 Moderately Diverse ichnological suites, and relatively Various physico-chemical <2.0
dysoxic large burrow diameters (max of 6 mm) stressors to account for
bottom waters  Primary sedimentary features are only diminutive trace sizes,
unreworked if the depositional bed is including prevailing rapid
either thicker than the deepest extents of sedimentation, periodically
bioturbation (dictated by the RPD; e.g. reduced salinities and
thick tempestites, Fig. 11B); if sediment bottom waters at <100%
character is unfavourable to burrowing DO, saturation
benthos (e.g. soup ground hyperpycnites,
e.g. Fig. 11D)
0S2  Severely Low diversity suites, commonly Shallow RPD in the <1.0
dysoxic monospecific Planolites and Phycosiphon.  sediments, associated with
bottom waters ~Common meiofaunal reworking very low bottom water DO,
Thick beds preserve remnant ‘fuzzy’ diffusion
primary structures (Fig. 12C,D), while
complete obliteration of primary
sedimentary features occurs only in some
thin beds. Typically bases of thin (<1 cm
thick) episodic sedimentation events
remain uncolonised
0S3  Extremely General preclusion of macroscopic trace Sustained extreme dysoxia <0.5
dysoxic fossils. Primary sedimentary features with the RPD near or at the
bottom waters  remain intact and show some ‘fuzziness’ sediment-water interface
(Fig. 12A,B)
0S4 Episodic Macroscopic burrows (>1 mm) are Background conditions: <0.5 to <2.0
oxygen confined to coarser grained storm beds but ~ Sustained extreme dysoxia
injection absent in fair weather or thin episodically =~ with the RPD near or at the
under emplaced deposits (e.g. IBF2 in the sediment-water interface
extremely coarser-grained bed, while cryptic ‘fuzzy’ Storm conditions: Mixing
dysoxic reworking characterises the thinner beds and water column turnover
bottom waters  in Fig. 12C,D). Macroscopic burrows are results in temporarily
overprinted by meiofaunal reworking (e.g. oxygenated bottom waters
burrows become ‘fuzzy’) and pore waters of the
Mix of thin, generally unbioturbated beds incipient deposit.
intercalated with less common thicker and = Macroscopic reworking may
coarser bioturbated storm beds have occurred relatively
quickly by transported adult
organisms that had become
entrained in the storm
deposits (i.e. ‘doomed
pioneers’), or by rapid
colonisation of larvae post-
storm
0S5 Anoxia No biogenic reworking and all primary Anoxic bottom waters 0.0

sedimentary structures intact with no
‘fuzziness’

precluding epi- and
infaunal life

Ostrander et al. (2017) noted a positive thallium
excursion ~43 kyr before the onset of the CIE at
the ODP Site 1258 (Demerara Rise, Atlantic),
interpreted as bottom water deoxygenation prior

to the OAE2. Turgeon & Creaser (2008) identi-
fied an osmium excursion occurring ~23 kyr
before the onset of the OAE2 at both ODP site
1260B and Furlo Italy, indicating an extensive

© 2025 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology

85UB017 SUOWWOD SARRS.1D 3|qedljdde aup Aq pausencb a1e s3jofe YO ‘88N JO S3IN1 10} ARIq1T BUIUO AB]IM UO (SUORIPUOD-PUR-SLLBY WD AB | 1M Afe1q Ul UO//SARY) SUOIPUOD PUe SWLB | 8U3 89S *[6202/2T/9T] uo Areigiaulluo AB|IMm ‘AisieAlun eoluyos L ulle.L A £900. PSS/TTTT OT/I0P/W0D" 8|1 Afeiq 1 BulUO//:SdnY WOy papeojumoq ‘0 ‘T60ESIET



Ichnology of OAE2 in Western Canada 25
R
.8 200 SSEE, @
&F SESRE S e &
L O STFLEFLTET L &
"')@Qé 4>$Litholog Depth @Qé’éQ\o ’\q'\ d\ Q°\Q‘$e" C}\o Diversity Max. Diam. (mm) SDI Max. Bl TOC (Wt%) 813C,, Mineralogy (wt%) .
L (m) ’ o o g é F E - g F;ues:
- = - .
< L. 2780 = . . — | i
2 z |- = : j —
5 = = [S— - P -
= - [ . | -
= o o 1 I— 5
= — = = ® R
« - = = ] . + 2C [omm——
E = = == ° .
g = = — . -8 Mineralogy
3 o D . quartz
2 = —— = <
=1 = — — . (e} . K-feldspar
Z= e e =
- o . plagioclase
8 B 1 I
E == I — ‘——ﬁ . [ dolomite |
- D e
S .
_ — A
2 . —
S 11 -
£ .
2 A  ——
< =
& = i )

Ichnoguild: Fug. Planolites Phy. Cho. 1

[N}
w
[
~
w
IS

4 6 8 123456 1 2 3 -27-26-25-24-23 25 50 75 100

Fig. 16. Facies, ichnologic data, TOC (wt%), carbon isotopes and XRF-derived mineralogy (Percy & Peder-
sen, 2020) over the OAE2 interval. Ichnogenera organised by their ichnoguild association (coloured bars match
colours in Table 2). The OAE2 interval outlined by the carbon isotope curve has been separated into ‘A’, ‘B’, ‘C’

and ‘D’ ‘peaks’ after O’Connor et al. (2020).

magmatic pulse and change to seawater chemis-
try. Montoya-Pino et al. (2010) and Clarkson
et al. (2018) interpreted pre-CIE anoxia using
uranium isotopes at Demerara Rise and Euro-
pean shelf/Tethyan margin, respectively. This
pre-OAE2 deoxygenation is difficult to match to
southern portions of the WIS, as US deposits
largely reflect an initial trend towards better-
oxygenated conditions at the onset of the OAE2
as the southern Texan sill was breached during
transgression (e.g. Arthur & Sageman, 2005;
Elderbak & Leckie, 2016; Lowery et al., 2018),
followed by a gradual return to more weakly
oxygenated conditions throughout the duration
of the event (Meyers et al., 2005; Sageman et al.,
2024).

OAE2

Herein, the onset of the OAE2 CIE is near coeval
with the Belle Fourche to L2WS transition. Lith-
ologically the OAE2-bearing interval is charac-
terised by the most distal and sediment-starved
Facies 5 and 6. Mineralogically, the OAE2-
bearing interval begins with an increase in total
carbonate content (Figs 10 and 16), consistent
with the mineralogical trends identified in the
southern WIS (Arthur & Sageman, 2005). This
increase in carbonate validates the idea that
enrichment stems from increased production

and/or decreased dilution accompanying water
column deepening. Organic enrichment (TOC%)
increases relatively dramatically (>1%) at the
CIE, with maximums coinciding with the high-
est 8'°C values throughout the core. This
increase in enrichment seemingly corroborates
the incidence of most intense oxygen depletion
for the entire cored interval (Demaison &
Moore, 1980; Arthur and Sageman, 2005).

Ichnologically, the OAE2-bearing interval
exhibits a reduction in trace fossil occurrence,
accompanied by subtle decreases in trace fossil
diversity, burrow sizes and bioturbation inten-
sity (BI) (Figs 10 and 16). These ichnological
attributes suggest elevated chemical stress com-
pared to the underlying Facies 1 of the Belle
Fourche Formation, where depositional condi-
tions were primarily controlled by energy levels
and intermittent salinity stress. This transition
is interpreted to reflect a shift from moderately
dysoxic bottom water conditions (OS1) in the
Belle Fourche Formation towards fluctuating
severe to extreme dysoxia (OS2 and OS3) within
the OAE2-bearing interval.

The most notable characteristic over the CIE is
the continued punctuation of the ichnological
DO, proxy curves with relatively thick (>10 cm,
up to 50 cm) intervals lacking biogenic evi-
dence. These relatively thick depauperate
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intervals occur in the thin-bedded sediment-
starved Facies 5 and thus are not the result of
thick storm bed emplacement. Rather, the punc-
tuating absence of infauna is attributed to inter-
mittent  anoxia  (0S5)  precluding the
development of an infaunal community. This is
most likely linked to an encroaching or develop-
ing oxygen minimum zone (OMZ) accompany-
ing transgression and increased productivity.
The spread in TOC values over the (interpreted
above) sediment-starved OAE2-bearing interval
is most likely the result of fluctuating primary
productivity and variable organic degradation
rates at the sea floor (i.e. the spread in values is
not the product of variable dilution). These pro-
ductivity fluctuations are likely climactically
driven, where humid conditions lead to
enhanced weathering and nutrient input causing
increased primary production and oxygen con-
sumption at the sea floor (e.g. Leckie et al,
1998; Meyers et al., 2001; Barclay et al., 2010;
Bryant et al., 2021; Fortiz et al., 2024), combined
with lowered oxygen solubility in warmer
waters. Bottom waters would have been anoxic
only temporarily during peak productivity.
Additionally, isolated bioturbated beds through-
out the OAE2-bearing interval are interpreted as
reflecting brief episodes of storm-driven oxygen-
ation of the seafloor (0OS4), rather than sudden,
significant reductions in productivity.

Overall, the palaeo-oxygen interpretations
herein suggest that the OAE2 was not a rapidly
induced and temporally isolated event. Instead,
it represents continuous oxygen fluctuations
between periods of extreme deoxygenation
punctuated by more oxygenated intervals. Inter-
mittent deoxygenation has become the favoured
interpretation over persistent anoxia for other
globally diverse deposits that reflect oxygen
stress over the OAE2, including the American
extent of the WIS (Eicher & Diner, 1985; Sage-
man, 1989; Savrda & Bottjer, 1994; Sageman
et al., 1997; Savrda, 1998; Meyers et al., 2001;
Keller et al., 2004; Meyers et al., 2005; Bryant
et al., 2021; Bryant & Belanger, 2023; Sageman
et al., 2024), the northern Tethyan Margin (Swit-
zerland, Westermann et al. (2010); Germany,
Friedrich et al. (2011); Spain, Rodriguez-Tovar
et al. (2009)), the southern Tethyan Margin
(Tibet, Wan et al. (2003)) and the proto-Atlantic
Ocean (Friedrich et al., 2006).

The Plenus Cold Event
The extreme burial of organic carbon in marine
sediments, reflected in the globally recorded

CIE, may have forced atmospheric CO, draw-
down, leading to subsequent climactic cooling
and reinvigorated bottom water oxygenation
shortly after the onset of OAE2 conditions
(Schlanger & Jenkyns, 1976; Arthur et al., 1987).
Palaeontologic and geochemical analyses of
globally diverse OAE2-bearing intervals confirm
such an event, now recognised as the Plenus
Cold Event (PCE) (e.g. Gale and Christensen,
1996; Wilmsen et al., 2007; Forster et al., 2007;
Jarvis et al., 2011; van Helmond et al., 2016;
Eldrett et al.,, 2017; Clarkson et al., 2018; Gale
et al., 2019; Boudinot and Septlveda, 2020; Per-
cival et al., 2020; Falzoni and Petrizzo, 2022).

The poor resolution carbon isotope curve and
lack of detailed micropalaeontologic data herein
make it difficult to place the PCE (the PCE corre-
sponds with the foraminiferal ‘Benthonic Zone’
of Eicher & Worstell (1970); e.g. Elderbak &
Leckie (2016)). Assigning diagnostic CIE ‘peaks’
after O’Connor et al. (2020), and crudely match-
ing the overall shape of the carbon isotope curve
to that of higher resolution data sets from the
southern WIS (Pratt, 1984; Sageman et al., 2006,
2024), places the PCE in the lower half of the
CIE, spanning 2787.00 to 2785.50 m (Fig. 16,
between peaks ‘A’ and ‘B’). Despite the sugges-
tion of a cold event from other localities, several
studies from the southern WIS interpret the
PCE-equivalent as representing a time of warm-
ing indicated by an influx of warm-water taxa
(e.g. Corbett & Watkins, 2013; Elderbak and
Leckie, 2016; Sageman et al., 2024).

The detailed ichnological data set herein
shows some differences between the interpreted
PCE-equivalent and the upper portion of the
OAE2-bearing interval (Fig. 16). Deposits incor-
porating the PCE display similar punctuations
in biogenic reworking as the post-PCE OAE2-
bearing interval (e.g. punctuation of BI data on
Figs 10 and 16), but prolonged punctuations in
other ichnological characteristics (diversity,
diameter, SDI). This is attributed to much of the
lower OAE2-bearing interval being bioturbated
by exceptionally small trace-makers that could
not be confidently attributed to specific ichno-
genera (characteristic of 0OS3), and the more
common occurrence of fugichnia and navichnia
of which there is no causative burrow to take
true diameter measurements. Alone, the occur-
rence of smaller burrows in the PCE-bearing
interval suggests more oxygen-depleted bottom
waters compared to deposits accumulating post-
PCE (e.g. OS3 versus OS2, respectively). How-
ever, the more common occurrence of fugichnia
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and navichnia indicates a more energy- and
salinity-stressed setting (see discussion in
Section Ichnoguilds), which may also lead to
diminutive infauna. Furthermore, it is important
to note that deposits which accumulated post-
PCE during the OAE2 interval are characterised
entirely by Facies 6, reflecting a more sediment-
starved setting than Facies 5, which charac-
terises the PCE-bearing interval. This distorts
the visual representation of the ichnological data
on Fig. 16. Organic enrichment in the PCE and
post-PCE intervals are similar (excluding the
two low values taken near the Bighorn River
Bentonite and the cemented CTB section). Con-
sidering sediment starvation (i.e. reduced dilu-
tion) in the post-PCE interval, conditions may
reflect lower productivity and/or improved bot-
tom water oxygenation compared to the more
diluted PCE interval. However, available data do
not allow a confident assessment of whether the
PCE-equivalent was more or less oxygenated
than the post-PCE. Overall, the entire OAE2-
bearing interval experienced significant deoxy-
genation (severely to extremely dysoxic; 0S2-3),
with only intermittent episodes of anoxia (OS5).

Post-OAE2

The return of the CIE to background levels at
the base of the L2WS marks the end of OAE2
(Figs 10 and 16). Ichnological data indicate per-
sistently low bottom water oxygenation post-
OAE2, fluctuating between severely and
extremely dysoxic (0S2-3), with infrequent and
less intense anoxic episodes (OS5), as shown by
thinner and infrequent burrowed levels. Oxygen
fluctuations and intermittent anoxia persisted
through most of the L2WS, supported by contin-
ued variability in organic enrichment. This pat-
tern agrees with southern WIS interpretations of
ongoing production-driven deoxygenation (e.g.
Meyers et al., 2005; Bryant et al., 2021).

In the M2WS, bottom water conditions
improve, evidenced by fewer ichnological inter-
ruptions and a modest increase in bioturbation
intensity (Fig. 10). More consistent biogenic
reworking suggests stable oxygen conditions,
and increased diversity relative to the pre-OAE2
interval indicates reduced salinity stress (Facies
2 versus Facies 1). Burrow sizes remain compa-
rable to those in the Belle Fourche Formation,
suggesting lingering oxygen stress.

The U2WS begins with a sharp rise in biotur-
bation (obscuring diversity and size measure-
ments), followed by ichnological metrics similar
to the pre-OAE2 Belle Fourche interval—
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indicating improved oxygenation relative to the
L2WS. Its upper portion shows a marked
increase across all DO, proxy data, signalling
the most hospitable bottom water conditions
since the onset of L2WS deposition.

Interval of most intense deoxygenation

The carbon isotopes, lithology, TOC values,
mineralogy and ichnological trends may lead
one to assume that the isotopically defined
OAE2 reflects the lowest oxygenation experi-
enced over the depositional lifetime of this core.
Again, the ichnological DO, proxy curves (e.g.
diversity, diameter, SDI; Figs 10 and 16) corrob-
orate intermittent deoxygenation. However, it is
not until approximately 14 m above the termina-
tion of the OAE2, within the uppermost portion
of the L2WS, that the ichnology reflects the low-
est relative oxygen concentrations (Fig. 11). This
interval lithologically, geochemically (TOC%),
and mineralogically mirrors that of much of the
basal L2WS and the encapsulated OAE2. Here,
the ichnology marks this interval as having suf-
fered the most intense oxygen depletion. The
more frequent punctuations in all biogenic data,
including BI, indicate more frequent anoxia than
occurred during the OAE2. More frequent dys-
oxia is indicated by the common occurrence of
bioturbated intervals lacking distinct burrow
data (diversity and size), attributed to biogenic
reworking exclusively by meiofauna or exceed-
ingly small macrofauna.

This temporal disconnect between the isotopi-
cally defined OAE2, and the peak deoxygenation
higher up, has been geochemically and palaeon-
tologically identified in the southern portion of
the WIS (Savrda, 1998; Meyers et al., 2001,
2005; Meyers & Sageman, 2007; Dale et al.,
2012; Elderbak & Leckie, 2016). The consensus
is that this is likely a factor of continued (peak)
transgression and development of an oxygen
minimum zone, peaking in the early Turonian
after cessation of the OAE2 CIE (Meyers et al.,
2005; Elderbak & Leckie, 2016; Bryant et al.,
2021).

Both Facies 5 (pin-striped) and 6 (silt-
streaked), which characterise the OAE2-bearing
deposits (Figs 8 to 10), reflect storm wave
reworking leading to the winnowing and
accumulation of the larger grains into stripes
and streaks (Table 1). This rather continuous,
albeit relatively low-energy sea floor wave action
would provide some oxygen invigoration
to the bottom waters, precluding the develop-
ment of sustained anoxia (e.g. Stel, 1975;
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Macquaker, 1987; Savrda & Bottjer, 1991; Schie-
ber, 1994; Wignall & Myers, 1988; Allington-
Jones et al., 2010; Comerio et al., 2018; Algeo &
Li, 2020). This reworking is further interpreted
to be the exact mechanism leading to the peak
in organic enrichment in the OAE2-bearing
interval (Percy & Pedersen, 2020). This interval
reflects the coarsest grain sizes (in terms of func-
tional depositional grain size) throughout the
entire core (e.g. fig. 2 in Percy & Pedersen, 2020),
as mud constituents were deposited as intraclas-
tic aggregates (i.e. previously deposited, eroded
and re-transported composite particles of mud,
organic matter and other detritus). The shelter-
ing of organic matter in transported composite
particles prevents any further degradation (e.g.
Biddle et al., 2025). The higher up interval
reflecting peak deoxygenation is characterised
solely by the distal and low-energy silt-streaked
Facies 6, and the mud constituents are not func-
tionally as coarse-grained (identified to be smal-
ler aggregates by Percy & Pedersen, 2020). These
smaller aggregates provide lesser organic matter
sheltering, and thus the relatively high TOC
values are likely the result of heightened pro-
ductivity over increased preservation potential.
The deeper water column here (associated with
peak transgression) compared to the OAE2-
bearing interval prevented storm-generated bot-
tom water oxygen invigoration. This allowed the
poorly sheltered organic matter to frequently
exhaust the limited oxygen supply during
degradation.

Corroborating peak deoxygenation tied to peak
transgression is the delayed northward migra-
tion of the thermal front between the cold and
better-oxygenated  northern-sourced  Boreal
waters and the warm, less oxygenated southern-
sourced Tethyan incursion. The density contrast
between these two water masses resulted in
their segregation. Slingerland et al. (1996) pro-
posed a model for Early Turonian WIS circula-
tion with counterclockwise flow: Boreal waters
migrated south along the western margin, while
Tethyan waters moved north along the eastern
margin, driven partly by shore-parallel freshwa-
ter currents (e.g. fig. 7 in Arthur & Sage-
man, 2005). This circulation ultimately
produced a north-south directed front at the
northern extent and a remnant east-west front to
the south (Eicher & Diner, 1985; Leckie et al.,
1998; Savrda, 1998; Slingerland et al., 1998;
Fisher & Arthur, 2002; Fisher, 2003; Denne
et al., 2014; Lowery et al., 2018; Sageman et al.,
2024). The northward migration of less

oxygenated waters was tracked by Bryant &
Belanger (2023), where more northern locations
in the American portion of the WIS experienced
less severe and delayed oxygen depletion over
the CTB when compared to the south. In their
study, the lowest oxygen levels occurred above
the OAE2 CIE, similar to the pattern observed in
this study.

CONCLUSIONS AND SUMMARY

In-depth ichnological analyses revealed more
diverse and more frequent bioturbation than pre-
viously documented for the 2WS interval. The
generally diminutive and diminished ichnologi-
cal suite herein indicates a perpetually physio-
chemically stressed setting. Integration of trace
fossil characteristics with sedimentology indi-
cates a variety of stressors, including oxygen,
salinity, energy and episodic sedimentation in
varying proportions. Four distinct ichnoguilds
were constructed by grouping ethologically simi-
lar ichnogenera. Plotting ichnoguild distribu-
tions over the cored interval illuminated how
physicochemical stresses, mainly oxygen, salin-
ity and episodic sedimentation fluctuated
through time.

Applying multiple ichnological analytical
techniques (trace fossil characteristics, ichnofa-
cies analysis, ichnoguild analysis and petro-
graphic ichnology) allowed interpretation of five
different bottom water oxygen scenarios for this
setting, including (i) poorly oxygenated bottom
waters, (ii) severely dysoxic bottom waters, (iii)
extremely dysoxic bottom waters, (iv) episodic
oxygen injection by storms and (v) anoxia.

Ichnologically interpreted low and constantly
fluctuating bottom water oxygenation charac-
terised the Cenomanian-Turonian boundary
interval deposits containing OAE2 in west-
central Alberta. During the OAE2 itself, bottom
water oxygenation fluctuated between severely
dysoxic (0S2), extremely dysoxic (OS3), tempo-
rarily oxygenated through storm injection (0S4)
and intermittent anoxia (OS5). No confident dis-
tinction in oxygenation trends could be deduced
between the PCE and the post-PCE within the
OAE2, with both intervals displaying significant
and fluctuating deoxygenation.

The entire OAE2-bearing interval (including
the basal PCE interval) clearly displays
depressed depositional oxygenation, but not the
lowest documented for this core. Traditionally,
peak deoxygenation for this core may have been
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associated with the highest TOC and &'Cy
values (e.g. at approximately 2785 m) just below
the CTB. However, the ichnological DO, proxy
curves suggest instead that peak deoxygenation
was reached roughly 20 m higher, in the middle
of the Lower 2WS (e.g. 2763 m) and roughly
14 m after the termination of the OAE2. Peak
deoxygenation in the younger interval is inter-
preted as a result of a deep-water column (peak
transgression) and increased productivity, lead-
ing to limited water column turnover and
increased oxygen consumption at the sea floor.
Delayed Tethyan influence compared to south-
ern WIS locations may further explain the lag in
peak productivity.

A future high-resolution study combining these
ichnological results with geochemical palaeore-
dox proxies (e.g. enrichment factors of molybde-
num and vanadium) would help resolve the
OAE2 boundaries and internal shifts (e.g. ‘A’, ‘B’
and ‘C’ of O’Connor et al. (2020)) in this area. This
would be best accomplished by matching the ich-
nological and geochemical resolution over the
same 10 cm intervals (‘bins’). This integrated
approach would further help refine and validate
the oxygen trends proposed in this study.
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