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Abstract

Despite their abundance as fossils, the life histories of ammonites are still poorly understood. We
analyzed the oxygen (8'%0) and carbon (8'°C) isotopic composition of well-preserved shell material taken from
different growth stages of the streamlined oxyconic ammonite species Sphenodiscus lobatus from the Upper
Cretaceous (Maastrichtian) Pierre Shale and Fox Hills Formation of South Dakota. Pairing isotopic data with an
analysis of the distribution of this species through a range of shallow marine environments allows us to
reconstruct the life history and habitat of this ammonite in the Western Interior Seaway (WIS). When plotted
ontogenetically using whorl height (WH) as a proxy for growth stage, 8'%0 values in the early ontogeny of S.
lobatus are consistently depleted (-3 to -4%e), irrespective of facies and stratigraphic position. These results
suggest a warm surface water habitat with lowered salinity. A distinct positive shift at a WH of ~40 mm in all
specimens indicates a change to waters with a different isotopic composition — potentially migration to a more
nektobenthic habitat in cooler waters. Oxygen isotope values remain highly variable (> 3%o within individual
specimens) throughout adulthood, indicating either a high degree of seasonality in the WIS or the migration of
S. lobatus through different environments (vertically or laterally within the water column). Values of 8'*C show
no pattern and are variable throughout ontogeny in all specimens, either a result of differential incorporation of
metabolic carbon through the lifetime of the animal or reflecting changes to the dissolved inorganic carbon pool
in shallow water environments. Distribution within the Fox Hills Formation indicates a consistent pattern in
which smaller specimens of S. lobatus are more commonly preserved in the offshore silts of the Little Eagle
lithofacies of the Trail City Member, and larger specimens are more commonly preserved in the nearshore,
time-equivalent Irish Creek lithofacies and the overlying sandy lithofacies of the Timber Lake Member. These
data are consistent with the hypothesis that adult Sphenodiscus were adapted to inhabit shallow water

environments.



Introduction

The richly fossiliferous Upper Cretaceous marine strata of the U.S. Western Interior (Figure 1) preserve
an excellent record of ammonoid cephalopods (ammonites), which forms the basis of an unparalleled
biostratigraphic scheme for the region developed by William (Bill) Cobban and colleagues over more than 50
years (Cobban et al., 2006). Despite their abundance as fossils, the life history and ecology of ammonites is an
area of ongoing debate due to the exceptional rarity of soft tissue preservation in the fossil record and
uncertainty about their closest extant relatives, hampering comparison to modern cephalopods (e.g., Jacobs and
Landman, 1993). Today, many cephalopods exhibit changes in their preferred habitat through ontogeny
(Rexfort and Mutterlose, 2006; Price et al., 2009; Lukeneder et al., 2010); as mobile organisms they can migrate
through the water column and experience different environmental conditions over short timescales (Linzmeier
et al., 2016; Linzmeier, 2019). Studies of shell morphology and hydrodynamics, as well as facies associations,
have traditionally provided important clues into ammonite ecology. Modern Nautilus shells are also commonly
subject to post-mortem drift and this phenomenon could have affected some (but not all) ammonites
(Chamberlain and Ward, 1981; Wani et al., 2005; Yacobucci, 2018), suggesting that where shells are found as

fossils may not match the environment in which the animals lived.

Figure 1: (A) Location map showing the distribution of outcrops of the Fox Hills Formation in South Dakota, North
Dakota, Montana, and Wyoming (grey shading). The ‘type area’ (Waage, 1968) in Corson, Dewey, and Ziebach counties
(South Dakota) from where most samples in the Yale Peabody Museum (YPM) and Timber Lake and Area Museum
(TLM) collections used in this study are derived is indicated by the grey polygon. Dashed black line is roughly equivalent
to the cross-section in Figure 3. American Museum of Natural History (AMNH) locality #3302, the single locality in the
Elk Butte Member of the Pierre Shale is also marked. (B) Inset shows paleogeography of the Western Interior Seaway



(WIS) during the late Maastrichtian Hoploscaphites birkelundae range zone (Cobban et al., 1994); grey box shows extent
of A.

One of the most common ammonite taxa in Maastrichtian (72 — 66 Ma) deposits of the US Western
Interior is the oxyconic genus Sphenodiscus (Meek, 1871) (Figure 2). Compressed oxyconic morphotypes like
Sphenodiscus are frequently found in strata deposited in proximal marine settings, sometimes above wave-base,
and often with no other ammonite fossils present (Waage, 1968; Batt, 1989; Wani, 2006; Ifrim and Stinnesbeck,
2010). Hydrodynamic studies show that they are suited to relatively rapid movement through the water column,
with their streamlined shape ideal for active swimming, and they may have had the ability to stabilize their
shells in high energy conditions characteristic of very shallow waters (Jacobs and Chamberlain, 1996; Wani,
2006; Hebdon et al., 2020).

Stable oxygen (8'30) and carbon (§'3C) isotope analysis of shell carbonate is a promising method for
unraveling the ecology of ammonites like Sphenodiscus and enables direct comparison to modern cephalopod
taxa (e.g., Lukeneder et al., 2010; 2015; Moriya et al., 2015). Like most mollusks, ammonites probably
exhibited continuous growth, and secreted their shells in oxygen isotopic equilibrium with seawater. Examining
isotopic ratios through ontogeny can therefore provide important clues as to habitat, life history, and even
metabolism during their lifetime (e.g., Sessa et al., 2015; Landman et al., 2018; Rowe et al., 2020). Comparison
between different groups can also provide clues as to differential habitat among ammonite groups. For example,
Sessa et al. (2015) studied the isotopic composition of shell material from three ammonite genera
(Discoscaphites, Eubaculites, and Sphenodiscus) from the Maastrichtian Owl Creek Formation in Mississippi
and compared these to benthic bivalves and benthic and planktic foraminifera. They suggest that baculitids and
scaphitids lived close to the bottom, but that Sphenodiscus inhabited a different environment to the other
ammonite genera for at least part of their lives based on overlapping values with both planktic and benthic taxa.

In this study, we reconstruct the life history and habitat of Sphenodiscus from the Pierre Shale and Fox
Hills Formation of the US Western Interior. To do this, we examine the isotopic composition of well-preserved
shell material taken from multiple Sphenodiscus specimens, and pair isotopic analyses with a study of fossil

distribution across different (paleo)environments.



Figure 2: Examples of specimens of Sphenodiscus lobatus from the Fox Hills Formation sampled in this study from the
Invertebrate Paleontology collections of the Yale Peabody Museum, all showing preservation of iridescent aragonitic shell
material. A: YPM IP 044841, Trail City Member (Protocardia-Oxytoma Assemblage Zone). B: YPM IP 044743, Trail
City Member (Limopsis-Gervillia Assemblage Zone). C: YPM IP 044845, Timber Lake Member (Sphenodiscus layer). D:
YPM IP 044712, Trail City Member (Limopsis-Gervillia Assemblage Zone). E: YPM IP 044707, Trail City Member
(Limopsis-Gervillia Assemblage Zone). Whorl height (WH) indicated on panel A. All scale bars = 1 cm. All photos taken
by M. Prangley (Yale Peabody Museum - 2016).

Taxonomic background

The taxonomy of Late Cretaceous sphenodiscid ammonites is still in flux, complicated by wide-ranging
intraspecific and potentially ecophenotypic variability in important features such as morphology of the suture
line (Kennedy et al., 1997; Landman et al., 2004; Ifrim and Stinnesbeck, 2010). Using the currently most
accepted taxonomy, based on the presence or absence of rows of nodes on the flanks (Cobban and Kennedy,
1995), two species are recognized in the US Western Interior from the Maastrichtian stage; Sphenodiscus
pleurisepta (Conrad, 1857) occurs in the Hoploscaphites birkelundae Zone of the Pierre Shale in Meade and
Pennington counties, South Dakota, the Fox Hills Formation in Niobrara County, Wyoming (Kennedy et al.,

1996), and in the upper part of the Pierre Shale and Fox Hills Formation in Weld County, Colorado (Landman



and Cobban, 2003). Sphenodiscus lobatus (Tuomey, 1856) (Figure 2) (considered synonymous with
Sphenodiscus lenticularis (Owen, 1852) and Sphenodiscus splendens (Hyatt, 1903) by Cobban and Kennedy
(1995) and Kennedy et al. (1996)), occurs in the Hoploscaphites nicolletii and Hoploscaphites nebrascensis
zones of the Pierre Shale and Fox Hills Formation in north-central South Dakota (Landman and Waage, 1993;
Kennedy et al., 1996), and in the Hoploscaphites nebrascensis Zone of the Pierre Shale in southeastern South

Dakota and northeastern Nebraska (Kennedy et al., 1998).

Geological Setting

We analyzed specimens of Sphenodiscus lobatus from the Pierre Shale and Fox Hills Formation of
north-central South Dakota - considered the ‘type area’ of the Fox Hills Formation (Waage, 1968) (Figure 1;
Figure 3, Table 1). These strata were deposited during the final regression of the Late Cretaceous Western
Interior Seaway (WIS) (Slattery et al., 2015). They record a transition from offshore marine conditions
(represented by shales of the Elk Butte Member of the Pierre Shale) through a range of deep sub-tidal to littoral
environments affected by the progradation of a large submarine sand bar (siltstones and sandstones of the Trail
City, Timber Lake, and Iron Lightning members of the Fox Hills Formation), to terrestrial delta plain and coal
swamp deposits (the Hell Creek Formation) (Waage, 1968; Landman and Waage, 1993). It is important to note
that even in the most offshore settings, water depths in the WIS were probably < 100 m (Gill et al., 1966).

Specimens used in this study were derived from fossiliferous concretion horizons, which in the Trail
City and Timber Lake members of the Fox Hills Formation are classified as assemblage zones (AZ’s) named
after their dominant fauna (Waage, 1968; Witts et al., 2020). A single fossiliferous concretion horizon is also
present in the upper Elk Butte Member of the Pierre Shale in Ziebach County SD (American Museum of
Natural History (AMNH) locality #3302) (Figure 3), characterized by unusually large specimens of the
ammonite genera Hoploscaphites and Discoscaphites (Landman and Waage, 1993; Witts et al., 2020).
Concretion horizons in the Fox Hills Formation have been interpreted to represent marine communities affected
by recurrent mass mortality events, although the precise mechanism behind these events is unknown (Waage,
1964). Changes in oxygen levels, turbidity, or salinity caused by periods of rapid freshwater influx are all
considered likely. The excellent preservation of fossils and occurrence of delicate elements such as in-situ
ammonite jaws (aptychi) in the concretions have been used to argue for rapid burial and minimal post-mortem

transport of these fossils (Landman and Waage, 1993).
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Figure 3: Schematic cross-section and overview of the Fox Hills Formation along a southwest to northeast transect (A-B)
in the ‘type area’ of South Dakota (Figure 1) with different facies highlighted. Lithostratigraphy and ammonoid
biostratigraphy of the uppermost Pierre Shale (P.S.) (Elk Butte Member = E.B.), Fox Hills Formation (Trail City, Timber
Lake, and Iron Lightning members), and relationship with the overlying Hell Creek Formation (H. Ck.) also illustrated.
LNAZ = Lower nicolletii Assemblage Zone. LGAZ = Limopsis-Gervillia Assemblage Zone. UNAZ = Upper nicolletii
Assemblage Zone. POAZ = Protocardia-Oxytoma Assemblage Zone. H. nicolletii = Hoploscaphites nicolletii. H.b. =
Hoploscaphites birkelundae. Size of ammonoid symbols qualitatively represents the relative size of Sphenodiscus lobatus
specimens found at different stratigraphic horizons. Figure is modified from Waage (1968), Witts et al. (2020). Readers
are referred to these papers, as well as Waage (1964) and Landman and Waage (1993), for detailed lithological

descriptions of each facies within the Fox Hills Formation.

Methodology

Samples analyzed in this study are held in the Invertebrate Paleontology collections of the Yale Peabody
Museum of Natural History (YPM IP) (New Haven, CT) (Figure 2) and the Timber Lake and Area Museum
(TLM) (Timber Lake, SD). Sampling of shell material was conducted using a small scalpel cleaned in deionized
water, and samples were taken from the mid-flanks of the outer shell where possible. We sampled a total of 13
specimens, sometimes taking multiple samples from the same specimen (Table 1). Shell pieces were divided
into two, with one piece used for isotopic analysis and one for preservation assessment. The whorl height (WH)
was measured on the specimens at the point of sampling. Given the accretionary growth of ammonites, plotting
isotopic data against WH can act as a proxy for assessing ontogenetic changes (e.g., Lukeneder et al., 2010;

Lukeneder, 2015), even in fragmentary specimens. We also compiled published isotopic data from this species



and geological setting available in the published literature (Cochran et al., 2003; Dennis et al., 2013; Zakharov
etal., 2014).

Isotopic analyses were conducted at the University of Santa Cruz Stable Isotope Laboratory using
standard techniques. Prior to analysis, 40-60 micrograms of solid sample were vacuum-roasted for one hour at
65°C. Samples were analyzed for §'0 and §'°C via acid digestion using an individual vial acid drop
ThemoScientific Kiel IV carbonate device interfaced to a ThermoScientific MAT-253 dual-inlet isotope ratio
mass spectrometer (IRMS). Samples were reacted at 75°C in orthophosphoric acid (specific gravity = 1.92
g/cm3) to generate carbon dioxide and water. Non-condensable gases were pumped away, and the CO; analyte
was then cryogenically separated from water, finishing with the introduction of pure CO; into the IRMS via the
dual inlet. Raw data were corrected against samples of calibrated in-house granular Carrara Marble standard
reference material and granular NBS-18 limestone international standard reference material. The in-house
Carrara Marble was extensively calibrated against NIST Standard Reference Materials (NBS-19, NBS-18, and
LSVEC) and further calibrated in intercomparison studies with international laboratories. Raw data were also
corrected for offset from the international standard PDB (PeeDee Belemnite) for §'*0 and §'*C and corrected
for instrument specific source ionization effects. Two aliquots of powdered Atlantis II calcium carbonate were
run "as-a-sample" to monitor quality control and long-term performance. Precision of Atlantis II at UCSC SIL
is 0.05%o for both §'%0 and §'3C.

We converted values of §'%0 to seawater temperature using the equation of Grossman and Ku (1986) for

aragonite, as modified by Hudson and Anderson (1989), with 6 water values in terms of VSMOW:
T(OC) =19.7 - 4.34(8aragonite - Swater)

Most studies have assumed the 8'*Owacer value of the WIS was -1%o, often considered a canonical value
for an ‘ice-free’ Cretaceous Earth (Shackleton and Kennett 1975), and that salinity in the seaway was normal.
These assumptions have been challenged based on studies of strontium (Cochran et al., 2003) and carbonate
clumped isotopes (Dennis et al., 2013; Petersen et al., 2016), which suggest spatial and temporal variation in

8'"® Owater values and salinity are possible in the shallow environment of the WIS (see discussion below).



Figure 4: SEM images showing the range of preservation quality of nacreous microstructure from Sphenodiscus lobatus
specimens using the Preservation Index (PI) scale of Cochran et al. (2010). A: YPM IP 044707, Pl =4. B: YPM IP
044845, PI=3.5. C: YPM IP 044712, PI=3. D: YPM IP 044718, PI =2.5. Only specimens with PI > 3 were used for

isotopic analysis. All scale bars =3 pm.

One shell piece from each pair was mounted on a stub, gold-coated, and examined using a Scanning
Electron Microscope at the Museum Imaging Facility at the American Museum of Natural History (AMNH) to
assess preservation quality. Prior work has shown that the state of preservation of nacreous shell microstructure
of aragonitic ammonite shells is a predictor of the integrity of their oxygen and carbon isotope signatures, using
the Preservation Index (PI) scale (Cochran et al., 2010) (Figure 4). Pristine shells are coded as ‘excellent’ (PI =
5), which is visually equivalent to modern, un-fossilized aragonitic shell. As preservation quality degrades, the
nacreous tablets fuse together, eventually becoming virtually indistinguishable (PI =1, ‘poor’ preservation). We
only analyzed samples with PI > 3 in our study to assure that the shell material preserved the original isotope

signature (Cochran et al., 2010).



Results

SEM examination revealed that the microstructural preservation of shell samples from Sphenodiscus
lobatus ranged from ‘fair’ (Preservation Index = 2.5) to ‘very good/excellent’ (Preservation Index = 4.5) using
the scale developed by Cochran et al. (2010) (Figure 4). Most samples we examined (n = 26/29) had a PI >3 and
were therefore suitable for isotopic analysis.

Isotopic data range from -4.50%o to 0.05%o (8'%0) and from -9.56%o to -0.97%o (8'*C) (Table 1). A
cross-plot (Figure 5) revealed no significant overall trend between §'%0 and 8'3C (r* =2 x 107). When plotted
ontogenetically using WH at the position of sampling (Figure 6A; Figure 7A) and coded by stratigraphy (Figure
6B; Figure 7B), however, several consistent patterns are evident. Samples from small specimens and early
whorls of Sphenodiscus lobatus, representing early ontogeny (WH < 40 mm), exhibit depleted 5'0O values
(average = -3.7%o) (Figure 6A). The §'30 values of larger specimens and later whorls (WH > 40 mm,
presumably representing later ontogeny) are higher (average = -1.9%o). Samples from these later ontogenetic
stages also show substantial §'30 variability — up to 3%o within an individual specimen. 8'*C values show no
trend with ontogeny or stratigraphic position (Figure 7) but cover a very wide range.

Using the equation of Grossman and Ku (1986) and assuming a Cretaceous ‘ice-free world” '8 Oscawater
value of -1%o, the measured §'%0 values convert to water temperatures of between 16 and 35°C. When plotted
ontogenetically, temperatures range between 28 and 35°C for Sphenodiscus lobatus in early ontogeny (< 40 mm
WH). The positive shift in §'%0 values seen in all specimens with WH > 40 mm corresponds to cooler estimated

temperatures between 16 and 28°C (Figure 6A).
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Butte Member of the Pierre Shale and Timber Lake Member from Cochran et al. (2003) and Dennis et al. (2013)

(triangles) not included in Figure 6 because of lack of whorl height data.

Discussion
Isotopic data and habitat

The lack of any relationship between &'%0 and §'3C values that might be expected from diagenetic
alteration (such as a positive correlation with decreasing microstructural preservation — documented for older
WIS ammonites by Cochran et al. (2010)) and the good microstructural preservation of shell material suggests
that isotopic values can be interpreted as primary environmental or ecological signals. Calculated temperature
estimates are also broadly in line with those reported for samples from Campanian and Maastrichtian strata in
other studies from the WIS (e.g., Wright, 1987; Fatheree et al., 1998; Cochran et al., 2003; Dennis et al., 2013;
Landman et al., 2018; Ellis and Tobin, 2019; Witts et al., 2020).

The pattern of depleted 5'0 values in small specimens/early ontogeny occur both in our data and those
from prior investigations which included Sphenodiscus samples from the Pierre Shale and Fox Hills Formation
(Cochran et al., 2003; Dennis et al., 2013; Zakharov et al., 2014). Similar values also occur irrespective of
stratigraphic horizon (Figure 6B; Figure 7B). Depleted 8'30 values are seen in early ontogeny of Sphenodiscus
lobatus from both the Trail City Member (n = 8 samples) and a single sample from the Timber Lake Member.
More enriched §'*0 values are seen in larger specimens/later ontogeny in samples from both the Trail City
(Protocardia-Oxytoma Assemblage Zone - POAZ) and Timber Lake members, as well as the offshore Elk Butte
Member of the Pierre Shale. This suggests that the change in isotopic values represents an ecological signal in
this species of ammonite, specifically a consistent shift in habitat during its life history.

The most parsimonious interpretation of depleted oxygen isotope values in early ontogeny of
Sphenodiscus lobatus (Figure 6A) is that they indicate a warm, perhaps surface water, environment for this
ammonite during this stage of its life history. There is currently no accurate measurement for growth rate in
ammonites, so it is not possible to constrain the length of time individuals may have spent in this environment.
In the WIS, Linzmeier et al. (2018) also recorded light §'%0 values in earliest ontogeny of Hoploscaphites
specimens from the Fox Hills Formation using SIMS analysis, which they interpreted as a planktic phase in
surface waters immediately following hatching in these ammonites. Currently accepted growth estimates
suggest ammonites exhibited rapid growth like modern coleoids (Ellis and Tobin, 2019). As such, early whorls

<40 mm WH in Sphenodiscus lobatus may only represent a year or so of growth.
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Figure 6: (A) 880, temperature from specimens of Sphenodiscus lobatus plotted against whorl height (WH) as a proxy for
ontogeny. Vertical dashed line indicates a WH of 40 mm to highlight overall shift in values in larger specimens. Dashed
lines connecting data points indicate multiple samples derived from a single specimen. (B) §'*0, temperature data plotted
stratigraphically as a ‘bubble plot’. Size of the bubbles illustrates relative WH at the position of sampling, so smaller
bubbles = early whorls and early ontogeny relative to larger bubbles which represent later whorls and later ontogeny. Note
samples from early whorls (small bubbles) with depleted isotope data in Trail City Member assemblage zones. Both plots

include data from this study and from Zakharov et al. (2014) from the Trail City Member. Precision for §'*0

measurements 1S 0.05%o.

Temperatures approaching 35°C are unrealistically high given that modern cephalopods cannot tolerate
waters in excess of 30°C (Vidal et al., 2014), and may partly reflect variation between water masses in the
shallow WIS (Cochran et al., 2003; Dennis et al., 2013; Petersen et al., 2016). Extensive freshwater input into

the seaway could have led to the formation of locally brackish shallow and surface waters due to density
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differences, therefore leading to lowered 8'®Oscawater composition and an overestimation of temperatures using
the assumed value of -1%o in these settings. Similarly, depleted isotope values from oxycone ammonites
(Placenticeras) and some juvenile heteromorphs (Baculites) in older WIS strata have been related to this
phenomenon and a presumed surface water habitat in a ‘brackish water cap” with reduced salinity (Tsujita and
Westermann, 1998; Landman et al., 2018; Rowe et al., 2020). Regardless of the presence of stratification,
salinities throughout the water column were probably not lower than 20 psu, as this is also generally considered
the tolerance limit for modern cephalopods (Vidal et al., 2014).

The consistent change in §'%0 values at a WH of 40 mm (Figure 6A) appears to represent a change in
the habitat of Sphenodiscus lobatus at this stage of its life history. By comparison to limited isotopic data from
benthic bivalves (Cochran et al., 2003; Dennis et al., 2013; Petersen et al., 2016; Linzmeier et al., 2018) and
nektobenthic scaphitid ammonites (Witts et al., 2020), this is perhaps best interpreted as migration to a
nektobenthic habitat with overall cooler temperatures. Similar ontogenetic migrations from warmer to cooler
environments are seen in other ammonite taxa (e.g., Jurassic Cadoceras (Lukeneder et al., 2010)), as well as
modern shallow water cephalopods like Sepia (Rexfort and Mutterlose, 2006).

The wide range of oxygen isotope values in later ontogeny could reflect several processes:

1) Temperature gradients and seasonality of environmental conditions in the shallow waters of the WIS
may have been substantial. In a recent compilation of data from modern epeiric seaways, Judd et al. (2020)
demonstrated that these settings show higher average temperatures and greater seasonal variability than the
open ocean at a similar latitude. Dennis et al. (2013) observed a range of temperatures calculated from
carbonate clumped isotope measurements on single samples from shells of a bivalve and gastropods collected
from the Timber Lake Member. A similar range of 8'30 and temperature values were also recorded in benthic
mollusks and fish otoliths from the Timber Lake and Iron Lightning members (Carpenter et al., 2003). More
detailed reconstruction of the variation of §'30 from two sessile benthic bivalves taken from a single concretion
at the contact between the Trail City and Timber Lake members (Linzmeier et al., 2018) convert to a
comparable range, almost 8°C if temperature is the primary driver of change in §'0. As noted above, it has
been suggested that variable 'O values in the shallow WIS are also driven by changes in salinity, which alter
8!8 Oscawater (Petersen et al., 2016), even in benthic environments (Wright et al., 1987). Such changes could have
occurred over short timescales due to freshwater input during storms or seasonal monsoon conditions (Fricke et
al., 2010). However, existing studies using mollusks to develop these models lack a rigorous assessment of
microstructural and elemental preservation (Cochran et al., 2010) and should be treated with caution.

2) Adult Sphenodiscus lobatus may have migrated vertically and laterally, passing through environments

with differing temperature or §'®Oscawater Values. Shell hydrodynamic studies suggest compressed oxycone
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morphotypes were ideal for rapid movement in the water column and may have been capable of stabilizing
themselves in high energy conditions (Wani, 2006). Modern cephalopods are primarily mobile organisms, and
while Nautilus is probably a poor analog, it exhibits daily migration along a depth gradient that is captured in
high-resolution isotopic data (Lukeneder, 2015; Linzmeier et al., 2016; Linzmeier, 2019). Similar migrations
are also recorded in oceanic cuttlefish and squid (Rexfort and Mutterlose, 2006; Stewart et al., 2013). Due to the
relatively shallow bathymetry of the WIS, lateral migration between environments is considered likely to

produce greater variation in §'30 than vertical migration.
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Figure 7: (A) 8'3C data from specimens of Sphenodiscus lobatus plotted against whorl height (WH) as a proxy for
ontogeny. Dashed lines connecting data points indicate multiple samples derived from a single specimen. (B) §'3C data
plotted stratigraphically as a ‘bubble plot’. Like Figure 6, size of the bubbles illustrates relative WH at the position of
sampling. Both plots include data from this study and from Zakharov et al. (2014) from the Trail City Member. Precision

for 6'3C measurements is 0.05%eo.

Variable carbon isotope data from Sphenodiscus lobatus (Figure 7) are more difficult to explain as a
primary environmental signal because the carbon isotope composition of cephalopod shell material can be
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affected by the differential incorporation of isotopically light metabolic carbon into the shell through ontogeny
(i.e., a ‘vital effect’) (e.g., McConnaughey et al., 1997; Rexfort and Mutterlose, 2006; Tobin and Ward, 2015).
Landman et al. (2018) used the approach of McConnaughey et al. (1997) to calculate the various carbon inputs
into shells of the ammonite genus Baculites in the WIS, and we extrapolate their method to data herein. If the
313C of WIS seawater DIC is +2%o, 8'3C of metabolic carbon is -20%o (close to values from modern
cephalopods (Crocker et al., 1985), then the shell §'3C values ranging from ~ -2 to -6%o in Sphenodiscus
represent 30 to 50% metabolic carbon. Landman et al. (2018) estimated 30% metabolic carbon for Campanian
WIS Baculites. §">C values in large specimens (Timber Lake Member) seem to converge to about -2%o,
suggesting that the fraction of metabolic carbon in the shell might decrease through ontogeny as growth slows.
Alternatively, if the low §'%0 values of the Sphenodiscus samples partially represent a nearshore environment
affected by less than fully marine salinity and warmer temperatures, then the §'3C of the DIC may be lower than
surface water of the open WIS. This would decrease the fraction of metabolic carbon necessary to produce the
observed §'°C values.
Stratigraphic distributions, taphonomy, and habitat

Stratigraphic distribution patterns of Sphenodiscus in the Fox Hills Formation were studied qualitatively
by Waage (1968) who noted that smaller specimens are more commonly found in the fossiliferous assemblage
zones in the Little Eagle lithofacies of the Trail City Member. These marine siltstones were deposited in an
offshore environment flanking a large submarine sand bar, distal to nearshore, delta-front, and estuarine
deposits represented by the Irish Creek lithofacies and Iron Lightning Member (Figure 3). Waage (1968)
suggested the environment represented by the Trail City Member functioned as an offshore ‘nursery’ for
juvenile Sphenodiscus during slack periods in the growth of the sand bar (Figure 8). Perhaps inhabiting these
environments (paired with a surface water habitat) provided some advantage to juvenile sphenodiscids such as a
refuge from predators (Takeda et al., 2016) or lack of competition with adults of the same species. Larger,
sometimes complete Sphenodiscus lobatus — representing mature forms up to and greater than 50 cm in total
diameter (Waage, 1968) — are more common in the concretionary horizons of the overlying sandy facies of the
Timber Lake Member (the Sphenodiscus layer and Cucullaea AZ) representing the shallower margins of the
sand bar, and as isolated specimens in the more nearshore Irish Creek lithofacies, laterally equivalent to both the

Trail City and Timber Lake members to the east (Figure 3; Figure 8).
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Figure 8: Reconstruction of the environments represented by the upper Pierre Shale and Fox Hills Formation in north-
central South Dakota, illustrating the possible life history of Sphenodiscus lobatus reconstructed from isotopic data and
fossil distributions. This reconstruction is time composite, and therefore schematic. Large, adult specimens of
Sphenodiscus lobatus are sporadically present in offshore environments below wave base, represented by the shales of the
Elk Butte Member of the Pierre Shale (A). This ammonite is more common in the shallower water facies of the Trail City
Member of the Fox Hills Formation (B, C, D). Here, small specimens probably representing juveniles live in a warm,
surface water habitat with occasional salinity variations, and are commonly preserved in offshore silts off the down
current end of a prograding submarine sand bar (Little Eagle lithofacies = L.Egl. (B)). Larger adult specimens migrate to a
more nektobenthic habitat and are most frequently found in areas where coarser, sandy sediments record the initial
encroachment of the Timber Lake Member (TLM) sand bar (e.g., POAZ) (C). Large adults also live in laterally
equivalent, more proximal environments (Irish Creek lithofacies) (D, E) and are common around the sandy, shallow
submerged margins of the Timber Lake sand bar, where their compressed oxycone shells potentially provided an adaptive
advantage to higher energy conditions (F). Occasionally they exhibit post-mortem drift and fragments end up in deltaic
and even flood plain sediments (Iron Lightning Member, ILM and Hell Creek Formation) closer to the coast (G). Adult,
nektobenthic Sphenodiscus lobatus probably migrated laterally between these different environments (A, C-F), potentially

exhibiting a final migration into shallower water settings for breeding during latest ontogeny.

Larger specimens first become common in the uppermost Trail City assemblage zone (POAZ)
coincident with an overall increase in grain size at this level, representing an influx of sandy sediment preceding
the arrival of the Timber Lake Member sand body into the Fox Hills ‘type area’ (Waage, 1968). This is
consistent with the findings of Batt (1989) and others that large oxycone ammonite morphotypes are often
found in sandy sediments representing proximal marine environments, with their compressed shell morphology
probably providing a hydrodynamic adaptation to these settings (see also Wani, 2006; Ifrim and Stinnesbeck,
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2010). A small, but statistically significant increase in shell compression is also seen in specimens of the
scaphitid ammonite Hoploscaphites nicolletii from POAZ compared to the underlying Trail City Member AZ’s,
which probably represents an ecophenotypic response to the higher energy environment of deposition (Witts et
al., 2020). Consistent with our variable isotopic data from later ontogeny, large Sphenodiscus were not
restricted to these environments, as the presence of examples with WH > 40 mm in the offshore Elk Butte
Member of the Pierre Shale demonstrates (AMNH loc. #3302 in this study and localities in Kennedy et al.
(1998)).

It is important to consider that final stratigraphic distributions may not always represent the primary
habitat of ammonites. In comparison to modern cephalopods like Sepia, occurrences of large adult specimens in
shallow settings could be due to migration to these environments to spawn in latest ontogeny before death (e.g.,
Rexfort and Mutterlose, 2006; Bloor et al., 2013). A similar migration into shallow (estuarine) environments for
spawning by the fish Vorhisia vulpes was suggested by Carpenter et al. (2003), based on occurrences and
isotopic data from otoliths in the Iron Lightning Member. Otolith §'0 and §'3C does not record the
environmental signal of these very shallow-water environments in latest ontogeny, suggesting growth had
ceased by the time of migration to estuarine settings. It is important to note that we did not sample latest
ontogeny (i.e., closest to the aperture) in any of the largest specimens examined, so our isotopic data do not
provide information about the final stages of the life history of Sphenodiscus lobatus.

It is also possible that oxycone ammonite shells could have undergone short-term post-mortem drift,
before sinking in shallow water environments. Fragmentary specimens of Sphenodiscus lobatus have been
recorded as high in the section as the basal Hell Creek Formation (Hartman and Kirkland, 2002), which may
represent examples of this phenomenon (Figure 8). In fact, most Sphenodiscus specimens from the Fox Hills
Formation are incomplete. Even specimens preserving at least part of the body chamber tend to show breakages
parallel and adoral to the last septum or crushed and fragmented body chambers. This suggests that most
specimens suffered some degree of transport, even along the seafloor. Wani (2006) noted that oxyconic shells
can become mobile in relatively slow currents. Post-mortem drift is generally considered less likely for small
ammonites, which based on experiments with different size modern Nautilus, probably sank relatively rapidly in
the environment in which they lived (Wani et al., 2005). Small, early ontogenetic specimens from the Trail City
Member therefore accurately reflect their original habitat, which based on isotopic data was probably high in
the water column. Small sphenodiscids in these settings would have had very fragile body chambers that could
be easily crushed or distorted following arrival on the seafloor.

The presence of in-situ aptychi (jaws) and delicate ‘hook-like’ structures in other common ammonites of

different (heteromorph) morphotypes from the Fox Hills Formation (i.e., Hoploscaphites, Discoscaphites),
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indicate that they did not exhibit long-term or long-distance post-mortem drift or transport (Landman and
Waage, 1993). Complete, apparently undamaged scaphitids are common in the Trail City Member AZ’s, while
fragmentary or broken specimens increase in abundance in the shallow settings of the Timber Lake Member
(Waage, 1964; Landman and Waage, 1993). This accords with reconstructions of the life history of scaphitids
as slow-moving, nektobenthic planktivores, which did not undergo substantial lateral migration between
environments (Cochran et al., 2003; Landman et al., 2012). Further work is needed to ascertain whether
Sphenodiscus shows similar taphonomic patterns through the section. Differential taphonomy paired with
isotopic data could act as an additional proxy for ecological and habitat differences between different ammonite

groups in the WIS.

Conclusions

Our analyses of the isotopic composition of well-preserved shell material of Sphenodiscus lobatus from
the Maastrichtian Pierre Shale and Fox Hills Formations suggest this ammonite species exhibited a change in its
habitat through ontogeny. Early whorls, presumably representing juvenile growth stages, consistently indicate
higher temperatures and may point to a surface water environment, perhaps in waters with lowered salinities
affected by freshwater input. Stratigraphic distributions indicate small specimens representing this stage of life
history were more common in the offshore Little Eagle lithofacies of the Trail City Member. Data from later
ontogeny suggest a change to a more nektobenthic habitat with cooler temperatures; this transition occurring
consistently in multiple specimens from different stratigraphic horizons at a whorl height of around 40 mm. A
wide range of variability in oxygen isotopes points to the likelihood for a high degree of seasonality in water
column conditions, and/or active swimming with vertical and lateral migration of S. lobatus through different
environmental conditions. The latter of which is consistent with the streamlined, oxyconic morphology of this
ammonite, and stratigraphic distributions of this species. Occurrences of large specimens in more proximal
settings (Irish Creek lithofacies) or those with coarser sediments (POAZ, Timber Lake Member) are consistent
with the idea that adult Sphenodiscus was adapted to live in very shallow, presumably higher-energy
environments. It is also possible that this ammonite migrated into shallower water environments in latest
ontogeny for spawning before death. In contrast to oxygen isotopes, we suggest depleted carbon isotope values
show less of a primary environmental signal, and instead record a “vital effect” related to metabolic carbon
input, potentially slowing in later ontogeny.

These preliminary data provide an impetus for future high-resolution sclerochronological and
taphonomic study of Sphenodiscus lobatus. Our results also emphasize the need for the generation of additional
stratigraphically constrained isotopic data from co-occurring benthic, nektobenthic, and planktonic organisms to
better estimate ammonite ecology and life history in these settings. Such an approach is needed in epeiric
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seaways such as the WIS to gain a better understanding of water column structure, and the degree of seasonality
during the deposition of the complex shallow marine environments such as those represented by the Fox Hills

Formation.
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Table 1: Specimens of Sphenodiscus lobatus analyzed in this study. YPM = Yale Peabody Museum, TLM = Timber Lake

and Area Museum. Stratigraphic information, whorl height of the shell at position of sample (WH), preservation index

(PI) ranking of shell sample, and §'°C, 3'*0, and temperature data calculated using the equation of Grossman and Ku

(1986). Note letters (e.g., ‘YPM XXXA, B etc.) or underscored numbers (_1 etc.) following sample number denote

multiple samples from the same specimen at different whorl heights.

Sample # | Formation | Member Zone WHat | PI 813 C 580 | Temperature
position (°O)
of
sample
TLM Pierre Elk Butte 47 4 -3.91 -2.77 27.4
Spheno Shale
31
TLM Pierre Elk Butte 50 3.5 -4.41 -2.59 26.6
Spheno Shale
32
TLM Pierre Elk Butte 53 3 -2.61 -1.92 23.7
Spheno Shale
33
YPM Fox Hills Trail LGAZ 30.4 3 -5.61 -3.08 28.7
44705 City
YPM Fox Hills Trail LGAZ 12.8 4 -4.39 -4.50 34.9
44707 City
YPM Fox Hills Trail LGAZ 9.8 3 -4.38 -4.00 32.7
44712 City
YPM Fox Hills Trail LGAZ 24.9 3.5 -2.78 -3.91 323
44743 City
YPM Fox Hills Trail POAZ 14.2 3 -9.56 -3.41 30.2
44813 City
YPM Fox Hills Trail POAZ 91.8 3 -4.80 -2.38 25.7
44841A City
YPM Fox Hills Trail POAZ 73.7 4 -8.15 -1.82 23.3
44841B City
YPM Fox Hills Trail POAZ 48.5 3 -2.63 -1.37 21.3
44841C City
YPM Fox Hills | Timber | Sphenodiscus 55 3.5 -4.24 -1.08 20
44845 Lake layer
YPM Fox Hills | Timber | Sphenodiscus 30.8 3.5 -1.76 -3.41 30.2
44864 Lake layer
YPM Fox Hills | Timber | Sphenodiscus 145 3.5 -2.23 -1.87 23.5
44915A Lake layer
YPM Fox Hills | Timber | Sphenodiscus 140 4 -2.48 -2.43 259
44915B Lake layer
YPM Fox Hills | Timber | Sphenodiscus 135 4 -2.88 -2.86 27.8
44915C Lake layer
YPM Fox Hills | Timber | Sphenodiscus 125 3 -1.32 -1.34 21.2
44951A Lake layer
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YPM Fox Hills | Timber | Sphenodiscus 156 3 -1.90 -1.61 22.3
44951C Lake layer
YPM Fox Hills | Timber | Sphenodiscus 165 3 -2.15 -3.07 28.7
44951D Lake layer
YPM Fox Hills | Timber | Sphenodiscus 183 3.5 -0.97 -0.05 15.6
44951E Lake layer
TLM Fox Hills | Timber | Sphenodiscus 80.36 4 -1.88 -2.30 253
Sphenol-1 Lake layer
TLM Fox Hills | Timber | Sphenodiscus 69.57 3 -8.84 -0.61 18
Sphenol-2 Lake layer
TLM Fox Hills | Timber | Sphenodiscus | 115.77 4 -6.90 -1.16 20.4
Spheno 2- Lake layer
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