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ABSTRACT. Ammonites, as well as other fauna, were common in methane seeps of
the Late Cretaceous Western Interior Seaway (WIS) of North America. Biogeochemical
processes at the seeps, in particular the anaeroblc oxidation of methane, produced a
dissolved inorganic carbon reservoir with a low 8'*>C, manifested in the carbon isotope
composition of the inorganic calcium carbonate concretions associated with the seeps
and recorded in well-preserved shells of ammonites documented at the sites. Detailed
sclerochronological sampling of six well-preserved specimens of Baculites compressus
collected at seep sites in the Pierre Shale of South Dakota reveals three patterns that
can be explained by reference to two specimens of the same species collected at
age-equlvalent non-seep sites. Three of the specimens exhibit uniformly low values
of 3'2C that are significantly different (unpaired t-test, p < .0001) from similarly sized
specimens of the same species collected at age-equivalent non-seep sites, suggesting
that these ammonites lived at the seeps during the time interval over which the shell
was secreted (adult portlon of the shell). Two of the specimens collected from a seep
site exhibit values of 3'>C consistent with early ontogeny at a non-seep site followed by
later ontogeny at a seep site. The values of 8'20 of all the specimens reveal water
temperatures of 16 to 28 °C One small juvenile (15 mm long) collected at a seep site
exhlblts higher values of 8'*C consistent with a non-seep environment, but values of
3'8%0 that indicate very warm or slightly brackish water, suggesting that this animal lived
in surface waters during its early ontogeny and died soon after arriving at the seep. Our
results demonstrate that seep fluids affected the geochemistry of the water column
above the seeps and that seeps provided habitats for ammonites in the WIS. Thus,
although ammonites were mobile animals, they probably exploited a low-energy life
style, remaining at the same site for extended periods of time.
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INTRODUCTION

“Tepee buttes” (so-called because they bear a superficial resemblance to the
tepees of Native Americans) were first described by Gilbert and Gulliver (1895) in the
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Upper Cretaceous of the U.S. Western Interior along the Front Range of the Rocky
Mountains in Colorado (figs. 1 and 2). They appear as conical hills or mounds and are
composed of limestone, usually up to 60 m in diameter and 10 m in height. These
features are now recognized as fossil methane seep deposits (Kauffman and others,
1996) and occur in the Upper Cretaceous Pierre Shale from central Montana to
south-central Colorado, and from the Front Range of the Rocky Mountains to western
Kansas (Bishop and Williams, 2000; Shapiro and Fricke, 2002; Metz, 2010; Landman
and others, 2012, 2018; Larson and others, 2014). They range in age from middle
Campanian to early Maastrichtian. Kiel and others (2012) have reported similar
deposits from the upper Cenomanian Tropic Shale of Utah.

The seep deposits from the U.S. Western Interior contain a diverse assemblage of
organisms including ammonites, bivalves, notably inoceramids and aggregations of
lucinids (that presumably harbored chemosymbionts), gastropods, crinoids, crabs,
echinoids, sponges, tube worms, chemoautotrophic bacteria, radiolarians, and forami-
nifera (Bishop and Williams, 2000; Landman and others, 2012; Larson and others,
2014; Meehan and Landman, 2016; Hunter and others, 2016). A total of 30 molluscan
species were reported at single sites from middle-upper Campanian seep deposits in
Colorado (Howe, ms, 1987). The diversity of organisms is higher at seep sites with
extensive carbonate deposits, presumably because such deposits provided unique
habitats for organisms that required hard substrates for attachment (Meehan and
Landman, 2016).

Ammonites have been recorded in methane seep deposits in the Western Interior
from the upper part of the middle Campanian to the lower part of the lower
Maastrichtian (fig. 3). They span the Baculites scotti/Didymoceras nebrascense Zones, D.
stevensoni Zone, Exiteloceras jenneyi Zone, D. cheyennense Zone, B. compressus/B. cuneatus
Zones, and B. eliasi/ B. baculus Zones (Larson and others, 1997; Cobban and others,
2006; Larson and others, 2014). The diversity of ammonites varies depending on the
ammonite zone. Five to eight ammonite species occur in each of these zones and
represent the genera Baculites, Didymoceras, Hoploscaphites, Nostoceras, Menuites, Placentic-
eras, and Spiroxybeloceras. With few exceptions, the ammonite species are not restricted
to the seeps but also occur elsewhere in the basin (Landman and others, 2013).

Landman and others (2012) and Cochran and others (2015) investigated the
isotope composition of well-preserved ammonite shells from seep deposits in the
Upper Cretaceous Pierre Shale of South Dakota. They documented low 3'*C values,
presumably derived from anaerobic oxidation of methane that imprinted the dissolved
inorganic carbon reservoir and was incorporated into the ammonite shells during
growth. They hypothesized that the ammonites spent part of their lives at the seeps.
However, their sampling was limited to one or a few samples from each specimen. Low
values of 3'C have also been measured in ammonite shells from the Upper Cretaceous
(Maastrichtian) Lopez de Bertodano Formation of Seymour Island, Antarctica (Tobin
and Ward, 2015; Ivany and Artruc, 2016). Tobin and Ward (2015) attributed this to an
increased contribution of metabolic C in ammonites in later ontogeny relative to the
higher 8'°C observed in co-occurring bivalves and gastropods, but it is difficult to
ascribe some of the lowest values of 3'°C that they measured in ammonite shells
(ranging from —7%o to —20%o) to this explanation. Indeed, Little and others (2015)
documented shallow water hydrocarbon seeps in the Lopez de Bertodano Formation,
and Tobin and Ward (2015) acknowledged the possibility of a methane seep contribu-
tion to the 8'’C signature of the ammonite shells from this locality. Here, we further
explore the hypothesis that methane seeps provided a habitat for ammonites. We test
the hypothesis through sclerochronological analyses of excellently preserved shell
material from seep and age-equivalent non-seep specimens of Baculites compressus,
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Fig. 1. Top. Map showing methane seep in the middle-upper Campanian and Maastrichtian Pierre
Shale in South Dakota, Wyoming, Montana, and Nebraska. The dark patches represent areas with methane
seeps. The western shoreline of the Western Interior Seaway (shaded) is shown during the time of deposition
of the Baculites compressus Zone. Middle. Close-up showing AMNH localities 3383, 3515, 3528, and 3545.
Bottom. Ammonite biostratigraphy of the middle Campanian to lower Maastrichtian, with radiometric dates
from Cobban and others (2006), as modified by Landman and others (2018). Seep deposits occur
throughout this time interval.
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Fig. 2. Methane seep deposits in the Baculites compressus Zone, Pierre shale, Meade County, South
Dakota. (A) Exposure of seep in cross section revealing the main conduit, AMNH loc. 8528, with people for
scale. (B) Close-up of secondary pipes at AMNH loc. 3545. (C, D) Close-ups of seep associated concretions
(SAC’s), AMNH loc. 3528. (E) Placenticeras meeki Bohm, 1898, loose in shale, AMNH loc. 3545. (F) Body
chamber of Hoploscaphites nodosus (Owen, 1852), loose in shale, AMNH loc. 3545.

which are abundant at both seep and non-seep sites in the Late Cretaceous Western
Interior Seaway (WIS).

METHANE SEEP BIOGEOCHEMISTRY

The methane (or hydrocarbon) cold seep environment is characterized by
anaerobic oxidation of methane (CH,), principally via reduction of sulfate (SOf*),
carried out by a consortium of methanotrophic Archaea and sulfate-reducing bacteria
(Iversen and Jgrgensen, 1985; Boetius and others, 2000; Campbell, 2006; Alperin and
Hoehler, 2009):

CH, + SO,> — HCO, + HS™ + H,0O (1)



from methane seep and non-seep sites in the Late Cretaceous Western Interior Seaway, USA 607

Fig. 3. Ammonite fauna in methane seep deposits in the Campanian Pierre Shale, South Dakota
and Wyoming. (A) Baculites corrugatus Elias 1933, mature macroconch, ventral view, with aperture on
top, AMNH 58552, Didymoceras cheyennense Zone. (B) Hoploscaphites brevis (Meek 1876), juvenile, left
lateral view, AMNH 66244, Didymoceras cheyennense Zone. (C) Didymoceras cheyennense (Meek and Hayden
1856), fragment, AMNH 63440, Didymoceras cheyennense Zone. (D) Baculites compressus Say, 1820, juvenile,
lateral view, AMNH 112942, Baculites compressus Zone. (E) Baculites compressus Say 1820, right lateral view,
AMNH 58544, Baculites compressus Zone. (F) Spiroxybeloceras meekanum (Whitfield, 1877), fragment,
AMNH 66289, Didymoceras cheyennense Zone. (G) Hoploscaphites brevis (Meek, 1876), microconch,
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TABLE 1

Oxygen and carbon composition of authigenic seep carbonates, Baculites compressus
Zone, Pierre Shale, Meade County, South Dakota

Description Specimen  AMNH  §"C (%0 80 (%o
number loc. VPDB) VPDB)
tube 102525-1 3528 -37.3 -0.9
“ 102525-2 3528 -40.5 -0.3
“ 102525-4 3528 -39.2 -0.7
“ 102525-5 3528 -39.7 -0.6
core 102598 3528 -43.6 -0.6
SAC 102549 3545 -46.1 -0.7
SAC 102577 3545 -47.3 -0.6
SAC 102573 3545 -50.9 -0.8
pipe 102602 3545 -447 0.7
SAC 102588 3545 -45.9 -0.6
SAC 102551 3545 -45.1 -0.6
SAC 102552 3545 -46.9 -0.6
pipe 102553 3545  -43.7 03
pipe 102550 3545  -458 0.5
pipe 102563 3545 -49.8 -0.9

SAC = seep-associated concretion, typically sub-spherical or dumbbell shaped.

The methane produced bacterially (or possibly thermogenically) in organic-rich
sediments is enriched in 'C and, as (1) proceeds, the bicarbonate (which dominates
the dissolved inorganic carbon (DIC) reservoir) is impressed with very low values of
8'%C. Increases in bicarbonate promote the precipitation of calcium carbonate concre-
tions that are imprinted with methane-derived low 3'*C values. Indeed, carbonates
from seep sites in the WIS exhibit '°C values ranging from ~—40 permil to ~—50
permil (Kauffman and others, 1996; Landman and others, 2012; this study, table 1). In
addition, analyses of strontium isotopes from seep carbonates in southwestern South
Dakota revealed that seep fluids bear signatures that are distinct from the coeval
seawater values (Landman and others, 2012; Cochran and others, 2015). Elevation of
the ¥Sr/*Sr in seep fluids likely resulted from exchange with a deep granitic source
and suggests that the fluids migrated through the muddy sediments of the Western
Interior Seaway.

The diagenetic redox reactions leading to the anaerobic oxidation of methane
(AOM) occurred within the sediments over depths to which dissolved sulfate was
present—the sulfate-methane transition zone. This was likely relatively close to the
sediment-water interface. Previous observations of low 8'*C in ammonite shells from
seeps suggested that the pore fluids influenced by AOM must have mixed with the DIC
in the overlying water column (Landman and others, 2012). However, the 8'°C of a

Fig. 3 (continued). left lateral view, AMNH 66275, Didymoceras cheyennense Zone. (H) Hoploscaphites gilli
Cobban and Jeletzky 1965, macroconch, left lateral view, USNM 547334, Baculites scotti-Didymoceras nebras-
cense Zones, (non-seep site but also present at age-equivalent seep sites). (I) Didymoceras cheyennense (Meek
and Hayden 1856), AMNH 102504, Didymoceras cheyennense Zone (non-seep site but also present at
age-equivalent seep sites). (J) Hoploscaphites gilberti Landman and others, 2013, macroconch, left lateral view,
AMNH 83717, Baculites scotti-Didymoceras nebrascense zones. The 1 cm scale bar on the bottom applies to all
specimens except A, B, and D.
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mollusc shell is a product of both environmental (that is, DIC) and metabolic effects.
Incorporation of respired CO, into the shell lowers the 8'?C value of the shell because
the respired CO, from marine organic matter is enriched in '*C (McConnaughey and
Gillikin, 2008). Variable amounts of metabolic carbon incorporated into the shells of
different mollusc species can lead to lower 8'°C in some species versus others (Tobin
and Ward, 2015). Although some §'°C values previously measured in seep ammonites
are clearly too low to be produced solely by the incorporation of normal marine
metabolic carbon (for example, —13.7%0 in a sample of Didymoceras cheyennense
documented in Landman and others, 2012), the best control is comparison of coeval
seep-and non-seep specimens of the same ammonite species, and in the present study
we focus on Baculites compressus.

LOCALITIES

The seep deposits in this study (AMNH localities 3528 and 3545) are from the
upper Campanian Baculites compressus Zone of the Pierre Shale in Meade County,
southwestern South Dakota (fig. 1, middle). Recent 10Ar/%9Ar measurements of a
bentonite associated with a seep depositin the B. compressus Zone of the Pierre Shale in
Custer County, South Dakota, yields an age of 73.79 = 0.36 Ma (Landman and others,
2018). The seep deposits sampled in this study are newly exposed in cross section along
the bluffs of the Cheyenne River (fig. 2A), and are easily recognized because of the
presence of large, globular, billowing, bulbous micritic limestone masses as much as
several meters in diameter (figs. 2B-2D). These masses co-occur with smaller seep-
associated concretions (SAC’s; figs. 2 and 2C) consisting of subspherical or dumbbell
shaped nodules and pipes, varying from as large as 10 cm in diameter and 40 cm long
to small tubes 2 cm in diameter and 10 cm long (Cochran and others, 2015). Fossils are
localized and occur in the SAC’s as well as in the unconsolidated sediments. The shells
are exquisitely preserved, with intact mineralogy and microstructure (figs. 4, 5 and 6).
In contrast, the shale immediately surrounding the seep deposits (10’s of meters away)
is more depauperate. A similar pattern of a concentration of fossils at a seep deposit
was documented at another site (AMNH locality 3418) through detailed mapping of
the abundance of fossils around the seep by Landman and others (2012).

We also examined specimens at two age-equivalent non-seep sites (AMNH locali-
ties 3383 and 3415) in the Baculites compressus Zone of the Pierre Shale in Meade and
Pennington Counties, South Dakota (fig. 1, middle). These sites are in the same
general region as the seep sites (10-50 km away) and have been documented by
Fatherree and others (1998) and Landman and Klofak (2012), respectively. These sites
are representative of the broad extent of the WIS outside of the seeps. Fossils at these
sites are commonly preserved in early diagenetic concretions or loose in the unconsoli-
dated sediments. The concretions vary in shape, size, and fossil content, and usually
contain a diverse array of fauna including benthic, nektobenthic, and netktic forms.

All of the localities studied are in southwestern South Dakota (fig. 1, middle) and
represent an offshore environment approximately 230 km from the western shoreline
of the Seaway (Cobban and others, 1994). However, because no strata of this age are
present in eastern Wyoming, the position of the shoreline is difficult to constrain and
may have been closer to the studied localities. Indeed, the strata representing the
Baculites compressus Zone at Red Bird, Wyoming (Gill and Cobban, 1966) are very thin
due to non-deposition possibly related to local submarine highs or even emergent
areas in the vicinity of the Black Hills at the border between Montana and Wyoming.
Recent studies have suggested that most of the Pierre Shale was deposited at a depth of
approximately 50 to 100 m during the time of deposition of the B. compressus Zone
(Landman and others, 2017), although the exact water depth is difficult to establish.

Samples are from the following four localities (fig. 1):
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Fig. 4. Specimens of Baculites compressus from seep and non-seep sites showing sclerochronological
sampling intervals (dashes). (A, B) AMNH 108142, non-seep site, AMNH loc. 3415. A. Right lateral. B.
Ventral. (C, D) AMNH 82654, seep site, AMNH loc. 3528. C. Right lateral. D. Dorsal. (E, F) AMNH 112942,
seep site, AMNH loc. 3528 (not sampled because of poor preservation). E. Left lateral. F. Dorsal. (G, H)
AMNH 64496, seep site, AMNH loc. 3528. G. Right lateral. H. Dorsal. Adoral direction is toward the top.

AMNH loc. 3383, Non-seep deposit, Baculiles compressus Zone, Pierre Shale,
43.93950 N, —102.83627 W, Pennington County, South Dakota.

AMNH loc. 3415, Non-seep deposit, Baculites compressus Zone, Pierre Shale,
44.24125 N, —102.40344 W, Meade County, South Dakota.

AMNH loc. 3528, Methane seep deposit, Baculites compressus Zone, Pierre Shale,
44.17306 N, —102.40194 W, Meade County, South Dakota.

AMNH loc. 3545, Methane seep deposit, Baculites compressus Zone, Pierre Shale,
44.30972, —102.35056 W, Meade County, South Dakota.
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Fig. 5. Specimens of Baculites compressus from seep sites showing sclerochronological sampling intervals
(dashes). (A, B) AMNH 82656, seep site, AMNH loc. 3258. A. Left side. B. Dorsal. (C) Close-up of limpet on
AMNH 82656. (D, E) AMNH 64427, AMNH loc. 3528. D. Rightside. E. Dorsal. Adoral direction is toward the
top.

MATERIAL

We focused on eight specimens of Baculites compressus Say (1820), including the
specimen described by Fatherree and others (1998) (figs. 4 and 5). Based on their
length, whorl width (WW), and whorl height (WH), they can be sorted into juveniles
and possible adults. In this species, as in other Mesozoic ammonites, the adults can be
divided into small, slender microconchs and larger, more robust macroconchs (Davis
and others, 1996). According to the traditional interpretation, the microconchs are
males and the macroconchs are females.

AMNH 64427, AMNH loc. 3528 (seep site), Baculites compressus: fragment of body
chamber, juvenile, maximum whorl height = 27.2 mm. It was collected loose in the
matrix. A total of 23 samples of the outer shell were taken for isotope analysis on the
dorsum along the whole length of the shell (98.0 mm). The sampling strategy and
sample preparation for this and the other specimens studied are described in the next
section.
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Fig. 6. Representative SEM’s of the nacreous microstructure of Baculites compressus analyzed for
isotopes. The shell samples show excellent preservation, with Preservation Index = 4-5 (Cochran and
others, 2010). (A) AMNH 108142, non-seep site, AMNH loc. 3415. (B) AMNH 64427, seep site, AMNH loc.
3528. (C) AMNH 82654, seep site, AMNH loc. 3528. (D) AMNH 65596, seep site, AMNH loc. 3528. (E)
AMNH 82655, seep site, AMNH loc. 3528. (F) AMNH 64526, seep site, AMNH loc. 3545.

AMNH 64496, AMNH loc. 3528 (seep site), Baculites compressus: fragment of the
adapical part of the body chamber, adult (microconch?), maximum whorl height =
36.6 mm. One-half of the ventral part of the body chamber is broken off, consistent
with damage from predation. It was collected loose in the matrix. A total of 31 samples
of the outer shell were taken for isotope analysis on the dorsum along the whole length
of the shell (93.5 mm).

AMNH 64526, AMNH loc. 3545 (seep site), Baculites compressus: fragment of body
chamber, adult (macroconch), maximum whorl height = 56.8 mm. It was collected
loose in the sediment. A total of 46 samples of the outer shell were taken for isotope
analysis on the dorsum along the whole length of the shell (139.0 mm).

AMNH 66330, AMNH loc. 3383 (non-seep site), Baculites compressus: 280 mm in
length, 170 mm of which is phragmocone, probably a macroconch, maximum whorl
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height = 57.2 mm. This specimen was studied by Fatherree and others (1998) who
analyzed 38 samples of the outer shell on the ventral part of the flanks along the entire
length of the specimen. They assigned the specimen to B. compressus, but Palamarczuk
and Landman (2011) noted that the specimen is very compressed with a somewhat
tabulate venter and speculated that it could represent a closely related species from a
slightly younger interval, but still within the middle upper Campanian. For purposes of
the present study, we consider it as comparable to the non-seep specimen of B.
compressus analyzed by us (AMNH 108142).

AMNH 82654, AMNH loc. 3528 (seep site), Baculites compressus: fragment of a body
chamber, juvenile, maximum whorl height = 6.5 mm. A total of 4 samples of the outer
shell were taken for isotope analysis on the flanks along the whole length of the shell
(14.9 mm).

AMNH 82655, AMNH loc. 3528 (seep site), Baculites compressus: most of the
phragmocone and part of the body chamber, adult macroconch, maximum whorl
height = 69.4 mm. This specimen provides the longest ontogenetic record. It was
collected loose in the matrix. Parts of the shell are missing on both sides. The specimen
exhibits a few limpet home scars. A total of 26 samples of the outer shell were taken for
isotope analysis along the whole length of the shell (600—700 mm), mostly on the
dorsal part of the flanks, except for three samples on the ventral part of the flanks, but
not in an adjacent area.

AMNH 82656, AMNH loc. 3528 (seep site), Baculites compressus: fragment of the
adoral part of the body chamber, adult (macroconch?), maximum whorl height = 48.2
mm. It was collected loose in the matrix. The adoral part of the right side of the shell is
missing. The whole specimen is covered with limpet home scars. A total of 9 samples of
the outer shell were taken for isotope analysis on the dorsum along the whole length of
the shell (122 mm).

AMNH 108142, AMNH loc. 3415 (non-seep site), Baculites compressus: adoral part
of the phragmocone and a small portion of the body chamber, large juvenile to adult,
possibly microconch, maximum whorl height = 29.8 mm. The adoral edge of the shell
is broken and forms sharp re-entrants, consistent with predatory damage (Takeda and
others, 2015). It was collected loose in the matrix. A total of 40 samples of the outer
shell were taken for isotope analysis on the venter along the whole length of the shell
(129.3 mm).

We also sampled pieces of carbonate matrix from two seep sites. We analyzed five
samples from AMNH loc. 3528 consisting of tubes and massive micritic limestone and
10 samples from AMNH loc. 3545 consisting of pipes and SAC’s. The carbonate
content of seep-associated concretions from these sites is 85 to 89 percent by weight.

SHELL MICROSTRUCTURE AND ISOTOPE ANALYSIS

All shell samples were visually inspected to determine the state of preservation,
and only samples whose shell material appeared unaltered were chosen for analysis.
Prior work has shown that the state of preservation of nacreous shell microstructure of
aragonitic ammonite shells is an excellent predictor of the integrity of their O, C and
Sr isotope signatures (Cochran and others, 2003, 2010; Knoll and others, 2016).
Accordingly, scanning electron microscope (SEM) analysis was undertaken to deter-
mine the degree of alteration of each sample. Sample preservation was in general very
good (Preservation Index = 3) to excellent (Preservation Index = 5), according to the
Preservation Index (PI) scale of Cochran and others (2010). This scale is based on the
preservation of the nacreous microstructure characteristic of ammonite shells (and
other molluscs). As preservation degrades, the nacreous tablets fuse together, eventu-
ally becoming virtually indistinguishable (PI = 1, poor preservation). However, even at
this stage of preservation, the carbonate remains fundamentally aragonite, and Coch-
ran and others (2010) have discussed the mechanisms responsible. Examples of
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preservation of the samples studied are shown in figure 6. The PI values of every
sample are listed in tables A1-A7.

In most specimens, samples were taken every 3 mm continuously on the venter,
dorsum, or flanks along the longest continuous unbroken stretches of shell. Each
sample site was constrained to a length of 3 mm parallel to the axis of shell growth with
1 to 2 mm on either side, depending on the amount of material available in order to
accumulate enough mass for analysis. At any given sample site, the topmost layer of
shell was removed with deionized water and mechanical preparation to eliminate any
remnants of attached shale or concretion matrix. Then a square was inscribed into the
shell and more deionized water was applied. A flat blade was pressed to the side of the
sample square so that the shell fragments did not fly off. Deionized water was used
to pick up shell pieces and subdivide them into two plastic vials, one for isotope
analysis and one for assessment with SEM. Figures 4 and 5 indicate the positions of
samples on each specimen. Whorl heights were measured by digital calipers to the
nearest 0.1 mm at the positions where samples were taken for isotope measurement
and SEM imaging.

Shell pieces were mounted on SEM stubs in two orientations showing the surface
and cross section of the shell. Samples were coated with gold, and then analyzed using
a Hitachi S-4700 Field Emission SEM. Samples were viewed under 15kV with an
aperture at 20pm using a secondary electron detector. The shell surfaces were viewed
and photographed at 2000X and shell cross sections were viewed and photographed at
5000 and 15000X. The state of preservation of each sample was scored according to the
Preservation Index of Cochran and others (2010). The SEM preservation index ranged
from 2.5 to 4.5 (fig. 6). We only included samples with PI = 3 in our study to assure
that, in principle, the shell material preserved the original isotope signature. In AMNH
66330, the state of preservation was evaluated by Fatherree and others (1998) who
noted “unaltered” nacreous tablets but did not assign a PI value. Based on their
illustration, the PI =4 (Fatherree and others, 1998, fig. 3).

The 3'°C and 8'®0 values of the samples were determined at the University of
California, Santa Cruz, Stable Isotope Laboratory (UCSC SIL). Prior to analysis, 40 to
60 micrograms of solid sample were vacuum-roasted overnight to remove any residual
or§anic material occurring between the nacreous tablets. Samples were analyzed for
3'%0 and §'°C via acid digestion using an individual vial acid drop ThermoScientific
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/cms) 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 using a two-point calibration against samg)les of cali-
brated in-house granular Carrara Marble standard reference material (3°C =2.05 +
0.1%0 and 8'®*0 = —1.91 * 0.1%0 VPDB) and granular NBS-18 limestone interna-
tional standard reference material. The in-house Carrara Marble was extensively
calibrated against NIST Standard Reference Material (NBS-19, NBS-18, and LSVEC)
and further calibrated in intercomparison studies with international laboratories. Raw
data were corrected for offset from the international standard PDB (PeeDee Belem-
nite) for 8'*0 and 8'*C and corrected for instrument-specific source ionization effects.
Aliquots of an external working standard (powdered Atlantis II calcium carbonate;
3'%0 = 3.42%0) were run “as-a-sample” to monitor quality control and long-term
performance. Typical precision is 0.05 permil (1) for both 8'*0 and §'*C. All values
are reported relative to VPDB.
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We converted the values of 'O to temperature using the equation of Grossman
and Ku (1986) for molluscan aragonite, as modified by Hudson and Anderson (1989)
such that the 8 values are corrected for the difference between PDB and SMOW:

water
T(°C) =19.7 — 4.34(3,1g0nite ~ Dvater) (2)

We assumed that the 3'*0,., of the Late Cretaceous Western Interior Seaway was — 1
permil (Shackleton and Kennett, 1975) and that the salinity was typical of normal
marine values. The value of —1 permil agrees with estimates based on studies of
clumped isotopes by Dennis and others (2013) of —1.2 * 0.2 permil VSMOW for the
Baculites compressus Zone in South Dakota. Petersen and others (2016) also used
clumped isotopes to determine 3'%0. 1o, for offshore WIS sites typical of the settings
in the present study and calculated values ranging from —1 permil to —4 permil.
The two studies differ fundamentally in that Dennis and others (2013) focused on
ammonites while Petersen and others (2016) analyzed bivalves and gastropods. As
well, the value from Dennis and others (2013) cited above is solely based on isotope
analyses of ammonites in the B. compressus Zone, while Petersen and others (2016)
combined samples spanning several million years during the Late Cretaceous. Our
purpose here is not to reconstruct salinity or temperature distributions in the WIS,
but rather to compare seep and non-seep B. compressus from a relatively restricted
area of the WIS during the time of deposition of the B. compressus Zone. Accord-
ingly, we use 8'°0 = —1 permil.

water

RESULTS

The samples of authigenic carbonates (all Mg-calcite) from the two seep sites
reveal very low values of 3!3C (table 1). In AMNH loc. 3528, the values range from
—43.6 permil to —37.3 permil. In AMNH loc. 3545, the values are slightly lower,
ranging from —50.9 permil to —43.6 permil. Values of 'O are nearly the same in both
localities and range from —0.9 permil to —0.3 permil.

The results of C and O isotope analyses of the specimens of Baculites compressus are
summarized in figures 7, 8 and 9 and tables 2 and 3 and presented fully in the
Appendix (tables Al-A7; all values are reported relative to VPDB; averages are
reported * 1 standard deviation). The specimens overlap in size, allowing us to
determine if a correlation exists between shell size and isotope composition. To
facilitate comparisons of the isotope values of specimens with different sizes, we plotted
the values as a function of whorl height (figs. 7 and 8). As the specimen grew, the whorl
height increased, so the sclerochronological plots are effectively a function of time
through ontogeny. However, the time interval between successive samples in any
individual is not necessarily constant.

Each of the specimens was sampled along the growth axis. Because of limitations
imposed by availability of shell material, we sampled along the dorsum in AMNH
64427, 64496, 64526, and 82656, along the venter in AMNH 108142, and on the flanks
in AMNH 82655 and 82654. In AMNH 82655, we obtained 26 samples
from the dorsal part of the flanks and 3 samples from the ventral part of the flanks.
However, the sequences of samples on the two parts of the flanks are not adjacent,
precluding the possibility that we inadvertently sampled along a single growth line.
Fatherree and others (1998, figs. 2C and 5A) noted variation in the isotope composi-
tion of shell material from different parts of the shell wall in a single specimen, even
along what was presumably a single growth line. They could not completely explain
this variation although they attributed it to differences in shell thickness and concomi-
tant differences in the amount of time averaging. They reported a range of 3'*C of as
much as 0.3 and 0.4 permil on an adapical and adoral growth line, respectively
(omitting a single anomalous point in the analysis of each growth line). This difference
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Fig. 7. Comparison of 8'°C values (in %o VPDB) of Baculites compressus from both seep and non-seep
sites plotted against whorl height (WH). (A) Comparison of seep and non-seep specimens. The gray area
demarcates the isotope values characteristic of the non-seep environment. Solid symbols are seep specimens;
open symbols are non-seep specimens. (B) Seep specimens in which the values of 8'°C in early ontogeny
suggest that the animals lived in a non-seep environment (gray area) but migrated into a seep environment
as ontogeny progressed. See table 3 for statistical comparison of data.

is less than that between seep and non-seep environments, as reported below. There-
fore, the position of the samples on the shell (dorsum versus venter versus flanks) is
unlikely to affect our interpretation.
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non-seep environments against whorl height (WH). Solid symbols are seep specimens; open symbols are
non-seep specimens.

The isotope values of the shell samples from the non-seep sites show a weak cyclic
pattern (fig. 7A). In AMNH 66330, an adult macroconch, which was analyzed by
Fatherree and others (1998), the values of 8'*C are high in early ontogeny, low in
middle ontogeny, and high again at the end of ontogeny. They average —0.6 = 0.4
permil and range from —1.2 to 0.1 permil. The values of 3'%0, on the other hand, are
relatively constant in early ontogeny and decrease steadily to low values in later
ontogeny. They average —1.6 % 0.7 permil and range from —2.6 permil to —0.6
permil. The calculated temperatures average 22 * 3 °C and range from 18 °C to 27 °C.
In AMNH 108142, a late juvenile or adult microconch, the values of 8'°C are high in
early ontogeny, low in middle ontogeny, and high again in later ontogeny. They
average —0.6 = 0.7 permil and range from —1.4 permil to 0.9 permil. The values of
3'%0, on the other hand, show a steady increase to higher values throughout the
sampled interval. They average —1.3 * 0.2 permil and range from —1.8 permil to —1.0
permil. The calculated temperatures average 21= 1 °C and range from 20 °C to 23 °C.
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Fig. 9. Cross-plotof 3'*Cvs 8'%0 (all in %0 VPDB) in seep (solid symbols) and non-seep (open symbols)
of Baculites compressus from localities analyzed in this study. The gray area demarcates isotope values
characteristic of the non-seep environment. See Appendix 1 for data.

The specimens from the seep localities show three isotope patterns, the first of
which consists of nearly constant values (figs. 7A and 8). In AMNH 64526, the body
chamber of a mature macroconch, the values of 8'°C average —2.0 = 0.3 permil and
range from —2.9 permil to —1.7 permil. The values of 8'*0 average —1.3 = 0.1 permil
and range from —1.4 permil to —1.0 permil. The calculated temperatures average
21° = 0.4 °C and range from 20 °C to 21 °C. In AMNH 64496, the values of 3¢
average —2.7 * 0.3 permil and range from —3.4 permil to —2.1 permil. The values of
3'%0 average —2.5 * 0.2 permil and range from —2.8 permil to —2.1 permil. The
calculated temperatures average 26 = 1 °C and range from 24 °C to 28 °C. In AMNH
82656, which is a phragmocone of a large macroconch, the values of §'°C average
—2.5 * 0.5 permil and range from —3.1 permil to —1.6 permil; values of 3'%0 average
—0.3 = 0.1 permil and range from —0.5 permil to —0.2 permil. The calculated
temperatures average 17 = 0.5 °C and range from 16 °C to 17 °C.

Two other specimens from seep localities show trends in isotope values with whorl
height (figs. 7 and 8). In AMNH 64427, a large juvenile, the values of 3'*C are relatively
stable and high in early ontogeny and then decline beginning at WH = 25.2 mm. They
average —0.8 = 0.2 permil in early ontogeny and —1.6 = 0.3 permil in later ontogeny.
In contrast, the values of 8'®0 increase throughout ontogeny, with some notable
reversals. They average —1.9 £ 0.7 permil in early ontogeny and —1.1 * 0.5 permil in
later ontogeny. The calculated temperatures average 24 *= 3° and 20 = 2 °C,
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TABLE 2

Averages (£ 1 standard deviation) of carbon and oxygen isotope values and calculated
water temperatures for Baculites compressus from seep and non-seep sites, B.
compressus Zone, Pierre Shale, Meade County, South Dakota

Specimen  Seep/non- AMNH n FEXe 8%0 Temperature
no. seep loc. (%0VPDB) (%0 VPDB) (°O)
Collected at seep sites
64526 Seep 3545 46 -2.0+0.3 -1.3+£0.1 21+04
64496 Seep 3528 31 -2.7+£0.3 25+0.2 26+ 1
82656 Seep 3528 9 2.5+0.5 -0.3+0.1 17+0.5
64427 Non-seep* 3528 16 -0.8+0.2 -1.9+0.7 24 +3
Seep™** « 6 -1.6+0.3 -1.1+£0.5 202
82655 Non-seep* 3528 6 -0.7+0.3 -0.2+0.03 16 +0.1
Seep™** « 16 -27+1.0 -03+0.2 17+0.7
82654 Seep 3528 4 0.5+0.7 -4.6+0.5 35+2
Collected at non-seep sites
108142 3415 40 -0.6+0.7 -1.3+£0.2 21 +1
66330 3383 34 -0.6+03 -1.6+0.7 2243

A = Fatherree and others (1998); * = inferred non-seep portion of the sclerochronological record; ** =
inferred seep portion of the record.

respectively. In AMNH 82655, a large macroconch, the values of 3'3C show a steady
decline with a few notable reversals. The values of §'°C average —0.7 + 0.3 permil in
early ontogeny and —2.7 * 1.0 permil in later ontogeny. The values of oxygen are
nearly constant, averaging —0.2 = 0.03 permil in early ontogeny and —0.3 * 0.2 permil
in later ontogeny. The calculated temperatures average 16 = 0.1 °C and 17 = 0.7 °C,
respectively.

The single small juvenile collected at a seep locality (AMNH 82654) shows some of
the highest values of carbon and the lowest values of oxygen observed in this study. The
values of 3'°C average 0.5 = 0.7 permil and range from —0.4 to 1.2 permil. The values
of 8'%0 average —4.6 = 0.5 permil and range from —5.0 to —3.9 permil. The
calculated temperatures average 35 = 2 °C and range from 32° to 37 °C.

TABLE 3

Results of unpaired t-tests comparing average 8'°C values of Baculites compressus from
seep and non-seep sites, B. compressus Zone, Pierre Shale, Meade County, South Dakota

Seep specimen Vs Non-seep specimen t-test result
64526 108142 p <0.0001 (VVS)
64496 108142 p <0.0001 (VVS)
82656 108142 p <0.0001 (VVS)
64427: non-seep portion 108142 NS

64427 seep portion 108142 p <0.0001 (VVS)
82655: non-seep portion 108142 NS

82655: seep portion 108142 p <0.0001 (VVS)

VVS = difference is extremely significant; NS = difference is not significant.
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DISCUSSION

Methane Seeps as Ammonite Habitats: Evidence from C and O Isotopes

The values of 8'°C in the authigenic Mg-calcite of the seep carbonate concretions
are very low, ranging to as low as ~ —51 permil. These values are comparable to those
reported from other seep deposits in the Upper Cretaceous Western Interior (Kauff-
man and others, 1996; Landman and others, 2012). They stand in contrast to the
carbonate cement in non-seep fossiliferous concretions from the WIS. Landman and
Klofak (2012) reported 3'%C values higher than —22 permil in a concretion from the
Baculites compressus Zone and Landman others (2015) reported values of higher than ~
—16 permil in a concretion from the higher Baculites baculus Zone (Landman and
others, 2015). These differences between seep and non-seep concretions indicate that
the very low values observed in the SAC’s were produced by the anaerobic oxidation of
methane, as observed in both modern and ancient methane seep deposits (Peckmann
and Thiel, 2004).

The two specimens of Baculites compressus from non-seep sites comprise the range
of values of 8'°C characteristic of these settings (shown highlighted in gray in figs. 7A
and 7B), with values in the two specimens spanning the range from 0.9 permil to —1.4
permil (fig. 7A). Previous measurements of 8'°C in well-preserved specimens of B.
compressus from non-seep sites by Cochran and others (2010), Landman and Klofak
(2012), and Dennis and others (2013) show similar values, with an average of —1.2 *
0.8 permil (n = 16).

In contrast, the seep specimens show lower values of 8'°C in all or part of their
ontogeny (figs. 7A and 7B). Three of the specimens show 8'°C values that are lower
than those for non-seep specimens throughout the portions of the shells sampled (fig.
7A). The mean 3'3C values in these three specimens are extremely significantly
different (p < 0.0001) from those of the non-seep specimen AMNH 108142 based on
an unpaired t-test (table 3). A t-test was chosen for comparison of seep and non-seep
mean §'°C values because sample sizes are relatively large, and based on the central
limit theorem, the mean of a large sample is approximately normally distributed.

Two other specimens collected at seep site AMNH loc. 3528 show a combination
of non-seep and seep signatures (fig. 7B). In AMNH 64427, a large juvenile, the values
of 3'°C are relatively high in early ontogeny and then decline beginning at WH = 25.2
mm. Compared with non-seep specimen AMNH 108142, the mean values in early
ontogeny are not significantly different versus those in later ontogeny, which are
significantly different (p < 0.0001; table 3). If the values of 8'°C recorded in the
non-seep specimens are used as a guide, it implies that this animal must have migrated
to the seep environment in later ontogeny. Similarly, in AMNH 82655, which is a large
macroconch, the values of 3'*C depart from the non-seep field at WH ~34 mm and
remain below it, attaining —4 to —5 permil by WH = 69 mm. Compared with the
non-seep specimen AMNH 108142, the mean values in early ontogeny are not
significantly different, but those in later ontogeny are significantly different
(p < 0.0001; table 3). This similarly implies that the animal arrived at the seep as a late
juvenile and remained there the rest of its life.

AMNH 82654 is a small juvenile less than 7 mm whorl height, with only four
samples. This specimen shows a different isotope pattern from all the other specimens,
with some of the highest values of 3'°C and the lowest values of 3'®0 observed in this
study (fig. 7A, insert; figs. 8 and 9). The values of §'*C range from —0.4 to 1.2 permil
and the values of 8'®O range from —5.0 to —3.9 permil. The calculated water
temperature averages 35 °C approaching the temperature tolerance limit of modern
cephalopods. Although the exact temperature and salinity requirements of ammonites
are unknown, modern cephalopods cannot tolerate salinities below approximately 20
(PSU) nor temperatures above 35 °C (Vidal and others, 2014). Thus, although this
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specimen was collected at a seep site, it apparently did not live there. Taken together,
the 8'°C, 8'%0, and calculated temperatures suggest that the juvenile secreted its shell
in the upper water column, where temperatures were higher, the salinity was possibly
reduced (Petersen and others, 2016), and the value of 8'°C of the DIC was higher, as in
the modern ocean and as reconstructed for the Late Cretaceous proto-Gulf Coast
(Sessa and others, 2015; see further discussion below).

Linzmeier and others (2018) have used SIMS analyses to elucidate the early
ontogenetic stages of Hoploscaphites, another ammonite that inhabited the Western
Interior Seaway. They argued that these ammonites spent time in the near-surface
water column in their early ontogeny, likely as a component of the plankton. The
juvenile specimen of Baculites compressus analyzed in the present study was found at a
seep, so the animal must have died there soon after arriving. Interestingly, Rowe and
others (2017, 2018) and Landman and others (2012, fig. 3K) reported many small
juveniles of Baculites and Hoploscaphites at seep sites in the WIS. Our isotope results
suggest that these individuals arrived at the seeps early in ontogeny, and died there
either because of predation or, possibly, suffocation due to the toxic effects of
hydrogen sulfide (H,S), which was produced during the anaerobic oxidation of
methane (Boetius and others, 2000). The introduction of seep fluids to the overlying
water, as documented in the present study and by Landman and others (2010) and
Cochran and others (2015), suggests that HyS concentrations may have been elevated
in the overlying water, particularly close to the sediment-water interface. This could
have had a disproportional effect on newly arrived juveniles of Baculites, which were
more vulnerable than larger specimens.

A plot of 8"°C as a function of whorl height permits a comparison of isotope
composition versus shell size. In the two seep specimens that include samples with WH
<80 mm (AMNH 64427 and 82655), the values of 8'*C for that size range plot in the
field defined by the non=seep specimens (fig. 7B). At WH >30 mm, the values of d13C
of all of the seep specimens (AMNH 64496, 82656, 64526, and 82655) are significantly
lower than those in non-seep specimens. Thus, the only detectable trend with size in
seep specimens is toward lower values with larger size. In fact, if AMNH 64496, 82656,
and 64526 were more complete, including early ontogeny, they may have shown the
same trend.

In contrast to the 8'2C results, values of 320 show no consistent offset between
seep and non-seep specimens (fig. 8A). In terms of 3'%0 and the calculated water
temperatures from equation 1, the specimens of Baculites compressus from the seep and
non-seep sites are closely similar, with the exception of the small juvenile (figs. 8A and
8B). The small juvenile displays unusually warm temperatures, and as noted above,
likely spent this portion of its life in warmer, lower salinity surface waters, as envisioned
by Petersen and others (2016). The averages of the calculated temperatures of the
other specimens range from 16 to 24 °C (table 2). In general, these values are quite
characteristic of WIS temperatures documented from other studies (Tourtelot and
Rye, 1969; Cochran and others, 2003; He and others, 2005; Dennis and others, 2013)
and suggest that the seeps were indeed “cold” seeps. However, the specimens analyzed
do not necessarily represent the exact same instant in time, although they all belong to
the B. compressus Zone (Landman and others, 2018). Differences in temperature
observed among the specimens may reflect longer term temporal differences or even
seasonal variation recorded in specimens that grew rapidly or secreted shell at
different times of the year.

One notable aspect of the 3'%0 data is the larger ontogenetic variation in §'*0O
(and temperature) in the non-seep specimens versus the seep specimens. This is
particularly striking in AMNH 82655 from a seep site, which spans the range of whorl
heights in AMNH 108142 and 66330 from non-seep sites, yet lacks the temperature
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variation observed in the latter specimens. Variation in 3'®O in Baculites has been
interpreted as reflecting seasonal variation in water temperature (Fatherree and
others, 1998; Tobin and Ellis, 2017). One possibility to explain the difference between
the sclerochronological patterns of 8'®0O in seep and non-seep specimens is that the
non-seep specimens lived in a portion of the water column that was more susceptible to
seasonal temperature variation, while the geochemical evidence suggests that seep
specimens were living near the bottom for extended periods of time. This near-bottom
environment may have experienced less seasonal temperature variation.

A cross plot of 8'°C versus 8'®O reinforces the interpretations of the data as
described above (fig. 9). The highlighted gray zone in figure 9 corresponds to the
non-seep field of 8'°C values. The range in §'°C is greater than that of 8'*0, and
specimens collected at seeps show 3'*C values that depart from the non-seep field in
the direction of "*C enrichment. Significantly, the cross-plot shows no relationship
between 3'*C and 8'®O that might be expected from alteration, that is, a positive
correlation, as documented for WIS ammonites by Cochran and others (2010). This
reflects both the well-preserved nature of the shell material selected for this study (figs.
4 and 5) and also the rigorous sample screening by examination of shell microstruc-
ture by SEM on every sample analyzed (fig. 6).

Contributions of Carbon from DIC and Metabolic Sources

The differences in 3'°C between the seep and non-seep specimens suggest that the
seep environment was isotopically distinct from the non-seep environment and that
this difference was manifested as a '*C-enriched signal in the DIC reservoir above the
seep. It may also have characterized the 8'°C of organic matter generated in the seep
food web that utilized the '*C-enriched DIC. Indeed, Baculites compressus may have
been feeding on small animals in the water column, such as floating crustacean larvae,
as suggested by Kruta and others (2011).

Both metabolic carbon and carbon derived from the DIC reservoir were likely
important in controlling the 3'%C of the ammonite shell (McConnaughey and others,
1997; Tobin and Ward, 2015). Following Tobin and Ward (2015), the relationship
among these parameters can be expressed as:

81%Cshcll =g+ Cmc[a X 613(:m(‘,tzl + (I'Cmcta) X 813(]DIC (3)

where € is the 8'°C fractionation between aragonite and DIC (+2.7 * 0.6%o,
dominated by HCOg; Romanek and others, 1992), C, .., is the fraction of metabolic
carbon incorporated into the shell, and §'°C shell, meta, DIC are the 3'°C values
corresponding to the shell, metabolic carbon, and DIC, respectively. Equation 3 has
three unknowns: C,,,...» 8 °C, e and 8'*Cpy . In their study of ammonites and other
molluscs from Seymour Island, Antarctica, Tobin and Ward (2015) estimated the value

of G, ... for ammonites by using values of 0 and 10 percent for C,., of benthic
molluscs to determine values of 3'’Cp. They solved equation 3 for C,., for
ammonites using the measured ammonite 33 Cyens assuming that 8'°C,,, ., for ammo-

nites was comparable to that of organic material in the siphuncle of modern Nautilus,
—17 permil (Crocker and others, 1985). A similar value (—17.4%o) was measured by
Pape (2016) in siphuncular organic material in Nautilus, but she also determined §'°C
of the shell-bound organic material to be —14.3 = 0.7 permil. The values of C, ..,
calculated by Tobin and Ward (2015) for ammonites ranged from 29 3percent to 37
percent. One complication in their interpretation of the ammonite §'°C data is that
the section sampled in Seymour Island contains evidence for methane seep deposits
and diffuse seepage throughout (Little and others, 2015), and at least some of the
isotope values could have been affected by incorporation of '*C-enriched carbon
derived from the seeps. As well, Tobin and Ward (2015) studied multiple ammonite
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genera, and C
genera.

In an effort to constrain the variables in equation 3 pertinent to the WIS seeps, we
use the data of Sessa and others (2015) to estimate C,, .., for Baculites. Sessa and others
(2015) measured 8'*C and 8'%0 in planktonic and benthic foraminifera, ammonites
(Fubaculites, which is closely related to Baculites, Discoscaphites, and Sphenodiscus),
epifaunal and infaunal bivalves, and gastropods in the Upper Cretaceous Owl Creek
Formation of Mississippi. Although this is a different environment and much higher
ammonite zone than the B. compressus Zone of the U.S. Western Interior of the present
study, the rich data set of Sessa and others (2015) permits us to estimate
the C, ... of Baculites. Average 3'3C values of well-preserved specimens of benthic
foraminifera (two genera), infaunal bivalves, and Eubaculitesare (+0.8%0 and +0.9%o),
+1.6 permil, and —1.4 permil, respectively. We rearrange equation 3 to solve for
3" Cpyc as a function of §'°Cy, ., 8'°C and C

might have varied among genera as it does in modern bivalve

meta

meta meta*

8]E}(:DI(] = [Bmcshcll - Saragonitc - (Cmcta X 813Cmcta)]/[l - Cmcta] (4)

Applying equation 4 to the bivalve data of Sessa and others (2015), assuming C,, .., =
10 percent and 3C, o = —17 permil, yields 8'°Cp; = 0.7 permil. This value is
comparable to those measured in the two genera of calcitic benthic foraminifera
(0.8%0 and 0.9%o0), which approximate the 3'%C of bottom water DIC. Taking
3" Cpic = 0.7 permil and 3C o = —17 permil, C_ .., for specimens of Eubaculites in
the Owl Creek Formation (8'°Cgy,.y = —1.4%0) is ~29 percent (0.29). Interestingly,
this value is comparable to the lower of the estimates of Tobin and Ward (2015),
although that estimate assumed that the C,,,., for benthic molluscs was 0 percent.

We can use the value of C, ., calculated for Fubaculites from the Owl Creek
Formation (29%) to place constraints on the 8'3C values of Baculites compressus
collected at both seep and non-seep WIS sites. However, two interdependent variables
remain: 8'°C, .., and 8"*Cp; (eqn. 4). The values of both §'*Cp, and §'°C,,,,, may
have been lower at the seeps than those in the non-seep environment if methane-
derived carbon enriched in '*C was imprinted on the DIC and organic matter derived
from it. Considering first the non-seep WIS environment (as represented by AMNH
108142 and 66330), 8'°C, .y, values of —0.6 permil (table 2), coupled with C,,.., = 29
percent and 3'°C = —17 permil, produce a calculated value of 8'*Cp of +2.3
permil.

The mean values of §'°Cy,., of seep Baculites compressus range as low as —2.7
permil, with individual values (in AMNH 82655) as low as ~ —4.8 permil (tables 2 and
A7). The straight lines in figure 10 show the combinations of values (calculated from
eqn. 4) of §"°Cp;¢ and §'°C,, ., that produce §'°Cy, ., values of —2.7 permil and —4.8
permil for C,,.., = 29 percent. We include a range of 8'°C,, ., values extending from
the value of 3'C in shell-bound organic matter in modern Nautlius (~—15%o; Pape,
2016) to values ~10 germil lower than modern marine 3'*C. For values of 8'°C,, ., of
—2.7 permil and §'°C,,.,, of —17 permil (Crocker and others, 1985), the 3°Cpe
would have been ~—0.7 permil, or about 3 permil lower than the value calculated
above from the non-seep B. compressus data (+2.3%o). For the same values of 3C, e
and C,,..., 8" *Cp;c. would have to have been —3.6 permil to produce a value of —4.8
permil for 8'*C,.;;. Thus, these values of 8'?Cpy;. are ~3 permil to 6 permil lower than
the 8'°Cp; calculated from the non-seep specimens. We note that values of '°C, ., of
—30 permil, lower than typical marine organic matter, require 8'*Cp;c. to be ~+2 to
+5 permil (fig. 10). We also consider the possibility that C .., is higher for specimens
living at the seeps. As an example, if C .., = 35 percent (and 3"%Creta = —17%o0), the
calculated values of 3'*Cpy;; would be ~0.8 permil and —2.4 permil for 3'3Cy, e values
of —2.7 permil and —4.8 permil, respectively.

meta
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Fig. 10. Relationship between the 3'%C (in %o VPDB) of the dissolved inorganic carbon reservoir (DIC)
and the 8'°C of metabolic carbon as sources of C to the shell aragonite for 3'°Cy, ., = —2.7%0 and —4.8%o.
The lines are derived from eqn. 4 and show the combination of values of 8'*Cp; and 8'°C,,, ., to produce the
observed mean (~—2.7%o0 VPDB) and lowest (—4.8%0c VPDB) values of 8'°Cy,.,; of Baculites compressus
collected at WIS seeps, assuming that 29% of the shell C is from metabolic sources. Values are calculated for
arange of 8'°C,., from —15%o to —30%o. See eqn. 4 in text.

Clues to the 8'°Cyy, value of the water above the seeps also come from the low
3'?C values of the authigenic Mg-calcite cemented concretions that occur there (table
1). These suggest that the DIC of the pore fluids from which the carbonates precipi-
tated was characterized by significantly low values of '°C (<<0%o). The migration of
this fluid into the overlying water, as inferred from the anomalous 87Sr/ 86Sr ratios in
seep carbonates and ammonite shells (Landman and others, 2012; Cochran and
others, 2015), followed by mixing with ambient DIC, suggest that the 8'°Cp;. of the
water above the seep was likely <0 permil. To produce a value of §'°Cp;<0 permil,
the value of §'°C,,,.,, could not have been less than ~ —25 permil (fig. 10). Indeed, if
the difference between marine organic C and DIC at the seeps was comparable to the
present-day ocean (¢ ~ —20%o), then values of seep 3'*Cp;. of —0.7 permil to —3.6
permil would suggest that the 3'°C of seep organic matter was ~ —21 permil to —24
permil. These calculations reinforce the idea that the water column above the WIS
methane seeps was geochemically distinct from that elsewhere in the WIS.

Methane Seeps as Ammonite Habitals: Paleontological Evidence

In addition to the differences in 8'°C between seep and non-seep specimens of
Baculites compressus, other data suggest that B. compressus and associated ammonites may
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have lived at the seeps for extended periods of time. The depth of the seeps, as in the
rest of the Western Interior Seaway, did not exceed 100 m, which is entirely consistent
with the shallow depth limitations of these ammonites. For example, Hewitt (1996)
calculated that the shells of B. compressus and those of other ammonites commonly
found at seeps and in the WIS could not survive pressures greater than ~10 atm
without crushing.

Even though ammonites were mobile animals, they may have been attracted to the
seeps due to the rich source of food represented by the high biomass of the localized
seep ecosystem (Meehan and Landman, 2016). Indeed, ammonites are abundant
at seep deposits in the WIS. Meehan and Landman (2016) reported a total of 23
specimens of Hoploscaphites nodosus from a single seep deposit in the Didymoceras
cheyennense Zone of South Dakota. Landman and others (2013) reported a total of 19
specimens of Hoploscaphites gilberti from a single seep deposit from the Didymoceras
nebrascense Zone of Wyoming. In contrast, ammonites are rare or absent in the shale
immediately surrounding the methane seep deposits (Landman and others, 2012).
This is not simply a taphonomic phenomenon. Ammonites occur both in the carbon-
ate concretions and loose in the sediments at the seep sites. The shale and carbonate
concretions immediately surrounding the seep (10’s of meters away) contain few or no
ammonites at all (Landman and others, 2012).

The abundance of ammonites varies depending on the seep. For example, in the
same area with multiple seep deposits in the Didymoceras nebrascense/ Baculites scotti
Zones near Newell, South Dakota, some seeps are more ammonite-rich than others
(Meehan and Landman, 2016). In addition, the dominant species of ammonite varies
depending on the seep. For example, Baculites are generally more abundant than
Hoploscaphites in most non-seep sites in the WIS, but the reverse is true at seep deposits
in the Baculites baculus Zone in Niobrara County, Wyoming. Such variation may reflect
differences in the flow rates of seep fluids and the extent to which they affected the
water column above the seep. This in turn may have affected the development of a seep
food web and the abundance of food for molluscs and other organisms. As well,
concentrations of oxygen, methane, and hydrogen sulfide in the overlying water
column may have played a role, as noted above in the case of the juvenile specimen of
B. compressus (AMNH 82654).

An additional piece of evidence that ammonites lived at seeps is that in those
ammonites in which sexual dimorphism can be recognized, both dimorphs occur in
the same seep deposit (fig. 3). At the sites investigated in this study, both dimorphs of
Baculites compressus are present. In addition, Landman and others (2013) reported 12
macroconchs and 16 microconchs of Hoploscaphites gilberti from a single seep deposit
from the Didymoceras nebrascense Zone of Wyoming. The presence of both dimorphs at
these sites implies the existence of a breeding population.

Consistent with the hypothesis that ammonites lived at the seeps is the presence of
sublethal and lethal injuries (fig. 11). Sublethal injuries are recognizable as scars on
the shell and reflect attacks that occurred during the lifetime of the animal but did not
result in death. If the injury occurred at the aperture at the time and affected the
mantle, the shell damage usually appears as a groove in the shell, but if it occurred on
the body chamber adapical of the aperture at the time, it usually appears as an inflated
area (“blister”) surrounded by a sharp fracture (Takeda and others, 2015). Lethal
injuries are indicated by missing pieces of shell, which tend to occur in the same
position on the specimen, for example, at the back of the body chamber, revealing
preferred areas of attack. Many of these injuries may have been sustained at the seep
sites, suggesting that the ammonites formed an integral part of the seep food web.
Indeed, with lethal attacks, it is unlikely that the ammonites were killed elsewhere and
floated into the seep, but rather that they lived and died at the site.
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Fig. 11. (A) Healed injuries on the outer flanks of Placenticeras meeki Bohm, 1898, AMNH 108168,
methane seep deposit, AMNH loc. 3528, Campanian, Pierre Shale, South Dakota. The injury was severe
enough to affect the mantle. The adoral direction is toward the bottom of the photo. (B) Broken re-entrant
near the aperture of Baculites compressus Say, 1820, AMNH 108423, methane seep deposit, AMNH loc. 3528,
Campanian, Pierre Shale, South Dakota, probably a result of lethal predation.
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Ammonite jaws are also present in seep deposits (figs. 12A-12D). The jaws in
ammonites consist of upper and lower mandibles composed of chitin. The lower jaw is
also covered with a thin calcareous layer known as the aptychus (Tanabe and others,
2015). Because these structures are very delicate and easily lost after death, their
presence suggests that the ammonites lived at the sites and did not float into the area
after the animals died. Similarly, seep deposits contain the chitinous hook-like struc-
tures attributed to Hoploscaphties (figs. 12E-12G). Although the function of these
structures is unknown, they are also composed of chitin and are very delicate. These
structures could not have survived long distance transport. Their presence suggests
instead that the ammonites must have lived and died at the seeps.

These cases of ammonites in seep deposits in the WIS are not exceptional.
Ammonites occur in seep deposits throughout the world stretching from the Devonian
to the Upper Cretaceous. For example, Little and others (2015) described methane
seep deposits in the Upper Cretaceous (Maastrichtian) Snow Hill Island Formation on
Snow Hill Island, Antarctica. These seep deposits consist of large cement-rich carbon-
ate bodies filled with the bivalve Thyasira townsendi, many in life position, with a
concentration of more than 120/m? forming a coquina. They are associated with
numerous small ammonites and ammonite fragments, many of which appear to be
juveniles. The ammonites belong to the genera Gunnarites and Anagaudryceras.

Rolin and others (1990) described ammonite-rich seep deposits in lower-middle
Oxfordian (Jurassic) black marls of the Terres Noires Formation near Beauvoisin,
southeastern France. The carbonate masses are dominated by large infaunal lucinid
bivalves, the largest of which is 18 cm long (bivalves comprise up to 30% of the rock).
The bivalves are articulated, but not in life position. The ammonites occur in the small
irregular concretions on the margins of the masses and include perispinctids and
phylloceratids, including numerous Sowerbyceras, followed by oppeliids, cardioceratids
and pachyceratids. The deposits also contain abundant aptychi (parts of the jaws of the
ammonites) and rhyncolites (parts of the jaws of nautilids).

Rolin and others (1990) did a comparative study of the fauna in these seep
deposits and at nearby stratigraphically equivalent non-seep sites. Taking into account
taphonomic differences (preservation in cemented carbonate concretions versus
preservation in black shales), they noted that the fauna in the seep deposits was much
more abundant with respect to bivalves, gastropods, ammonites, crustaceans, echino-
derms, and fish. They concluded that these animals were living at the seeps. Some of
them, such as the bivalves, were restricted to the seeps, whereas the ammonites may
have been “electifs” opting to remain at the seeps feasting on the abundant food source
but equally at home elsewhere.

These occurrences as well as those from the WIS support the hypothesis that
ammonite accumulations in seep deposits do not represent dead animals that floated
into the sites from elsewhere but rather local accumulations derived from populations
living at the sites. In all of the seep deposits described, ammonites are more abundant
at the seeps than in the surrounding sedimentary rocks. They are also represented by a
range of ontogenetic stages including juveniles and adults. In the deposits in the U.S.
Western Interior and southeastern France, seep deposits also contain ammonite jaws
and even the hook-like structures attributed to some ammonite taxa. As noted above,
both of these kinds of structures could not have survived transport of the ammonites
after death.

The fact that ammonites lived at the seeps also bears on previous interpretations
of their habitat and mode of life. In the WIS, Baculites are usually portrayed as swift
swimmers in mid-water (Tsujita and Westermann, 1998). However, if these ammonites
spent most of their lives at a single seep site, it suggests instead that they were sedentary
animals, at least some of the time, and formed localized populations. The fact that
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Fig. 12. Jaws and hook-like structures attributed to Hoploscaphites from seeps deposits in the Campanian
Pierre Shale, South Dakota. (A) Lower jaw showing the midline slit, ventral view, apex on top, AMNH 64532.
(B) Upper jaw, apex on top, AMNH 64547. (C) Impression of left side of lower jaw, midline slit on the right,
AMNH 63423. (D) Lower jaw showing the midline slit, ventral view, apex on top, AMNH 99198. (E)
Hook-like structure showing one of the points projecting to the upper right, AMNH 63530. (F) Hook-like
structure with the basal portion exposed on the bottom, AMNH 63531. (G) Hook-like structure with one
point complete and one point broken, AMNH 64533.
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their shells are imprinted with the seep carbon isotope signal further implies that the
animals likely lived within meters of the bottom in contact with seep fluids. They
probably exploited a low-energy mode of life, feeding on the abundant zooplankton at
the seep. Because many seeps in the WIS occur in clusters (seep fields), the ammonites
may have drifted or migrated from one seep to another. These ammonites were not
“seep obligate” and occurred elsewhere in the basin. But having stumbled on a seep in
early ontogeny, perhaps through olfactory cues, they took full advantage of the
abundance of food and biomass associated with these unique environments and spent
the rest of their lives at or near the same site.

CONCLUSIONS

Detailed sclerochronological sampling of specimens of Baculites compressus col-
lected at fossil methane seep sites in the WIS shows consistently low values of 8'°C that
are significantly different from 8'?C in shells of coeval non-seep counterparts. Both
metabolic carbon sources and carbon from the dissolved inorganic carbon reservoir
(DIC) may have contributed to the 8'°C of seep B. compressus shells, but the §'*Ciy; was
likely several permil lower than that of non-seep environments in the WIS. These results
suggest that the methane seeps acted as habitats for B. compressus and that these ammonites
spent extended periods of time at the seeps. This isotope evidence is supported by other
observations of seep faunal composition, including the abundance of ammonites at seeps
compared with the surrounding shale, the presence of sexual dimorphs of the same
species, lethal shell injuries, and preserved jaws. Paleotemperatures calculated from the
8'%0 values yield comparable results in seep and non-seep specimens of Baculites compressus
(~21-26 °C) and support the notion that the seeps were “cold” seeps.

A hypothetical reconstruction of the seep ecosystem is shown in figure 13. The
organisms pictured have all been collected at seep sites in the WIS (see Landman and
others, 2012; Meehan and Landman, 2016), and include nektic, nektobenthic and
benthic fauna. Figure 13 illustrates both the living ecosystem and a cross-section of the
underlying Pierre Shale sediments showing the preservation of fossils and authigenic
carbonates. Processes such as seep fluid transport (inferred from C and Sr isotopes in
authigenic carbonate concretions) and methane bubble evolution (inferred from
partially cemented burrows and bubble tubes) are also shown. Given the high
abundance of seeps in the Late Cretaceous WIS, we hypothesize that they formed an
important part of the WIS ecosystem. The relatively shallow water depths of the WIS,
the broad extent of seep fields from Montana to Colorado, and the long persistence of
seep activity during 6 MY (fig. 1) all suggest that the seeps may have contributed a
significant source of methane (and ultimately CO,) to the Late Cretaceous atmo-
sphere.
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Fig. 13. Reconstruction of a methane seep in the Late Cretaceous Western Interior Seaway (WIS). The
organisms shown have all been identified as fossils in seep deposits (Landman and others, 2012).
Precipitation of authigenic carbonates as a result of increased carbonate alkalinity due to anaerobic
oxidation of methane occurs below and at the sediment-water interface. This provides a hard substrate for
crinoids, echinoids, crabs, and other organisms. Tectonically-driven, upward flow of seep fluids provides
methane for AOM. Exsolution of dissolved methane produces methane bubbles that can escape the zone of
AOM and enter the overlying water. The active redox chemistry at the seeps provides energy for a
chemosynthetic-based food web involving organisms from bacteria to fish.
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APPENDIX
TABLE Al

Oxygen and carbon isotope composition and calculated temperature for AMNH 64526,
Baculites compressus, seep site, AMNH loc. 3545

Sample WH PI 3C 31%0 Temperature
no. (mm) (%0 VPDB) (%0 VPDB) (°C)
1 45.6 4 2.1 -1.2 21
2 46.1 4 2.9 -1.3 21
3 46.3 4 -1.8 -1.3 21
4 46.6 4 -1.7 -1.2 21
5 46.9 4 -2.1 -1.1 20
6 474 4 -1.8 -1.1 20
7 47.6 4.5 -2.0 -1.0 20
8 47.8 4.5 -2.0 -1.2 21
9 47.9 4 -2.0 -1.2 21
10 48.2 4 2.1 -1.1 20
11 48.4 4 2.2 -1.4 21
12 48.7 4.5 2.2 -1.2 21
13 48.9 4 2.3 -1.3 21
14 49.2 4.5 2.2 -1.2 21
15 49.4 4 2.2 -1.3 21
16 49.6 4.5 -2.0 -1.3 21
17 49.9 4 -1.8 -1.1 20
18 50.3 4 2.1 -1.3 21
19 50.4 4.5 -1.9 -1.2 21
20 50.6 4.5 2.2 -1.2 21
21 50.8 4.5 -1.8 -1.3 21
22 51.1 4.5 -1.8 -1.1 20
23 514 4.5 -1.8 -1.4 21
24 51.7 5 -1.8 -1.2 21
25 51.9 5 -1.8 -1.2 21
26 52.1 4 -1.8 -1.3 21
27 52.4 4.5 -1.8 -1.2 21
28 52.6 4.5 -1.7 -1.1 20
29 52.9 4.5 -1.7 -1.2 21
30 53.2 4.5 -1.8 -1.3 21
31 53.3 5 -1.8 -1.2 21
32 53.6 4.5 -1.9 -1.4 21
33 53.8 4 -1.9 -1.3 21
34 53.9 5 -1.9 -1.3 21
35 54.3 4.5 -1.9 -1.3 21
36 54.6 4 -1.9 -1.3 21
37 54.8 4 -2.0 -1.3 21
38 552 4.5 -1.8 -1.3 21
39 554 4 -1.8 -1.3 21
40 55.7 4.5 -1.9 -14 21
41 558 4 2.2 -1.4 21
42 56.1 4 2.1 -1.4 21
43 56.3 4.5 2.2 -1.3 21
44 56.5 4 -2.6 -1.4 21
45 56.6 4.5 -2.6 -1.3 21
46 56.8 4 -1.8 -1.2 21

Sample number increases in an apertural direction, as indicated by whorl height (WH). PI = preservation index
(Cochran and others, 2010).
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TABLE A2

Oxygen and carbon isotope composition and calculated temperature for AMNH 64496,
Baculites compressus, seep site, AMNH loc. 3528

Sample WH PI s1C 310 Temperature
no. (mm) (%0 VPDB) (%0 VPDB) (°C)
1 34.1 4 2.4 2.3 25
2 343 4 2.3 2.3 25
3 34.6 3.5 2.4 2.3 25
4 35.0 4.5 2.3 2.1 24
5 354 4.5 2.7 2.2 25
6 358 3 -3.1 2.2 25
7 36.0 4.5 2.8 2.2 25
8 36.2 4 2.9 2.3 25
9 36.4 4.5 -2.7 2.3 25
10 36.6 4 2.7 2.4 26
11 36.8 4 -2.6 2.5 26
12 37.1 4 -2.6 2.4 26
13 374 4.5 2.7 2.5 26
14 37.7 4.5 2.7 2.5 26
15 378 4 -2.9 2.6 27
16 38.0 3 3.4 2.7 27
17 38.2 4.5 -3.2 -2.7 27
18 38.3 4.5 -2.9 -2.8 27
19 38.5 3.5 -2.9 2.7 27
20 38.6 4.5 -2.9 -2.7 27
21 38.7 4.5 2.8 2.8 27
22 38.9 4.5 2.9 2.6 27
23 39.0 4 2.8 2.7 27
24 39.1 4.5 2.8 2.7 27
25 39.3 3.5 2.5 -2.8 27
26 39.5 4.5 2.3 -2.7 27
27 39.8 4.5 2.2 -2.8 28
28 40.0 3.5 2.1 -2.8 28
29 40.5 4 2.6 2.8 27
30 40.7 4 24 2.7 27
31 40.8 3.5 2.1 2.6 27

Sample number increases in an apertural direction, as indicated by whorl height (WH). PI = preservation index
(Cochran and others, 2010).
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TABLE A3

Oxygen and carbon isotope composition and calculated temperature for AMNH 108142,
Baculites compressus, non-seep site, AMNH loc. 3415

Sample WH PI sC 510 Temperature
no. (mm) (%0 VPDB) (%0 VPDB) (°C)
1 19.8 35 0.4 -1.6 22
2 19.9 4 0.5 -1.8 23
3 20.2 4 -0.04 -1.4 21
4 20.5 4 0.9 -1.6 23
5 20.6 3.5 0.9 -1.6 23
6 20.9 35 0.8 -1.6 23
7 21.2 35 0.1 -1.3 21
8 21.3 3.5 -0.7 -1.5 22
9 21.6 3.5 -0.1 -1.3 21
10 21.8 3.5 -0.3 -1.2 21
11 22.0 4 0.1 -1.3 21
12 22.4 4 -0.1 -1.4 21
13 22.6 35 -0.3 -1.2 21
14 229 4 -1.4 -1.3 21
15 23.1 35 -0.4 -1.1 20
16 234 3.5 -0.7 -1.3 21
17 23.8 4 -0.8 -1.1 20
18 24.1 4.5 -0.9 -1.2 21
19 24.4 3.5 -0.8 -1.2 21
20 24.6 4.5 -1.0 -1.3 21
21 25.0 4 -0.9 -1.2 21
22 252 4.5 -1.4 -1.2 21
23 25.5 4 -1.0 -1.2 21
24 25.7 3.5 -1.4 -1.3 21
25 26.0 3.5 -1.1 -1.2 21
26 26.2 3.5 -1.1 -1.1 20
27 26.5 4.5 -1.1 -1.2 21
28 27.0 35 -0.7 -1.1 20
29 27.1 4.5 -0.9 -1.0 20
30 274 4 -0.7 -1.2 20
31 27.5 4 -1.3 -1.2 21
32 27.8 35 -0.1 -1.1 20
33 27.9 3.5 -0.9 -1.1 20
34 28.1 4 -0.6 -1.1 20
35 28.4 4 -0.5 -1.2 20
36 28.8 4.5 -1.2 -1.1 20
37 29.0 4 -14 -1.3 21
38 29.3 4.5 -14 -1.2 21
39 29.6 4 -0.8 -1.1 20
40 29.8 5 0.5 -1.0 20

Sample number increases in an apertural direction, as indicated by whorl height (WH). PI = preservation index
(Cochran and others, 2010).
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TABLE A4

Oxygen and carbon isotope composition and calculated temperature for AMNH 66330,
Baculites compressus, non-seep site, AMNH loc. 3383 (data from Fatherree
and others, 1998)

Sample no. WH (mm) 8¢ 50 Temperature
(%0 VPDB) (%0 VPDB) (°C)
1 26.0 -1.2 -14 22
2 272 -0.8 -1.5 22
2.5 27.8 -04 -1.3 21
3 28.4 0.1 -0.8 19
4 29.6 -0.03 -0.9 19
4.5 30.2 0.1 -1.1 20
5 30.8 -0.2 -0.6 18
5.5 31.4 -0.9 -1.0 20
6 32.0 -0.7 -0.8 19
7 33.2 -0.5 -0.7 18
8 344 -0.7 -1.0 20
9 35.6 -0.4 -1.1 20
10 36.8 -0.5 -1.0 20
11 38.0 -0.7 -0.9 19
12 39.2 -0.9 -0.9 19
13 40.4 -0.9 -0.8 19
14 41.6 -1.0 -0.9 19
15 42.8 -0.7 -14 22
16 44.0 -1.0 -1.3 21
17 452 -0.7 -1.8 23
18 46.4 -0.7 -2.0 24
19 47.6 -1.0 -1.9 23
20 48.8 -1.2 2.1 25
21 50.0 -0.9 2.1 24
22 51.2 -1.2 2.0 24
23 52.4 -1.0 2.4 26
23.5 53.0 -0.8 -2.5 26
24 53.6 -04 -2.5 26
24.5 54.2 -0.5 2.1 25
25 54.8* -0.2 -2.6 27
25.5 55.4* -0.2 -2.5 26
26 56.0* -0.4 2.4 26
27 56.6* -0.1 2.2 25
28 60.0* 0.0 2.4 26

Sample number increases in an apertural direction, as indicated by whorl height (WH). The state of preservation
was evaluated by Fatherree and others (1998) who noted “unaltered” nacreous tablets. * = estimated.
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TABLE AS

Oxygen and carbon isotope composition and calculated temperature for AMNH 64427,
Baculites compressus, seep site, AMNH loc. 3528

Sample WH PI 31C 30 Temperature
no. (mm) (%0 VPDB) (%0 VPDB) (°0)
1 21.8 4 -1.0 2.3 25
2 223 4 -1.0 2.3 25
3 22.4 4 -1.2 -3.5 31
4 229 3.5 -0.8 2.2 25
5 237 3 -0.8 -2.1 24
6 239 4 -0.7 -1.9 24
7 24.0 35 -0.6 -1.8 23
8 24.4 4 -0.8 -1.6 22
9 24.8 3.5 -0.4 -14 22
10 252 3 -0.7 -2.8 27
11 25.0 4 -0.6 -1.5 22
12 252 4.5 -0.9 -14 21
13 25.4 35 -1.1 -2.7 27
14 25.6 4 -0.9 -1.3 21
15 257 4 -0.8 -1.2 20
16 26.0 4 -0.8 -1.1 20
17 26.1 4.5 -1.3 -1.0 20
18 26.4 4.5 -1.6 -2.0 24
19 26.7 4.5 -1.3 -0.9 19
20 26.7 4.5 -1.7 -0.9 19
22 26.9 4 -1.6 -0.8 19
23 27.2 4.5 -2.1 -0.8 19

Sample number increases in an apertural direction, as indicated by whorl height (WH). PI = preservation index
(Cochran and others, 2010).

TABLE A6

Oxygen and carbon isotope composition and calculated temperature for AMNH 82656,
Baculites compressus, seep site, AMNH loc. 3528

Sample WH PI 3°C 31%0 Temperature
no. (mm) (%0 VPDB) (%0 VPDB) (°C)
Al 38.4 3.5 2.0 -0.3 16
A3 39.2 3 -3.1 -0.4 17
A4 39.7 3 2.2 -0.4 17
A5 40.2 3.5 -1.6 -0.2 16
A7 448 4 2.2 -0.2 16
A8 46.2 3.5 2.7 -0.3 17
A10 46.6 4 2.8 -0.2 16
All 46.9 3.5 -2.8 -0.3 17
Al2 48.2 3 -2.8 -0.5 17

Sample number increases in an apertural direction, as indicated by whorl height (WH). PI = preservation index
(Cochran and others, 2010).
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TABLE A7

Oxygen and carbon isotope composition and calculated temperature for AMNH 82655,

Baculites compressus, seep site, AMNH loc. 3528

Sample WH PI e 30 Temperature
no. (mm) (%0 VPDB) (%0 VPDB) (O
Al 243 5 -0.1 -0.2 16
A2 253 3.5 -0.9 -0.2 16
Bl 319 4.5 -0.9 -0.2 16
B2 32.0 4.5 -0.7 -0.3 16
B3 32.1 4 -0.9 -0.3 17
B4 323 5 -0.9 -0.3 16
Cl 33.7 3 -2.0 -0.3 17
C2 34.7 4 2.2 -0.2 16
C3 357 3.5 -1.8 -0.2 16
D1 34.4 3.5 -1.8 -0.2 16
D2 35.1 3 -1.4 -0.1 16
D3 35.8 3 -3.4 -0.2 16
Fl1 35.6 3.5 -3.2 -0.3 17
F2 36.6 4 -3.1 -0.2 16
F3 37.6 3.5 2.3 -0.4 17
Gl 40.1 3.5 2.8 -0.2 16
G2 41.1 3.5 -2.8 -0.3 17
G3 42.1 4 -4.4 -0.4 17
H3 49.9 3 -1.6 -0.6 18
H2 50.9 3 -2.5 -0.3 17
13 51.5 4 -1.8 -0.4 17
12 51.6 3.5 2.6 -0.6 18
11 51.7 4 -3.2 -0.6 18
12 68.4 3.5 -4.5 -0.2 16
J1 69.4 3 -4.8 0.0 16

Sample number increases in an apertural direction, as indicated by whorl height (WH). PI = preservation index

(Cochran and others, 2010).

TABLE A8

Oxygen and carbon isotope composition and calculated temperature for AMNH 82654,
Baculites compressus, juvenile, seep site, AMNH loc. 3528

Sample WH PI 3"C 3"%0 Temperature
no. (mm) (%0 VPDB) (%0 VPDB) (°C)
1 53 4.5-5 1.2 -5.0 37
2 5.7 4.5-5 0.9 -5.0 37
3 6.1 4.5-5 0.5 -3.9 32
4 6.5 4.5-5 -0.4 -4.5 35

Sample number increases in an apertural direction, as indicated by whorl height (WH). PI = preservation index

(Cochran and others, 2010).
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