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ABSTRACT
The Paleocene-Eocene thermal maximum
was a period of abrupt, transient global
warming, fueled by a large release of 13Cdepleted carbon and marked globally by a
negative carbon isotope excursion. While the
carbon isotope excursion is often identified in
the carbon isotope ratios of bulk soil organic
matter (δ13Corg), these records can be biased
by factors associated with production, degradation, and sources of sedimentary carbon
input. To better understand these factors,
we compared δ13Corg values from Paleocene-
Eocene thermal maximum rocks in the southeastern Bighorn Basin, Wyoming, with those
derived from leaf wax n-alkanes (δ13Cn-alk).
While both δ13Cn-alk and δ13Corg records indicate an abrupt, negative shift in δ13C values,
the carbon isotope excursions observed in
bulk organic matter are smaller in magnitude and shorter in duration than those in
n-alkanes. To explore these discrepancies,
we modeled predicted total plant tissue carbon isotope (δ13CTT) curves from the δ13Cn-alk
record using enrichment factors determined
in modern C3 plants. Measured δ13Corg values are enriched in 13C relative to predicted
δ13CTT, with greater enrichment during the
Paleocene-Eocene thermal maximum than
before or after. The greater 13C enrichment
could reflect increased degradation of autoch
thonous organic matter, increased input of
allochthonous fossil carbon enriched in 13C,
or both. By comparing samples from organicrich and organic-poor depositional environ†
Present address: Department of Geosciences, Pennsylvania State University, Deike Building, University
Park, Pennsylvania 16802, USA; aab27@psu.edu.

ments, we infer that microbial degradation
rates doubled during the Paleocene-Eocene
thermal maximum, and we calculate that
fossil carbon input increased ~28%–63%.
This approach to untangling the controls on
the isotopic composition of bulk soil carbon
is an important development that will inform
not only future studies of global carbon cycle
dynamics during the Paleocene-Eocene thermal maximum hyperthermal event, but also
any study that seeks to correlate or estimate
duration and magnitude of past events using
soil organic carbon.
INTRODUCTION
The Paleocene-Eocene thermal maximum was
an episode of abrupt (≤20 k.y. onset), transient
(~200 k.y. duration), and significant (5–8 °C)
global warming ca. 56 Ma that was associated with the input of thousands of gigatons of
13
C-depleted carbon into the exogenic (ocean,
atmosphere, biosphere) system (Kennett and
Stott, 1991; McInerney and Wing, 2011; Sluijs
et al., 2007; Zachos et al., 2001, 2003). This perturbation to the global carbon cycle is recorded
as a prominent negative carbon isotope excursion in terrestrial and marine carbon archives,
including organic carbon, carbonate, plant and
algal lipids, and mammalian tooth enamel (for
review, see McInerney and Wing, 2011). The
carbon isotope excursion has been characterized
as containing three globally recognized phases:
the initiation or onset, an alternate semistable
state or body, and the recovery (Bowen et al.,
2006). The exact magnitude and shape of the
carbon isotope excursion (or excursions) can
vary significantly in different archive materials and reflect local factors such as depositional
environment, sedimentation rate, and diagen-

esis (Bowen and Zachos, 2010; M
 cInerney and
Wing, 2011). Because each carbon archive material is affected by a different suite of conditions
and preservational biases, understanding the
diversity of factors that influence the expression
of the carbon isotope excursion is essential for
reconstructions of the Paleocene-Eocene thermal
maximum carbon cycle perturbation (Sluijs and
Dickens, 2012). The Paleocene-Eocene thermal
maximum represents the best-known geologic
analogue to anthropogenic climate change, and
refining our estimates of the associated atmospheric d13C excursion is critical.
Terrestrial records of the carbon isotope
excursion are sometimes more complete than
marine records because they commonly have
higher rates of sedimentation and are not
affected by carbonate dissolution (Diefendorf
et al., 2010; McInerney and Wing, 2011). The
magnitude of the carbon isotope excursion,
however, varies widely among different terrestrial carbon sources. The average carbon isotope
excursions recorded by plant lipids (–5.1‰), soil
carbonate (–5.5‰), and tooth enamel (–4.8‰)
are significantly larger than those derived from
bulk soil organic matter (–3.5‰; see McInerney and Wing, 2011). Moreover, both the shape
and magnitude of the carbon isotope excursion
preserved in bulk soil organic matter can vary
significantly, even across a geographically limited field area. For example, bulk soil organic
matter carbon isotope ratios (d13Corg) from six
stratigraphic sections across 16 km in the southeastern Bighorn Basin record differently shaped
carbon isotope excursions and underrepresent
the thickness of the Paleocene-Eocene thermal maximum by 30%–80% (Baczynski et al.,
2013). The isotopic composition of bulk soil
organic matter is influenced by variable sources
of input and differential degradation of organic
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components, whereas plant biomarker sources
are simpler and tend to have fewer effects on
their isotopic composition. High-molecularweight n-alkanes with odd-over-even-carbon
predominance (C25 to C33) are diagnostic biomarkers for vascular plants in sedimentary rocks
and are commonly used as paleoclimate proxies
because of their long residence time and resistance to isotopic exchange (Pedentchouk et al.,
2006; Schimmelmann et al., 2006; Sessions
et al., 2004).
Here we compare a high-resolution n-alkane
(C25 to C33) carbon isotope (d13Cn-alk) record with
d13Corg records from Paleocene-Eocene sediments
in the southeastern Bighorn Basin, Wyoming.
We measured d13Corg values in two different
rock types in the same field area: carbonaceous
shales and mudstone paleosols (Baczynski
et al., 2013). We used the compound-specific
d13Cn-alk record to test the hypothesis that the
combined influence of organic matter degradation and allochthonous carbon input distorts the
pattern of stratigraphic change in d13Corg values
such that it underestimates the magnitude of
the carbon isotope excursion and the thickness
of the carbon isotope excursion body. Specifically, we used n-alkane d13C values to estimate
the carbon isotope values of the initial total plant
tissue (d13CTT). We then constrained the relative
contributions of soil organic matter degradation
and allochthonous carbon input required to reconcile the measured d13Corg and estimated d13CTT
values. The extensive exposures of PaleoceneEocene strata in the Bighorn Basin and considerable number of paleontological, sedimentological, and geochemical data sets from decades
of research provide an excellent setting and
comprehensive framework in which to explore
Paleocene-Eocene thermal maximum carbon
cycling and the terrestrial expression of the carbon isotope excursion. Understanding the environmental, biogeochemical, and sedimentological effects on floodplain d13Corg values is crucial
for any study seeking to correlate stratigraphic
sections or estimate duration and magnitude of
major climatic events.
MATERIALS AND METHODS
Study Area and Sampling
Upper Paleocene and Lower Eocene strata
in the study area were deposited by fluvial systems near the southeastern margin of the Bighorn Basin, Wyoming, which formed during the
Laramide orogeny (Bown, 1980). These strata,
comprising the upper Fort Union Formation and
lower Willwood Formation, are abundant and
well exposed throughout the Bighorn Basin.
Hundreds of paleosol samples were collected
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from Paleocene-Eocene thermal maximum
sections in the southeastern Bighorn Basin,
Wyoming (Fig. 1). This study focuses on the
Highway (HW) 16 section south of U.S. Route
16 because it is the best-studied and stratigraphically thickest paleosol d13Corg section in
the southeastern Bighorn Basin. However, the
same patterns were documented in three other
trenched sections in the field area (CAB 10, Big
Red Spit, and North Butte).
Organic-rich rock samples, hereafter referred
to as carbonaceous shale (or carb shale) samples, were collected from isolated lenticular
channel fills where plant macrofossils were
found. The plant-bearing beds are lens-shaped
bodies representing infilling of small, abandoned channels (5–20 m width; type I units of
Wing, 1980). The infills are fine grained and
laminated and preserve relatively complete
leaves, indicating low depositional energy.
This makes it likely that the n-alkanes came
from nearby paleovegetation. Surface material was removed from the plant-bearing beds
to expose consolidated, less-weathered rock.
Thirty-six rock samples for n-alkane and bulk
soil organic matter d13C analysis were collected
from 28 unique stratigraphic levels, spanning
roughly 100 m of Paleocene–Eocene section
in the southeastern Bighorn Basin. From their
position within local stratigraphic sections,
n-alkane sites from throughout the field area
have been projected onto a single interpolated
composite curve that uses meter levels from the
HW 16 paleosol section (Fig. 2A; Table 1).
Sample Preparation and Analysis
A portion of each sample collected for
n-alkane d13C analysis was prepared for bulk
organic matter d13C analysis as described fully
in Baczynski et al. (2013). Briefly, carbon isotope ratios and weight percent total organic carbon (TOC) were measured in duplicate using
a Costech ECS 4010 combustion elemental
analyzer coupled to a Thermo Delta V Plus isotope ratio mass spectrometer (IRMS). Carbon
isotope values are reported in delta notation
normalized to the international Vienna Peedee
belemnite (VPDB) standard using acetanilide 1
(Indiana University) and International Atomic
Energy Agency (IAEA) reference standards 600
and CH-3. Isotope ratios and standard deviations of replicate sample analyses are reported
in Table 1. Replicate measurements of standards
indicate a measurement precision of 0.1‰, and
the mean standard deviation on replicate sample
analyses is 0.1‰.
Lipids were extracted from 40 to 200 g of
powdered rock using a Microwave Accelerated
Reaction System (MARS Xpress, CEM Corpo-

ration, Matthews, North Carolina) with 30 mL
(9:1, v/v) DCM:MeOH (dichloromethane:
methanol) at 100 °C for 15 min. The total lipid
extract (TLE) was filtered to remove sediment
and concentrated under a stream of nitrogen gas
using a TurboVap LV evaporator (Caliper Life
Sciences, Walther, Massachusetts). TLEs were
separated into nonpolar and polar fractions by
column chromatography using 1 g activated
silica gel (70–230 mesh) in an ashed Pasteur
pipet. The nonpolar constituent was eluted with
4 mL of hexanes and the polar constituent with
4 mL of DCM:MeOH (1:1, v/v). The n-alkanes
were identified in the nonpolar fraction using a
ThermoFisher Trace Gas Chromatograph Ultra
fitted with a flame ionization detector (FID)
and coupled to a quadrupole mass spectrometer
(ThermoFisher DSQII). Average chain length
(ACL) and carbon preference index (CPI) were
calculated using FID peak areas for C25 to C37
n-alkanes (Table 1; Table DR11). Compoundspecific stable carbon isotope ratios were measured using a gas chromatograph coupled to an
IRMS interfaced with a gas chromatography/
combustion system (see Supplemental Material for detailed methods [footnote 1]). Isotopic
abundances were determined relative to a reference gas calibrated with Mix A (n-C16 to n-C30 ;
Arndt Schimmelmann, Indiana University).
Carbon isotope values of samples were normalized to the VPDB scale using the Uncertainty
Calculator (Polissar and D’Andrea, 2014) and
are reported in standard delta notation (Table 1);
standard errors of the mean were calculated
using the Uncertainty Calculator (Polissar and
D’Andrea, 2014) and range from 0.1‰ to 0.2‰
for individual samples (Table 1).
Model Description and Calculations
Initial total plant tissue carbon isotope values,
d13CTT, were modeled using the C27, C29, and C31
n-alkane carbon isotope records by applying a
lipid-specific enrichment factor (e):
 δ13C + 1000 
3
ε =  13 TT
 − 1× 10
δ C n-alk + 1000
≈ δ13CTT − δ13C n-alk

that was calculated from n-alkane and total plant
tissue carbon isotope values reported in the literature for modern C3 plants (Fig. 2B; Table 2;
Bi et al., 2005; Chikaraishi and Naraoka, 2003;
Collister et al., 1994; Diefendorf et al., 2011).
1
GSA Data Repository item 2016097, detailed
methods and supplementary figures, is available at
http://www.geosociety.org/pubs/ft2016.htm or by request to editing@geosociety.org.
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Figure 1. (A) Map showing exposures of the Willwood Formation (shaded) in the Bighorn Basin,
Wyoming, and the surrounding mountain ranges. Inset map to bottom left shows approximate
location of map extent in northern Wyoming. (B) Black stars indicate detailed Paleocene-Eocene
thermal maximum stratigraphic sections at Sand Creek Divide, HW 16, CAB 10, Big Red Spit,
and North Butte where paleosol samples were collected for δ13Corg analysis (Baczynski et al.,
2013). White circles mark locations of plant quarry localities at which n-alkane δ13C and car
bonaceous shale δ13Corg values were measured. Base map and location of basin axis and Tensleep
fault are modified after Finn et al. (2010).
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Figure 2. Measured and predicted δ13C values. (A) Measured δ13Cn-alk ratios for n-C27 (dark blue), n-C29 (red), and n-C31 (green) n-alkanes.
(B) Predicted total plant tissue carbon isotope ratios (δ13CTT) derived from n-C27 (blue circles), n-C29 (red circles), and n-C31 (green circles)
δ13C values, and the average predicted δ13CTT curve (gray squares). (C) Measured carbonaceous shale δ13Corg values (solid light-blue circles).
(D) Measured HW 16 paleosol δ13Corg ratios (hollow red circles). VPDB—Vienna Peedee belemnite.
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†

*δ13C values on the Vienna Peedee belemnite (VPDB) scale (‰), calculated using the Uncertainty Calculator spreadsheet (Polissar and D’Andrea, 2014), except for those in italics (see footnotes § and #).
Uncertainty of δ13C values reported as standard error of the mean (SEM), calculated using the Uncertainty Calculator spreadsheet (Polissar and D’Andrea, 2014), except for those in italics (see footnotes § and #).
If sample was analyzed on multiple instruments, largest SEM is reported.
§ 13
δ C values and uncertainty (reported as standard deviation) from Smith et al. (2007).
# 13
δ C values corrected using internal standards and uncertainty reported as standard deviation (see supplementary material [text footnote 1]).
**Average chain length (ACL) calculated for C25 to C33 , from Smith et al. (2007).
††
CPI—carbon preference index.

TABLE 1. COMPILATION OF CARBONACEOUS SHALE DATA: SAMPLE NAME, LOCAL SECTION METER LEVEL, PALEOCENE-EOCENE THERMAL MAXIMUM (PETM) PHASE (PRE–PETM, BODY,
RECOVERY, AND POST–PETM), INTERPOLATED COMPOSITE CURVE METER LEVEL, BULK SOIL ORGANIC CARBON AND n-ALKANE δ13C VALUES AND UNCERTAINTY, ACL, AND CPI
δ13Cn-alkane (‰)
ACL
CPI††
δ13Corg (‰)
Local section;
Interpolated composite
C25
C27
C29
C31
C33
C27
C29
C25 to
C25 to
C25
C31
C33
meter level
PETM
curve meter level
Uncert†
Uncert†
Uncert†
Avg. S.D.
Avg*
Uncert†
Avg*
Uncert†
Avg*
Avg*
C37
C37
Avg*
Sample name
(m)
phase
(m)
PP0904
HW 16/SCD; –9.8
Pre
–9.8
–25.6 0.0
–29.0
0.2
–30.0
0.2
–30.9
0.2
–31.9
0.2
29.2
4.4
CAB3-04-06§
CAB 3; 18.5
Pre
–0.5
–25.8 0.0
–29.1
0.4
–29.5
0.0
–30.9
0.1
–31.6
0.0
28.7
4.7
FAS0802
HW 16; 2.4
Pre
2.4
–25.6 0.0
–29.4
0.2
–30.3
0.2
–31.0
0.2
–31.8
0.2
29.4
3.6
§
CAB 3; 24.7
Pre
5.7
–27.4 0.2
–29.7
0.1
–30.3
0.1
–31.1
0.1
–31.4
0.0
28.8
4.4
CAB3-04-07
SCD C
SCD, 6
Pre
8.2
–25.6 0.4
–30.0
0.2
–30.6
0.2
–30.7
0.2
–31.4
0.2
27.7
2.2
FAS0801
HW 16; 12.4
Pre
12.4
–26.8 0.0
–30.4
0.1
–30.9
0.1
–31.6
0.1
–32.6
0.1
27.8
4.5
FAS0803
HW 16; 12.4
Pre
12.4
–25.6 0.0
–29.3
0.2
–30.1
0.2
–30.7
0.2
–31.1
0.2
29.1
4.1
SW0801
HW 16; 12.4
Pre
12.4
–26.3 0.1
–30.4
0.2
–30.7
0.2
–31.3
0.2
–32.6
0.2
27.8
4.6
SW0803
HW 16; 12.4
Pre
12.4
–25.7 0.1
–29.0
0.1
–29.7
0.1
–30.1
0.1
–30.8
0.1
28.5
4.3
SW0904
HW 16; 12.4
Pre
12.4
–26.5 0.0
–29.1
0.2
–30.2
0.2
–30.7
0.2
–30.0
0.2
29.0
4.3
PS 0901
HW 16; 20.1
Pre
20.1
–24.2 0.1
–28.8
0.2
–29.8
0.2
–29.9
0.2
–30.3
0.2
NUHS0819-14
HW16; 21.4
Body
21.4
–27.6 0.1
–31.4
0.2
–33.2
0.2
–34.4
0.2
–36.1
0.2
–33.7
0.2
–34.0
0.0
–35.5
0.0
–36.5
0.0
–37.4
0.1
30.5
4.0
CAB 10; 20.7
Body
26.6
–28.3 0.1
CAB7-04-02§
–33.5
0.5
–33.0
0.1
–34.1
0.1
–35.8
0.0
–36.0
0.0
29.0**
CAB 10; 21.4
Body
27.5
–26.3 0.0
CAB7-04-03§
–34.8
0.3
–35.3
0.1
–36.3
0.0
–36.9
0.2
31.2
2.8
CAB 10; 22.2
Body
28.5
–28.4 0.1
CAB1-04-06§
NUHS0817-2
HW16; 29.9
Body
29.9
–26.3 0.3
–30.3
0.2
–32.3
0.2
–33.7
0.2
–34.8
0.1
–36.0
0.1
–36.4
0.0
–37.2
0.1
–37.4
0.4
29.7
3.6
CAB 10; 26.3
Body
33.8
–31.4 0.1
SW1003#
–34.4
0.2
–34.4
0.1
–35.6
0.1
29.8
2.7
CAB 10; 28.1
Body
36.1
–25.3 0.1
SW1009#
SCD; 29.5
Body
36.8
–28.0 0.1
–32.7
0.1
–33.5
0.2
–34.4
0.2
–33.8
0.6
29.1
3.6
SW1010#
SW0805
HW 16; 44.1
Body
44.1
–27.3 0.1
–33.8
0.2
–34.6
0.2
–35.8
0.2
–36.6
0.1
–37.3
0.2
30.0
3.4
SW0906
HW 16; 44.1
Body
44.1
–28.1 0.2
–33.3
0.2
–34.7
0.2
–35.8
0.2
–36.7
0.2
–37.9
0.2
30.3
3.1
HW 16; 44.1
Body
44.1
–27.7 0.2
–33.2
0.3
–33.8
0.2
–34.2
0.2
–35.8
0.3
–36.5
0.1
29.2
2.8
SW1007#
PP0811
HW 16; 50.7
Body
50.7
–29.2 0.0
–32.6
0.2
–33.8
0.2
–35.0
0.2
–35.7
0.2
29.9
3.3
SW0802
HW 16; 51.1
Body
51.1
–30.4 0.2
–33.4
0.1
–33.5
0.1
–34.5
0.1
–35.1
0.1
28.9
3.4
HW 16; 51.1
Body
51.1
–30.3 0.1
–32.8
0.1
–33.3
0.3
–33.9
0.1
–35.0
0.0
–35.9
0.3
28.9
3.8
SW1006#
CAB 10; 44.7
Body
52.5
–28.5 0.1
–33.0
0.2
–33.2
0.3
–34.5
0.2
–35.7
29.6
4.1
CAB6-04-01.1§
SW0813
HW 16; 53.7
Recovery
53.7
–29.2 0.3
–33.4
0.1
–34.1
0.1
–34.2
0.1
–34.0
0.1
28.3
4.4
SW0907
BRS; 34
Recovery
55.5
–26.6 0.1
–30.0
0.2
–30.7
0.2
–31.4
0.2
–32.2
0.2
28.9
4.4
SW0809
HW 16; 55.7
Post
55.7
–25.5 0.0
–29.9
0.2
–30.2
0.2
–31.2
0.2
–31.9
0.2
29.8
3.3
Wing 0902A
BRS; 35
Post
56.0
–25.8 0.0
–29.5
0.2
–30.3
0.2
–30.9
0.2
–31.7
0.2
29.6
3.6
SCD; 45.5
Post
57.5
–28.9 0.1
–29.8
0.3
–31.3
0.5
–31.7
0.3
–31.1
0.1
28.1
5.2
SW1001#
#
SCD; 45.5
Post
57.5
–26.8 0.2
–29.5
0.1
–30.3
0.1
–30.9
0.5
28.2
5.0
SW1011
SW0817
HW 16; 60
Post
60.0
–26.7 0.0
–32.0
0.2
–32.5
0.2
–33.1
0.2
–32.5
0.2
28.0
4.1
CAB 10; 54
Post
64.0
–25.8 0.1
–29.3
0.8
–30.0
0.3
–30.6
0.1
–32.0
0.3
–31.3
0.0
28.9
4.6
SW0306§
SW0905
NB; 57.6
Post
73.0
–26.5 0.1
–29.0
0.1
–29.8
0.1
–30.1
0.1
–31.3
0.1
28.5
4.5
CAB 10; 72.7
Post
81.0
–26.4 0.3
–29.6
0.3
–29.9
0.0
–30.8
0.0
–31.8
0.2
–31.6
29.0
4.2
CAB6-04-04§
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TABLE 2. MEASURED n-ALKANE δ13C RATIOS, PREDICTED δ13CTT VALUES AND MEAN AND STANDARD
DEVIATION OF THE THREE PREDICTED δ13CTT VALUES FOR EACH SAMPLING LEVEL
Interpolated
Predicted δ13CTT (‰)†
Predicted
Avg
Predicted
Avg
Predicted
composite curve
Avg
Avg
St. dev
δ13C29 (‰) δ13CTT (‰)*
δ13C31 (‰) δ13CTT (‰)*
Sample name
meter level (m)
δ13C27 (‰) δ13CTT (‰)*
PP0904
–9.8
–30.0
–26.8
–30.9
–26.4
–31.9
–27.1
–26.8
0.4
0.3
CAB3-04-06
–0.5
–29.5
–26.3
–30.9
–26.4
–31.6
–26.8
–26.5
0.3
FAS0802
2.4
–30.3
–27.1
–31.0
–26.5
–31.8
–27.0
–26.8
CAB3-04-07
5.7
–30.3
–27.1
–31.1
–26.6
–31.4
–26.6
–26.8
0.3
0.6
SCD C
8.2
–30.6
–27.4
–30.7
–26.2
–31.4
–26.6
–26.7
FAS0801/FAS0803/SW0801/
12.4
–30.3
–27.1
–30.9
–26.4
–31.4
–26.6
–26.7
0.3
SW0803/SW0904
0.7
PS 0901
20.1
–29.8
–26.6
–29.9
–25.4
–30.3
–25.5
–25.8
NUHS0819-14
21.4
–33.2
–30.0
–34.4
–29.9
–36.1
–31.3
–30.4
0.8
0.5
CAB7-04-02
26.6
–34.0
–30.8
–35.5
–31.0
–36.5
–31.7
–31.2
CAB7-04-03
27.5
–33.0
–29.8
–34.1
–29.6
–35.8
–31.0
–30.1
0.8
0.4
CAB1-04-06
28.5
–34.8
–31.6
–35.3
–30.8
–36.3
–31.5
–31.3
0.1
NUHS0817-2
29.9
–32.3
–29.1
–33.7
–29.2
–29.2
SW1003
33.8
–36.0
–32.8
–36.4
–31.9
–37.2
–32.4
–32.3
0.4
SW1009
36.1
–34.4
–31.1
–34.4
–30.0
–35.6
–30.8
–30.6
0.6
0.6
SW1010
36.8
–33.5
–30.3
–34.4
–29.9
–33.8
–29.0
–29.7
SW0805/SW0906/SW1007
44.1
–34.3
–31.1
–35.3
–30.8
–36.4
–31.6
–31.2
0.4
PP0811
50.7
–33.8
–30.6
–35.0
–30.5
–35.7
–30.9
–30.7
0.2
0.3
SW0802/SW1006
51.1
–33.4
–30.2
–34.2
–29.7
–35.0
–30.2
–30.0
0.6
CAB6-04-01.1
52.5
–33.0
–29.8
–33.2
–28.7
–34.5
–29.7
–29.4
SW0813
53.7
–34.1
–30.9
–34.2
–29.7
–34.0
–29.2
–29.9
0.9
0.3
SW0907
55.5
–30.7
–27.5
–31.4
–26.9
–32.2
–27.5
–27.3
SW0809
55.7
–30.2
–27.0
–31.2
–26.7
–31.9
–27.1
–26.9
0.2
Wing 0902A
56.0
–30.3
–27.1
–30.9
–26.4
–31.7
–26.9
–26.8
0.3
SW1001/SW1011
57.5
–30.8
–27.6
–31.3
–26.8
–31.1
–26.3
–26.9
0.6
SW0817
60.0
–32.5
–29.2
–33.1
–28.6
–32.5
–27.7
–28.5
0.8
0.6
SW0306
64.0
–30.0
–26.8
–30.6
–26.1
–32.0
–27.2
–26.7
SW0905
73.0
–29.8
–26.6
–30.1
–25.6
–31.3
–26.5
–26.2
0.6
0.4
CAB6-04-04
81.0
–29.9
–26.7
–30.8
–26.3
–31.8
–27.0
–26.7
*δ13CTT value was calculated from the δ13Cn-alk value by applying a lipid-specific enrichment factor (ε) based on modern C3 plants (see Methods). The isotopic
fractionation factors between total leaf tissue (TT) and n-alkane used in these calculations are: ε = 3.3 for n-C27, ε = 4.6 for n-C29, and ε = 4.9 for n-C31
†
Average δ13CTT value (n-C27, n-C29, and n-C31).

Average enrichment factors were calculated
using only angiosperm data because conifers
were not abundant at most pre- and post–
Paleocene-Eocene thermal maximum sites and
are entirely absent from Paleocene-Eocene
thermal maximum floras. Modern species of
Metasequoia and Glyptostrobus, the two most
abundant gymnosperms, produce small quantities of n-alkanes (Diefendorf et al., 2015).
Therefore, it is likely that angiosperm n-alkanes
predominate in our samples (Bush and McInerney, 2013; Diefendorf et al., 2011). Moreover,
unlike some conifers, the average enrichment
factors for Metasequoia and Glyptostrobus
are similar to angiosperm enrichment factors
(Diefendorf et al., 2015).
The d13C values were binned into five phases:
pre–Paleocene-Eocene thermal maximum, carbon isotope excursion onset, carbon isotope
excursion body, recovery, and post–PaleoceneEocene thermal maximum in order to compare the paleosol bulk soil organic matter and
predicted d13CTT curves, which have different
sample resolution (Table 1; Table DR2 [see
footnote 1]). Phases were identified based on
floral and faunal biostratigraphy and compound-specific stable carbon isotope records
from the southeastern Bighorn Basin (Fig. 3;
see Baczynski et al., 2013).

6

To investigate the possibility that soil organic
matter degradation resulted in 13C-enriched
paleosol and carbonaceous shale d13Corg values,
we used the method of Wynn et al. (2005) to
model the kinetic fractionation of carbon isotopes in an open system of continuously humifying soil. In this model, carbon isotope ratios
of organic carbon are explained by Rayleigh
distillation, where the change in the ratio of
two isotopes, R, is a function of the fraction
of soil organic carbon remaining, FSOC, and the
kinetic fractionation factor during microbial
decomposition, a:
α−1
.
Rf = Ri FSOC

(1)

Equation 1 can be expressed in terms of the
carbon isotope ratios of the initial (d13Ci) and
final (d13Cf) organic matter by dividing each
side by RVPDB and using d13C notation expressed
in per mil (‰):
δ13Cf =

(((δ C /1000 +1) × F ) –1) ×1000. (2)
13

i

α−1
SOC

Soil carbon degradation curves for the pre/
post–Paleocene-Eocene thermal maximum and
Paleocene-Eocene thermal maximum intervals were modeled using the average predicted
d13CTT values (see previous) as initial carbon

isotope values. The shape of the logarithmic
soil organic matter degradation curve varies
with fractionation factor, a. A fractionation factor of 0.998 is typical of microbial respiration
(
Balesdent and Mariotti, 1996; Wynn, 2007;
Wynn et al., 2005) and was used here, although
a range of a values was considered. We compared our data to the modeled degradation
curves, assuming that weight percent TOC is a
rough proxy for FSOC (Wing et al., 2005).
To estimate the change in soil organic matter degradation during the Paleocene-Eocene
thermal maximum, the fraction of soil organic
carbon remaining was calculated for the car
bonaceous shales and paleosols:
 1 

δ13C / 1000 + 1 α−1
FSOC =  13 f
.

δ Ci / 1000 + 1

(3)

FSOC values were calculated using the average
predicted d13CTT values for d13Ci values (see previous), measured d13Corg values for d13Cf values,
and a = 0.998.
A simple binary mixing equation was used to
model the effect of allochthonous carbon inputs
on d13Corg values:
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Xalloch =

δ13Corg − δ13CTT
,
δ13Calloch − δ13CTT

(4)
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Figure 3. Negative carbon isotope excursion (CIE) recorded by different carbon isotope records: (A) bulk soil organic matter (black) and
pedogenic carbonate (gray; Baczynski et al., 2013), (B) n-C29 alkane (this study), (C) tooth enamel δ13C values (δ13CE ; Secord et al., 2012),
and (D) average chain length (ACL) from the southeastern Bighorn Basin, Wyoming. Gray shading denotes Paleocene-Eocene thermal
maximum body, which is supported by biostratigraphy (left). VPDB—Vienna Peedee belemnite.

where Xalloch is the proportion of allochthonous
carbon in a sample, d13Corg is the measured
bulk organic carbon d13C value, d13CTT is the
predicted total plant tissue carbon d13C value
adjusted for soil organic matter degradation,
and d13Calloch is the estimated allochthonous bulk
organic carbon d13C value.
Fossil Shark Teeth
Fossil shark teeth were collected from
Paleocene-Eocene thermal maximum strata
throughout the field area by prospecting on
the surface of outcrop or on anthills and using
screenwashing techniques at localities that had
demonstrated vertebrate microfossil preservation. Sediment was collected in bags, soaked in
buckets to dissolve clays, and poured through
fine mesh screens. Sorting of the resulting concentrate revealed vertebrate fossils, including

mammals, squamates, and small shark teeth.
The position and height above the global ellipsoid of each fossil locality were recorded to submeter precision using a differentially corrected
global positioning system. We then projected
the relative vertical position of fossil localities
into the nearest measured section by calculating
the difference between locality elevation and
the elevation of laterally persistent marker beds
(Baczynski et al., 2013).
RESULTS
Leaf Wax n-alkanes
The nonpolar lipid fractions contained predominantly high-molecular-weight n-alkanes
that displayed a strong odd-over-even-carbon
predominance characteristic of vascular plants
(Bray and Evans, 1961; Bush and McInerney,

2013). CPI values range from 2.2 to 5.2 (Table 1;
Table DR1 [see footnote 1]). The n-alkanes typically range from n-C23 to n-C33 in most samples,
and the most abundant n-alkane chain lengths
are n-C27, n-C29, and n-C31. Average chain length
ranges from 27.7 to 31.2 (Fig. 3D; Table 1; Table
DR1 [see footnote 1]). ACL increased ~1.1 units
during the Paleocene-Eocene thermal maximum, as previously observed in the Bighorn
Basin (Smith et al., 2007) and elsewhere (Handley et al., 2008; Schouten et al., 2007). The carbon isotope values of individual n-alkanes vary
between –28.8‰ and –37.9‰ (Fig. 2A; Table 1).
Within a particular sample, the carbon isotope
values tend to become more negative as chain
length increases, a trend that has also been
observed in leaf waxes of modern plants (Bi
et al., 2005; Chikaraishi and Naraoka, 2003;
Collister et al., 1994; Diefendorf et al., 2011).
The n-alkane carbon isotope curve shows an

Geological Society of America Bulletin, v. 1XX, no. XX/XX

7

Baczynski et al.
interval of stable d13Cn-alk values in the uppermost Fort Union Formation, an abrupt negative
shift in d13Cn-alk values at the base of the Willwood Formation, an extended carbon isotope
excursion body (~30 m), a fairly abrupt recovery (~5 m) to less negative d13Cn-alk values, and
an interval of stable d13Cn-alk values at or near
pre-excursion values (Fig. 2A). The magnitude
of the negative carbon isotopic shift between
12.4 and 26.6 m is –3.9‰ for n-C25, –3.8‰ for
n-C27, –4.6‰ for n-C29, and –5.1‰ for n-C31.
Carbonaceous Shales: δ13Corg Ratios
and Weight Percent TOC
Carbonaceous shale d13Corg ratios range from
–24.2‰ to –31.4‰ (Table 1; Fig. 2C). Although
more variable and 13C-enriched relative to the
d13Cn-alk and predicted d13CTT records, the carbonaceous shale d13Corg record typically reflects

the overall shape of the n-alkane and predicted
total plant tissue isotope curves (Fig. 4A). Carbonaceous shale weight percent TOC varies
from 0.1% to 2.6% (Fig. 4C; Table 1).
Soil Organic Matter Degradation
To explore the influence of degradation on
soil organic matter 13C enrichment, we compared the relationship between 1/TOC and
d13Corg values of the paleosol and carbonaceous
shale samples to the modeled degradation
curves (Fig. 5). The modeled degradation curves
for the pre/post–Paleocene-Eocene thermal
maximum (blue) and Paleocene-Eocene thermal
maximum (red) use the average predicted d13CTT
values for d13Ci, –26.64‰ pre/post–PaleoceneEocene thermal maximum and –30.62‰ Paleocene-Eocene thermal maximum, and a = 0.998.
The logarithmic soil organic matter degradation

curves fit the higher TOC (lower 1/TOC) car
bonaceous shale data well (Fig. 5). However, the
lower TOC (higher 1/TOC) paleosol data do not
fit well. As TOC decreases (1/TOC increases),
the paleosol d13C values all converge near –25‰
(Fig. 5).
To estimate the change in soil organic matter degradation during the Paleocene-Eocene
thermal maximum, the fraction of soil organic
carbon remaining was calculated for both paleosol and carbonaceous shale samples using Equation 3. The average FSOC for carbonaceous shales
is 0.76 ± 0.36 (n = 15; 1s; Table DR2 [see footnote 1]) before and after the Paleocene-Eocene
thermal maximum and 0.38 ± 0.32 (n = 13; 1s)
during the Paleocene-Eocene thermal maximum.
The average pre–Paleocene-Eocene thermal
maximum paleosol FSOC is 0.49 ± 0.11 (n = 53;
1s), and the average Fsoc value estimated for the
paleosols during the Paleocene-Eocene thermal
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Figure 4. Measured and predicted δ13C values and weight percent total organic carbon (TOC). (A) Comparison of the measured carbonaceous shale δ13Corg (light blue) and predicted δ13CTT (gray) records. Dark-gray shading highlights mismatch between records. (B) Comparison of the measured paleosol δ13Corg (red) and predicted δ13CTT (gray) records. Dark-gray shading highlights mismatch between records.
(C) Weight percent TOC for carbonaceous shale (solid black circles) and paleosol (hollow black circles). Light-gray rectangle indicates
Paleocene-Eocene thermal maximum interval. VPDB—Vienna Peedee belemnite.
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allochthonous Mesozoic material into the Paleogene sediments in this study area includes fossil carbon in palynological preparations (Wing
et al., 2005), Cretaceous-aged zircons, shark
teeth, and marine dinoflagellates (Baczynski
et al., 2013).
The proportion of allochthonous carbon was
calculated using Equation 4, after accounting
for soil organic matter degradation (see discussion). Approximately 28%–63% of the total
carbon would need to be allochthonous to produce the observed dampening and truncation of
the paleosol d13Corg carbon isotope excursion at
HW 16 (Fig. 6D). The allochthonous carbon
estimate depends on the value used for d13CTT
(Eq. 4). Figure DR1 (see footnote 1) shows how
the value of d13CTT calculated from the different n-alkane chain lengths affects estimates of
Xalloch. With the exception of a higher degree of
variability before the Paleocene-Eocene thermal maximum, estimates of Xalloch are quite
similar throughout most of the record. The
variability seen before the Paleocene-Eocene
thermal maximum suggests that using the average, rather than a single chain length, to predict
d13CTT values is the more conservative approach.
Distribution of Shark Teeth

Figure 5. Relationship between measured δ Corg values and 1/TOC (lower x-axis) for car
bonaceous shales (filled data points) and paleosols (hollow data points). Pre–PaleoceneEocene thermal maximum (PETM) samples are shown in blue circles, Paleocene-Eocene
thermal maximum are shown in red circles, and recovery/post–Paleocene-Eocene thermal maximum samples are shown in green triangles. The solid logarithmic curves display
Rayleigh fractionation models for 13C enrichment during soil organic matter decomposition plotted versus 1/FSOC (upper x-axis). Models were calculated using average predicted
total plant tissue (δ13CTT) from pre/post–Paleocene-Eocene thermal maximum (–26.64‰) or
Paleocene-Eocene thermal maximum (–30.62‰) for initial δ13C values, with a fractionation
factor (α) typical of microbial respiration (= 0.998). The dashed lines represent mixing of
a constant amount of allochthonous carbon (mean δ13Calloch = –24.3‰) with autochthonous
Paleogene carbon estimated using mean modeled pre/post–Paleocene-Eocene thermal maximum δ13CTT (–26.64‰) and Paleocene-Eocene thermal maximum δ13CTT (–30.62‰). Relationship between TOC and 1/TOC is shown below for reference. Range of nearby Mesozoic
outcrop δ13Corg values is shown to right (shaded gray bar). VPDB—Vienna Peedee belemnite.
13

maximum is 0.14 ± 0.07 (n = 56; 1s; Table DR2
[see footnote 1]). Note, however, that this estimate assigns all 13C-enrichment in paleosols to
organic matter degradation, without consideration of changes in allochthonous inputs.
Allochthonous Carbon Input
Autochthonous–allochthonous mixing lines
were calculated assuming a constant and small
input of allochthonous carbon to the total soil
carbon (0.025 TOC units; Eq. 4; Fig. 5; Table
DR3 [see footnote 1]). The autochthonous carbon component is d13CTT, the predicted total

plant tissue carbon d13C value, and d13Calloch is
the estimated allochthonous bulk organic carbon d13C value. We used the mean d13Corg value
(–24.3‰) of 115 Mesozoic samples collected
from 10 different formations (see Baczynski et al., 2013) for d13Calloch. The addition of
allochthonous Mesozoic carbon to Paleogene
soil carbon should cause d13Corg values to deviate from the modeled logarithmic relationship.
Moreover, a given flux of allochthonous organic
carbon would have a larger impact on d13Corg
values at lower TOC (higher 1/TOC) because
it would comprise a greater proportion of total
soil carbon. Supporting evidence for the input of

Shark teeth have been recovered from strata
corresponding to the body of the PaleoceneEocene thermal maximum, and occasionally
from overlying Willwood strata, throughout the
southeastern Bighorn Basin field area. The presence of marine shark teeth in fluvial deposits
among well-established freshwater and terrestrial faunal assemblages constitutes strong evidence for the input of reworked fossil material
into Paleogene sediments (Eaton et al., 1989).
These fossiliferous deposits typically occur in
unconsolidated, poorly organized sandstones or
mudstones composed of sandy clay. The teeth
and their roots are frequently abraded and nearly
always missing serrations and cusplets, consistent with high-energy water transport. Most
specimens are marine lamniform sharks such as
Eostriatolamia and Scapanorhynchus (Fig. 7).
Several specimens were identified as members
of the family Squalidae. The roots of these teeth
lack the infundibulum diagnostic of the genus
Squalus or the typical shape of the genus Centrophoroides and are tentatively assigned here
to Centrosqualus (Fig. 7E). Given that Squalus
is the only genus among the Squalidae to cross
the Cretaceous-Tertiary boundary and that
marine sharks are a common component of Cretaceous assemblages throughout the Bighorn
Basin (Case, 1987; Eaton et al., 1989; Oreska
et al., 2013), a Cretaceous sedimentary origin is
inferred for these specimens.
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DISCUSSION
Hypotheses for Soil Organic Matter
13
C Enrichment
The carbon isotope excursions recorded in
bulk soil organic matter are smaller in magnitude and shorter in duration than those derived
from n-alkanes from the same field area (Figs.
2A and 2D). Organic matter in soils can be
enriched in 13C relative to plant-derived organic
matter as a result of degradation during pedogenic processes and/or the addition of transported 13C-enriched allochthonous carbon. Both
of these processes could explain the truncation
of the d13Corg carbon isotope excursion, the
reduced overall magnitude of the carbon isotope
excursion in d13Corg records relative to coeval
plant lipids, soil carbonate, and tooth enamel
records, and the high-frequency variability
(1‰–2‰) between adjacent d13Corg samples
within local stratigraphic sections (see Baczynski et al., 2013).
In soils, plant-derived organic matter is
altered by heterotrophic decomposers, abiotic oxidation, and polymerization reactions
(Balesdent and Mariotti, 1996). Each of these
degradation pathways results in the release of
carbon dioxide (under aerobic conditions) or
methane (under anaerobic conditions), which
are 13C-depleted with respect to the substrate
and microbial biomass (Blair et al., 1985; Wynn,
2007). Studies of depth profiles in modern soils
reveal a strong logarithmic relationship between
the fraction of soil organic carbon remaining and
d13Corg ratios (Wynn, 2007; Wynn et al., 2005).
Bulk soil organic matter d13C values increase as
FSOC decreases, resulting from the cumulative
effects of kinetic fractionation during microbial
decomposition (Wynn, 2007).
An inverse relationship between d13Corg value
and FSOC could also result from the mixing of
isotopically distinct allochthonous and autochthonous organic carbon. Studies have shown
that the mixing of carbon from multiple sources
(plant-derived organic matter and ancient
rock carbon) is ubiquitous in contemporary
fluvial systems (Blair et al., 2010; Brackley
et al., 2010; Clark et al., 2013) and would be
expected in ancient floodplain environments.
If 13C-enriched allochthonous organic carbon
were mixed with 13C-depleted autochthonous
organic carbon during the Paleocene-Eocene
thermal maximum, then d13Corg ratios would be
13
C-enriched relative to the predicted d13CTT values. Moreover, the same flux of allochthonous
organic carbon would increase d13Corg values
more at low TOC than at high TOC, producing
an inverse linear relationship between TOC and
d13Corg ratio.
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Figure 7. Representative shark specimens recovered from early Eocene, Paleocene-Eocene
thermal maximum mammal-bearing strata in the southeastern Bighorn Basin, Wyoming.
Scale bar = 1 cm. (A) UF 322398, Eostriatolamia sp., in mesial, lingual, labial, and distal views;
(B) UF 322400, Eostriatolamia sp., in mesial, lingual, labial, and distal views; (C) UF 249590,
Scapanorhynchus lewisii, in lingual and labial views; (D) UF 322399, posterolateral lower
tooth, Scapanorhynchus sp., in mesial, lingual, labial, and distal views; and (E) UF 322397,
Centrosqualus sp., in mesial, lingual, and labial views.

The paleosol samples tend to have lower
TOC than the carbonaceous shales (Fig. 4C)
and would be expected to be more strongly
influenced by both degradation and allochthonous carbon input. As expected, paleosol
d13Corg ratios are generally more 13C-enriched
relative to predicted d13CTT values than the
carbonaceous shale d13Corg values and become
even more 13C-enriched in the upper body of
the Paleocene-Eocene thermal maximum (~40–
53 m; Fig. 4B). Both paleosols and carbonaceous shales show greater 13C enrichment during the Paleocene-Eocene thermal maximum
than before and after. Examining the paleosol
and carbonaceous shale samples separately

allowed us to evaluate the relative influence
of degradation and addition of allochthonous
organic carbon on the carbon isotopic composition of bulk soil organic matter.
Estimating the Relative Contributions
of Degradation and Allochthonous
Carbon to 13C Enrichment
Most of the paleosol samples plot between
the degradation curves and the allochthonous
carbon mixing lines, suggesting that 13C enrichment in the paleosols may have resulted from a
combination of soil organic matter degradation
and addition of 13C-enriched allochthonous car-

bon (Fig. 5). In contrast, the carbonaceous shale
data plot along the logarithmic degradation
curve (Fig. 5) and better match the overall shape
of the n-alkane and predicted total plant tissue
isotope curves (Fig. 2), suggesting that they
contain predominantly autochthonous carbon
with a negligible contribution of allochthonous
carbon. This is consistent with the carbonaceous
shales being collected from isolated lenticular
channel fills where plant macrofossils and leaf
wax n-alkanes were found. If we assume that
there was no significant allochthonous carbon
input to carbonaceous shales, we can use them
to estimate the increase in soil organic matter
degradation during the Paleocene-Eocene thermal maximum, which can then be used to constrain extent of organic matter degradation in
the paleosol samples. Constraining the extent of
organic matter degradation then allows an estimation of the increase in allochthonous carbon
required to produce the additional 13C enrichment observed in the paleosols.
Our calculations indicate that, on average,
FSOC decreased by half during the PaleoceneEocene thermal maximum in the organicrich carbonaceous shales, suggesting that soil
organic matter degradation doubled during the
Paleocene-Eocene thermal maximum (Fig. 8A;
Table DR2 [see footnote 1]). If we assume the
same was true for paleosols and use the average pre–Paleocene-Eocene thermal maximum
paleosol FSOC value, 0.49 (SD = 0.10, n = 52;
Table DR2 [see footnote 1]), we predict a Paleocene-Eocene thermal maximum FSOC value
of 0.25 for the organic-poor paleosol samples
(Fig. 8B).
To generate a new predicted isotope curve
that accounts for soil organic matter degradation
(d13CTT+deg), we used Equation 2 with d13CTT for
d13Ci and the pre/post–Paleocene-Eocene thermal maximum average FSOC (0.49) or the Paleocene-Eocene thermal maximum estimated FSOC
(0.25; Fig. 6A). This new predicted d13CTT+deg
curve allowed us to estimate the 13C enrichment that cannot be explained by soil organic
matter degradation. We attributed the remaining discrepancy (Figs. 6B–6C) to allochthonous
carbon input and estimated the proportion of
allochthonous carbon required to generate the
measured paleosol d13Corg values using simple
binary mixing between Paleogene and Mesozoic d13Corg end members. We calculated that
~28%–63% of the total carbon would need to be
allochthonous to produce the observed dampening and truncation of the paleosol d13Corg carbon
isotope excursion at HW 16 (Fig. 6D; see also
Figs. DR2–DR4 for other sites [see footnote 1]).
This calculation represents a maximum estimate
of allochthonous carbon input because it is possible that the paleosol organic matter experi-
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Figure 8. Logarithmic curves
model the change in δ13C values
as soil organic matter decomposes: FSOC decreases from 1,
and the final δ13C ratio (δ13Cf)
increases from the initial δ13C
ratio of the total plant tissue
(δ13CTT, Eq. 2). Non–PaleoceneEocene thermal maximum
decay curves are shown in blue
(δ13CTT = –26.64‰), and Paleo
cene-Eocene thermal maximum
decay curves are shown in red
(δ13CTT = –30.62‰). The shape
of the logarithmic regression
curve depends on the fractionation factor, α. The solid curves
represent α = 0.998, a value
typical of microbial respiration. The dashed curves depict
a range of fractionation factors
from 0.999 to 0.997. (A) Model
for carbonaceous shales where
“ ×” marks the estimated average pre/post–Paleocene-Eocene
thermal maximum FSOC (0.76)
and Paleocene-Eocene thermal maximum F SOC (0.38),
based on measured δ13Cf values. (B) Model for paleosols
where “×” marks the average
pre–Paleocene-Eocene thermal
maximum FSOC value (0.49)
that corresponds to measured
δ 13Cf values, and “○” marks
the predicted Paleocene-Eocene
thermal maximum FSOC value
(0.25) and predicted δ13Cf value,
if Paleocene-Eocene thermal
maximum FSOC = 50% of pre/
post–Paleocene-Eocene thermal
maximum FSOC .

1.0
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enced greater 13C enrichment due to degradation on better-drained floodplains than in the
backswamps and pond fills where carbonaceous
shale was deposited.
The modeled increase in allochthonous
carbon (of 28%–63%) during the PaleoceneEocene thermal maximum body at ~40 m (Fig.
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6D) coincides precisely with significant avulsion deposits and rapid sediment accumulation, a relative increase in the abundance of
small shark teeth reworked from local marine
Cretaceous deposits (Fig. 6F), and higher siltto-clay ratios (Fig. 6E). Moreover, the doubling
of the rate of degradation during the Paleocene-

Eocene thermal maximum is a reasonable estimate supported by the Arrhenius equation and
empirical data, which demonstrate that chemical and biological reaction rates tend to double
for every 10 °C increase in temperature (Q10 =
2; Bowen, 2013; IPCC et al., 2007). In addition
to temperature, soil respiration rates have also
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been shown to correlate with water availability (IPCC et al., 2007). A 5–8 °C temperature
increase and extreme seasonal precipitation during the Paleocene-Eocene thermal maximum
could have led to a doubling of soil respiration
rate and the greater loss of soil carbon. It is also
possible that the reduction in organic matter
during the Paleocene-Eocene thermal maximum
resulted from a decrease in productivity rather
than an increase in degradation (or a combination of both). However, while a decrease in
productivity would reduce the total amount of
autochthonous organic carbon, it would not lead
to 13C-enriched d13Corg values during the Paleocene-Eocene thermal maximum. Therefore, an
increase in degradation is the hypothesis presented here.

δ13Corg Variability in the Bighorn Basin
Paleocurrent studies of Willwood strata suggest that the southern Bighorn Mountains were
the most likely sediment source for Paleocene
and Eocene deposits in the southern Bighorn
Basin (Neasham and Vondra, 1972; Newbury,
2011; Seeland, 1998). Locally carbonaceous,
easily eroded, 13C-enriched Cretaceous marine
shales comprise a major portion of Mesozoic strata in the southeastern Bighorn Basin.
Allochthonous carbon sourced from these
Cretaceous units could explain both the carbon isotope record and presence of Cretaceous
zircons, marine dinoflagellates, and marine
shark teeth. Shark teeth have been found in
conjunction with Wa-0 fauna at all four Paleocene-Eocene thermal maximum sections in the
southeastern Bighorn Basin (Fig. 6F; see also
Fig. DR5 [footnote 1]). At each of the Paleocene-Eocene thermal maximum sections, shark
teeth first appear less than 2 m above where bulk
organic matter d13C values prematurely return
to higher d13Corg values and are found through
the remainder of the Paleocene-Eocene thermal maximum body. Unlike most d13C records
in which post-recovery d13Corg values remain
slightly more 13C-depleted than background
values, post-recovery d13C values at HW 16
are more 13C-enriched than background values.
The presence of shark teeth above the Paleocene-Eocene thermal maximum interval at HW
16 suggests that the d13Corg record was influenced by reworked Cretaceous material even
after the event. Indeed, petrographic analysis
of different density organic matter fractions
showed that the proportion of recycled organic
carbon increased just prior to the carbon isotope excursion and remained elevated through
the remainder of the carbon isotope excursion
body and into the recovery phase at HW 16
(Bataille et al., 2013).

The bulk soil organic matter d13C records
and the distribution of shark teeth suggest
that climate change may have increased the
amount of allochthonous carbon reworked during the Paleocene-Eocene thermal maximum.
Proxy records from the southeastern Bighorn
Basin suggest that variability in the intensity
of rainfall events may have increased during the Paleocene-Eocene thermal maximum.
Evidence for more episodic precipitation
includes the greater number of crevasse splays
and sandstone bodies (Kraus et al., 2013) and
high silt-to-clay ratios (Fig. 6E) in the upper
Paleocene-Eocene thermal maximum body.
Changes in fluvial deposition in the Piceance
Creek basin of western Colorado also suggest
that flooding and increased sediment flux were
common during the Paleocene-Eocene thermal
maximum, perhaps indicating intense episodic
rainfall events (Foreman et al., 2012). Bowen
and Bowen (2008) proposed that a decreased
meridional temperature gradient combined
with an intensified monsoon may have directed
seasonal precipitation toward the Bighorn
Basin. An increase in extreme precipitation
events could have led to deeper channeling and
greater erosion/reworking of fossil carbon, particularly in the upper Paleocene-Eocene thermal maximum body.
Unlike in the southeastern Bighorn Basin,
d13Corg records from further northwest at Sand
Creek Divide and Polecat Bench seem to more
reliably record the full stratigraphic extent of
the Paleocene-Eocene thermal maximum carbon isotope excursion (Magioncalda et al.,
2004; Rose et al., 2012). Spatial variability in
sedimentation rate and allochthonous carbon
source may explain the differences in d13Corg
records across the Bighorn Basin. The southern
Bighorn Mountains are composed of a crystalline core flanked by Paleozoic and Mesozoic
strata (Love and Christiansen, 1985). Erosion of
locally carbonaceous 13C-enriched Cretaceous
marine shales, which comprise a significant
portion of the strata flanking the basin, coupled
with exceptionally low sedimentation rates in
the southern Bighorn Basin could have led to
an increase in both autochthonous organic carbon degradation and input of weathered allochthonous material. These processes would both
contribute to the dampening and truncation of
the Paleocene-Eocene thermal maximum d13Corg
records in the southeastern Bighorn Basin. In
contrast, the northern Bighorn Basin sediments
most likely derive from the Beartooth Mountains, which are composed of harder and lessorganic-rich Paleozoic and crystalline rocks.
Such source rocks would produce a lower flux
of allochthonous organic carbon to sections like
the one at Polecat Bench.

CONCLUSIONS
Comparison of bulk soil organic matter and
n-alkane d13C ratios from Paleocene-Eocene
thermal maximum sections in the southeastern
Bighorn Basin, Wyoming, show that d13Corg
records can significantly underestimate both
the magnitude of the carbon isotope excursion
and the thickness of the Paleocene-Eocene thermal maximum body. A predicted total plant
tissue carbon isotope record was modeled by
applying lipid-specific enrichment factors to
the n-alkane curves and then compared to the
d13Corg records. Both the carbonaceous shale and
paleosol samples were enriched in 13C relative to
the predicted curve, but the paleosols were more
enriched and failed to record the full extent of
the excursion.
The discrepancy between the measured and
predicted d13C ratios could result from 13C
enrichment due to soil organic matter degradation and/or the erosion of older rocks and
redeposition of 13C-enriched allochthonous carbon on Paleocene-Eocene thermal maximum
floodplains. The carbonaceous shale data were
used to constrain the minimum amount of soil
organic matter degradation and suggest that
degradation rates doubled during the PaleoceneEocene thermal maximum. Paleosol 13C enrichment due to soil organic matter degradation
was estimated by assuming that degra
dation
rates doubled during the Paleocene-Eocene
thermal maximum interval, and the remaining paleosol 13C enrichment was attributed to
allochthonous carbon input. A maximum of
28%–63% of the soil organic carbon would
need to be allochthonous in order to produce
the observed 13C enrichment. The estimate of
allochthonous carbon input increases abruptly
in the middle of the Paleocene-Eocene thermal
maximum, coincident with the first appearance
of transported shark teeth in fossil assemblages.
Organic matter degradation and allochthonous
carbon input both lead to 13C enrichment of
soil organic matter and can explain the reduced
overall magnitude of the carbon isotope excursion in d13Corg records relative to other carbon
archives, the high-frequency 1‰–2‰ variations in d13Corg values within local stratigraphic
sections, and the truncation of the carbon isotope excursion body in bulk organic matter in
the southeastern Bighorn Basin, Wyoming,
paleosols. The significant influence of degradation and eroded fossil carbon on these organic
matter d13C values demonstrates the importance
of local environmental, biogeochemical, and
sedimentological factors in floodplain d13Corg
values and underscores the caution required
when using these records to address global carbon cycle dynamics.
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