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Abstract. The Paleocene–Eocene Thermal Maximum
(PETM, ∼ 56 Ma) was a ∼ 200 kyr episode of global
warming, associated with massive injections of13C-depleted
carbon into the ocean–atmosphere system. Although climate
change during the PETM is relatively well constrained,
effects on marine oxygen concentrations and nutrient
cycling remain largely unclear. We identify the PETM in a
sediment core from the US margin of the Gulf of Mexico.
Biomarker-based paleotemperature proxies (methylation
of branched tetraether–cyclization of branched tetraether
(MBT–CBT) and TEX86) indicate that continental air and
sea surface temperatures warmed from 27–29 to∼ 35◦C,
although variations in the relative abundances of terrestrial
and marine biomarkers may have influenced these estimates.
Vegetation changes, as recorded from pollen assemblages,
support this warming.

The PETM is bracketed by two unconformities. It over-
lies Paleocene silt- and mudstones and is rich in angular
(thus in situ produced; autochthonous) glauconite grains,
which indicate sedimentary condensation. A drop in the rel-

ative abundance of terrestrial organic matter and changes
in the dinoflagellate cyst assemblages suggest that rising
sea level shifted the deposition of terrigenous material land-
ward. This is consistent with previous findings of eustatic sea
level rise during the PETM. Regionally, the attribution of the
glauconite-rich unit to the PETM implicates the dating of a
primate fossil, argued to represent the oldest North American
specimen on record.

The biomarker isorenieratene within the PETM indicates
that euxinic photic zone conditions developed, likely sea-
sonally, along the Gulf Coastal Plain. A global data com-
pilation indicates that O2 concentrations dropped in all
ocean basins in response to warming, hydrological change,
and carbon cycle feedbacks. This culminated in (seasonal)
anoxia along many continental margins, analogous to mod-
ern trends. Seafloor deoxygenation and widespread (sea-
sonal) anoxia likely caused phosphorus regeneration from
suboxic and anoxic sediments. We argue that this fueled shelf
eutrophication, as widely recorded from microfossil stud-
ies, increasing organic carbon burial along many continental
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margins as a negative feedback to carbon input and global
warming. If properly quantified with future work, the PETM
offers the opportunity to assess the biogeochemical effects of
enhanced phosphorus regeneration, as well as the timescales
on which this feedback operates in view of modern and fu-
ture ocean deoxygenation.

1 Introduction

The Paleocene–Eocene Thermal maximum (PETM;
∼ 56 Ma) is one of at least three geologically brief
(< 200 kyr) global warming events, often referred to as
“hyperthermals” (Thomas and Zachos, 2000), superimposed
on a long-term late Paleocene–early Eocene warming trend
(Zachos et al., 2008; Bijl et al., 2013; Frieling et al., 2014).
The PETM is marked by a∼ 2–7 ‰ negative carbon isotope
excursion (CIE), recorded in marine and terrestrial sedi-
mentary components, and carbonate dissolution in deep-sea
sediment records (Sluijs et al., 2007a). These phenomena
indicate a massive injection of13C-depleted carbon into
the ocean–atmosphere system, but the mechanism for this
release remains controversial (Dickens, 2011). Although
coverage for low-latitude regions is limited, the available
information suggests that the global average surface temper-
ature warmed by 4–5◦C (Kennett and Stott, 1991; Zachos
et al., 2003; Sluijs et al., 2006; Dunkley Jones et al., 2013).
A rise in sea level has been recorded along several mid- to
high-latitude continental margins (e.g., Speijer and Morsi,
2002; Harding et al., 2011), suggesting eustatic rise (Sluijs
et al., 2008a).

The PETM is characterized by major biotic response,
including global dominance of the dinoflagellateApecto-
dinium and the extinction of∼ 50 % of the deep-sea ben-
thic foraminifera species (Sluijs et al., 2007a). Moreover, the
PETM is globally recognized as a major catalyst in mammal
migration and evolution, including the first and widespread
occurrence of primates (Bowen et al., 2002). The causes of
biotic change, notably for the marine realm, remain largely
uncertain (Gibbs et al., 2012). One of the proposed forcing
mechanisms for marine biotic change has been deoxygena-
tion (Thomas, 2007). This is because several studies have
presented evidence of a decrease in water column oxygen
content in deep, intermediate and shallow settings, although
the full extent and consequences remain unclear (Speijer and
Wagner, 2002; Sluijs et al., 2006; Chun et al., 2010; Dickson
et al., 2012).

Previous work has attempted to locate the PETM in sed-
iment sequences along the US Gulf Coastal Plain (GCP;
Georgia to Texas; Fig. 1) (e.g., Harrington et al., 2004;
Beard, 2008). Beard (2008) suggested that a channel sand
deposit named the T4 sand at the Red Hot Truck Stop
(RHTS) locality in Meridian, Mississippi, represents the
early stages of the PETM, and attributed a subsequent hia-
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Figure 1.Location map of the Harrell Core in Meridian, Lauderdale
Co., Mississippi, USA, and outcrop belt of the Wilcox Group, com-
prising the Paleocene and early Eocene Nanafalia, Tuscahoma and
Hatchetigbee formations along the eastern Gulf of Mexico. Map
was modified from Schruben et al. (1998).

tus to sea level fall during the PETM. A primate fossil
found within this channel sand was therefore hypothesized
to be the oldest North American primate on record, lead-
ing to revised migrational patterns of these early primates
(Beard, 2008). Here, we present a multiproxy stratigraphic,
paleoecologic, and paleoclimatologic study of late Paleocene
and early Eocene sediments recovered in the Harrell Core,
which was drilled by the Office of Geology of the Missis-
sippi Department of Environmental Quality near Meridian,
MS (NE, NW, NW, NW, Township 15N, Range 15E, Sec-
tion 24, Lauderdale County; converted to latitude and longi-
tude usingwww.earthpoint.us: 32◦15′04′′ N, 88◦43′14′′ W),
and ∼ 9.7 km south-southwest of the Red Hot Truck Stop
locality (Fig. 1). We analyzed physical sediment properties,
organic matter (bulk and compound specific) carbon isotope
ratios, palynology (dinoflagellate cysts, pollen, and spores),
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and calcareous nannofossils to document climate change and
ocean oxygenation through this interval. The first identifica-
tion of the PETM within the GCP and documentation of sea
surface and continental warming has regional implications
for stratigraphy and primate migration patterns. Moreover,
these new data, combined with an extensive data compila-
tion, suggest that ocean deoxygenation played a major role
in nutrient cycling, biotic changes, and carbon cycle evolu-
tion during the PETM.

2 Regional stratigraphy

Upper Paleocene and lower Eocene deposits along the GCP
are primarily fine sands, silts, and siliciclastic muds, with in-
termittent lignites. Thin, mixed carbonate–siliciclastic beds
occur throughout this interval; carbonate deposition was
most prominent in what is now Alabama (Dockery, 1980;
Mancini, 1981; Mancini and Oliver, 1981; Gibson et al.,
1982; Mancini and Tew, 1991, 1993; Gibson and Bybell,
1994; Mancini and Tew, 1995; Sessa et al., 2012b). This in-
dicates a “proto” Mississippi River embayment with large
deltaic systems spread across the eastern GCP (Mississippi
through Georgia; Fig. 2) at that time; the Laramide Rocky
Mountains provided the source of siliciclastic supply (Gal-
loway et al., 2000). The Tuscahoma Formation (Fm), the
uppermost part of the middle Wilcox Group, underlies the
Bashi member of the Hatchetigbee Fm, which is the basal
unit of the upper Wilcox Group (e.g., Gibson and Bybell,
1994) (Fig. 2). The hierarchical status of the Bashi sediments
has not been consistent amongst authors (e.g., Gibson and
Bybell, 1981, 1994; Gibson, 1982; Harrington and Jaramillo,
2007; Beard and Dawson, 2009) because of controversy re-
garding whether it is a formation or a member (Gibson, 1982;
Dockery et al., 1984). We follow the taxonomy of Gibson and
Bybell (1994), who consider the Bashi to represent a member
of the Hatchetigbee Fm.

The stratigraphy and depositional environments of the
Tuscahoma and Hatchetigbee formations from the eastern
GCP have been the subject of multidisciplinary studies of
pollen (Tschudy, 1973; Frederiksen, 1998; Harrington, 2001,
2003; Harrington and Jaramillo, 2007), plants (Danehy et al.,
2007), mammals (Beard and Dawson, 2001; Beard, 2008),
dinoflagellate cysts (Edwards and Guex, 1996), planktonic
foraminifera (Mancini, 1981; Mancini and Oliver, 1981), cal-
careous nannoplankton (Gibson et al., 1982; Siesser, 1983;
Gibson and Bybell, 1994), mollusks (Dockery, 1980, 1998;
Sessa et al., 2012a), magnetostratigraphy (Rhodes et al.,
1999), and sequence stratigraphy (Baum and Vail, 1988;
Mancini and Tew, 1993, 1995) (Fig. 2).

The Tuscahoma Fm was found to be within Magnetochron
C24r by Rhodes et al. (1999). Within the middle Tuscahoma
Fm is the Bells Landing Marl, a thin (maximum of 3 m thick-
ness) marine incursion formed during a transgressive sys-
tems tract (Baum and Vail, 1988; Mancini and Tew, 1991,

1993, 1995). The occurrence of the planktic foraminifers
Morozovella subbotinaeandM. velascoensis(Mancini and
Oliver, 1981) restrict the age of the Bells Landing Marl to
the time interval spanning the latest Paleocene (zone P5 of
Wade et al., 2011) through the earliest Eocene (zone E2). The
occurrence ofPseudohastigerina wilcoxensiswould suggest
an earliest Eocene age (Wade et al., 2011). However, di-
achronicity between the GCP and Africa, where the range of
this species was calibrated, cannot be excluded. Mancini and
Oliver (1981) note thatP. wilcoxensislikely evolved from
Planorotalites chapmaniduring the late Paleocene, partially
based on the “somewhat atypical” specimens ofP. wilcox-
ensis found in lower Tuscahoma marls. IfP. wilcoxensis
evolved in the study region, it may not be surprising if its first
occurrence was earlier here than in Africa. Indeed, its first
occurrence was previously reported to be diachronous with
latitude (Pardo et al., 1997). Moreover, Gibson et al. (1982)
and Siesser (1983) determined that the Bells Landing Marl
represents the late Paleocene (calcareous nannofossil zone
NP9). This is based on the occurrence ofDiscoaster mul-
tiratiatus and the combined absence ofTribrachiatusspp.,
andRhomboasterspp., which excludes an age younger than
NP9. BothTribrachiatusandRhomboasterare heavily calci-
fied genera that are resistant to dissolution, making it unlikely
that preservation accounts for their absence. To our knowl-
edge, there is no report of a nannofossil species in the Bells
Landing Marl that would suggest an age younger than late
Paleocene (zone NP9).

Above the Bells Landing Marl, the Tuscahoma Fm, par-
ticularly within the studied region (Fig. 1), consists of mi-
caceous and glauconitic sands and silts with intermittent lig-
nites representing estuarine and lagoonal environments (In-
gram, 1991), with little to no carbonate and no calcare-
ous microfossils (Gibson and Bybell, 1994). The uppermost
beds of the Tuscahoma Fm yield brackish to freshwater pa-
lynomorphs, notably pollens and spores of late Paleocene
affinities (e.g., Frederiksen et al., 1982; Frederiksen, 1998;
Harrington, 2003). Collectively, the available information in-
dicates a late Paleocene age of the Tuscahoma Fm (e.g., Gib-
son and Bybell, 1994; Harrington, 2003; Beard, 2008).

Throughout the eastern GCP, the Tuscahoma Fm is un-
conformably overlain by the Bashi Member (Mb), which
includes a transgressive lag composed of glauconitic and
calcareous marl and sand, representing an inner shelf en-
vironment (Dockery, 1980, 1998; Gibson, 1982; Mancini,
1984; Siesser, 1983; Ingram, 1991; Mancini and Tew, 1991,
1995; Sessa et al., 2012b). This layer contains abundant mol-
lusk and vertebrate fossils and often is lithified into large
(1–2 m long) concretions, making it recognizable in both
outcrop and core. Sessa et al. (2012b) suggested that the
Meridian, MS outcrops of this marine incursion were de-
posited very near to the paleoshoreline because of their
relatively coarser-grained sands, trough cross-bedding, and
Ophiomorphaburrows (see also Dockery, 1980; Ingram,
1991; Gibson and Bybell, 1994).
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Figure 2. Schematic stratigraphy of upper Paleocene–lower Eocene sediments on the eastern US Gulf Coastal Plain, modified from Har-
rington (2003), showing the stratigraphic position of the Red Hot Truck Stop (RHTS) and the Harrell Core. Magnetostratigraphy is from
Rhodes et al. (1999), planktic foraminifer zonation of Wade et al. (2011) is based on the data of Mancini and Oliver (1981), and nannoplank-
ton zones of Martini (1971) are from Gibson et al. (1982). RHTS log is from Beard and Dawson (2009). Hatch. represents Hatchetigbee;
BCFB represents Bashi Calcareous Fossiliferous Bed; BLM represents Bells Landing Marl; GLM represents Greggs Landing Marl; g rep-
resents glauconite; dark gray lithology represents brown, gray siltstone/mudstone; light gray lithology represents glauconitic siltstone and
fine sandstone; small dark gray boxes within siltstone represent the presence of fine mud layers throughout; and rounded symbols at base of
glauconitic unit represent coarse sand.

Siesser (1983) determined that the Bashi Marl represents
calcareous nannofossil zone NP9, perhaps NP10. The NP9
designation for the Bashi Marl is based on the co-occurrence
of Discoaster multiradiatusandD. mohleri, which is stated
to be restricted to the late Paleocene. However, Eocene occur-
rences ofD. mohleriare known from Demerara Rise, South
Atlantic (Mutterlose et al., 2007); Walvis Ridge, South At-
lantic (Monechi and Angori, 2006); and Mexico (Garcia-
Cordero and Carreño, 2009). The last occurrence of this
species is not well constrained. Gibson et al. (1982) dated the
Bashi Marl as NP10 based on the occurrence ofTribrachia-
tus contortusandT. bramlettei, both of which are restricted
to NP10 in the earliest Eocene (Vandenberghe et al., 2012).

Although the PETM has never been positively identified
in the GCP using carbon isotope stratigraphy, numerous

GCP workers have hypothesized that it would be found near
the Tuscahoma–Bashi transition based on bio- and sequence
stratigraphy (e.g., Gibson and Bybell, 1994; Dockery, 1998;
Harrington et al., 2004). The area around Meridian, MS, in-
cluding the Red Hot Truck Stop, has been documented as
preserving the most complete Tuscahoma–Bashi transition,
with the oldest Eocene sediments (Ingram, 1991; Gibson and
Bybell, 1994; Harrington, 2003).

Crucially, a lowstand channel termed the T4 sand at the
RHTS yields the dinoflagellate cystApectodinium augustum,
as identified by Lucy Edwards (USGS) according to Beard
and Dawson (2001). This species is diagnostic of the PETM
(e.g., Crouch et al., 2001; Sluijs et al., 2006, 2007b; Harding
et al., 2011), and, even though no carbon isotope stratigraphy
was available, the T4 sand was therefore assigned to the
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PETM by Beard (2008). Based on sequence stratigraphic
correlations, Beard (2008) assigned the T4 sand to represent
the earliest stages of the PETM because it immediately un-
derlies the Tuscahoma–Bashi boundary: a major unconfor-
mity that he ascribes to a eustatic sea level drop during the
PETM. Based on this, he argued that the fossilTeilhardina
magnolianain the T4 sand represents the oldest primate in
North America and revised the patterns of primate migra-
tion during the PETM. However, the available evidence sug-
gests that sea level rose during the PETM (Speijer and Morsi,
2002; Sluijs et al., 2008a; Harding et al., 2011), and it re-
mains unclear at which stratigraphic level the onset of the
PETM is located at the RHTS or along the GCP in general.

3 Material

We sampled the upper Tuscahoma Fm through Bashi Mb
recovered in the Harrell Core (Fig. 1). The paleolatitude of
the core during the latest Paleocene and earliest Eocene was
∼ 32◦ N (Boyden et al., 2011). Within the Harrell Core, the
Bells Landing Marl lies at 239 m below surface (mbs). The
∼ 120 m thick interval between the Bells Landing Marl and
the top of the Tuscahoma Fm within the Harrell Core lacks
calcareous fossils, as in other sections in the region, and is
typified by excellent pollen yields from both the siliciclastic
lithologies and interbedded lignites (Harrington et al., 2004;
Harrington and Jaramillo, 2007). A∼ 10 cm thick sand-rich
and highly micaceous interval occurs at (121.9–121.8 mbs).
The overlying uppermost part of the Tuscahoma Fm is rich in
siliciclastic sand, mica, and glauconite. The transition to the
Bashi Mb lies at∼ 118 mbs, and the calcareous fossiliferous
bed of the Bashi Mb starts at∼ 113 mbs; core loss imme-
diately below this fossiliferous unit results in an estimated
depth; see Supplement.

4 Methods

Smear slides were made for calcareous nannofossil analy-
ses. Then, samples were freeze-dried and splits were ana-
lyzed for total magnetic susceptibility, palynology, and or-
ganic geochemistry. Magnetic susceptibility per gram of sed-
iment (MS) was measured using the AGICO KLY-3 device
at Utrecht University. Standard palynological treatment was
applied for dinocysts and pollen and spore analyses. For
the analyses of dinocysts and ratios of marine versus terres-
trial palynomorphs, freeze-dried sediment was treated with
30 % HCl and twice with 38 % Hydrofluoric acid (HF) and
sieved over a 15 µm nylon mesh. Residues were analyzed at
> 500× magnification. We generally follow the taxonomy
of Fensome and Williams (2004); see Supplement for excep-
tions and a list of encountered species. Materials are stored
in the collection of the Laboratory of Palaeobotany and Paly-
nology at Utrecht University. For pollen and spore analyses,
approximately 15 grams of sediment was ground in a mortar

with pestle and then soaked overnight in HCl to remove any
carbonate. These samples were then treated with 40 % HF
and left for 3 days to digest silicate minerals before sieving
with a 10 µm mesh. Samples were then placed into hot HCl to
remove any remaining precipitate before sieving again with
a 10 µm mesh. The final stage to remove excess organic mat-
ter and any pyrite, was to wash the samples in concentrated
HNO3 for 2 min before a final iteration of sieving. Samples
were stained with safranin and then mounted onto coverslips
and analyzed at 400× and 1000× phase contrast magnifica-
tion.

All analyzed samples lacked biogenic carbonate with the
exception of the Bashi calcareous fossiliferous bed. We
therefore generatedδ13C analyses on total organic carbon
(TOC). These were performed on decarbonated, freeze-dried
samples with a Fison NA 1500 CNS analyzer, connected to a
Finnigan Delta Plus mass spectrometer. Analytical precision
was better than 0.1 ‰. All values are reported relative to the
Vienna Pee Dee Belemnite (VPDB) standard.

For biomarker analyses, powdered and freeze-dried sedi-
ments were extracted with a Dionex Accelerated Solvent Ex-
tractor using a 9: 1 (v/v) mixture of dichloromethane and
methanol. One aliquot of the extract was separated into ap-
olar and polar fractions. Polar fractions were analyzed using
high-performance liquid chromatography/atmospheric pres-
sure chemical ionization–mass spectrometry (Schouten et al.,
2007) using an Agilent 1100 HPLC-MSD SL. Single-ion
monitoring was used to quantify the abundance of glycerol
dialkyl glycerol tetraethers (GDGTs). We apply the TEXH

86
sea surface temperature (SST) core top calibration, which
has a calibration error of 2.5◦C, as this is recommended for
(sub)tropical oceans (Kim et al., 2010). We have also calcu-
lated TEXL

86 values following a recent suggestion that this
calibration may provide more realistic results for shallow
marine sections (Taylor et al., 2013).

The distribution of the branched GDGTs, produced by
soil bacteria, is a measure for mean annual air tempera-
ture (MAAT) using the methylation of branched tetraether–
cyclization of branched tetraether (MBT–CBT) proxy (Wei-
jers et al., 2007). We applied both the MBT–CBT calibra-
tion of Weijers et al. (2007) and the MBT′–CBT calibra-
tion of Peterse et al. (2012), which yield calibration errors of
∼ 5◦C. We also determined the abundances of the branched
relative to the isoprenoid tetraethers (BIT index), a proxy
for the amount of river-derived soil organic matter versus
marine organic matter (Hopmans et al., 2004). An aliquot
of the polar fraction was desulfurized using Raney nickel
(Sinninghe Damsté et al., 1988) and subsequently separated
into polar and apolar fractions. Apolar fractions were hydro-
genated using PtO2 / H2 and analyzed by gas chromatogra-
phy (Agilent 6890), gas chromatography–mass spectrome-
try (ThermoFinnigan DSQ) and gas chromatography–isotope
ratio mass spectrometry (ThermoFinnigan Delta V coupled
to an Agilent 6890).

All raw data are included in Supplement Table S1.
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5 Results and discussion

5.1 Stratigraphy of the Harrell Core

At ∼ 121.9 mbs, theδ13CTOC records a negative step. Below
this level, average values are−25.5 ‰ (1σ = 0.25), while
above it to 118.6 mbs, values average−27.5 ‰ (1σ = 0.70),
with minimum values of−28.6 ‰ (Fig. 3). The onset of this
carbon isotope excursion (CIE) corresponds to a∼ 10 cm
thick sand-rich and highly micaceous interval. Because this
CIE could theoretically reflect an increase in the relative
abundance of marine organic matter over terrestrial organic
matter (Sluijs and Dickens, 2012), we tested if it is also
present in specific biomarkers. We did not record biomark-
ers, such as long-chainn alkanes, in quantities sufficient
for isotope analyses in the apolar fractions of the total lipid
extract. The polar fractions, however, yielded sulfur-bound
phytane, derived from algal chlorophyll (Brassell et al., 1986;
Schoon et al., 2011) and sulfur-bound C29 sterane, likely
derived from algal C29 sterols (Volkman, 1986). These are
unlikely derived from land since terrestrial biomarkers are
not bound to S as sulfurization requires fresh functional-
ized molecules (e.g., Sinninghe Damsté et al., 1988). Al-
though the abundance of these biomarkers was insufficient
for isotope analyses in many samples, particularly below
121.9 mbs, and results are based on low yields resulting in
high standard deviations for the measurements, we repro-
duce the shift towards lowerδ13C in both sulfur-bound com-
pounds. Concomitantly at 121.9 mbs, abundances ofApecto-
dinium spp. increase from∼ 30 to 80 % of the dinocyst as-
semblage. Abundances below this level should be considered
rough estimates; samples are dominated by terrestrial mate-
rial, which complicates robust quantitative dinocyst analyses
(see below). At the same level, both the TEX86 and MBT–
CBT paleothermometers (Fig. 3), as well as the influx of
abundant pollen derived from thermophilic plants (Fig. 4; see
Sect. 5.4), record extreme warming. The combined informa-
tion unambiguously indicates the presence of a hyperthermal.

We can exclude that the CIE in the Harrell Core reflects
any of the hyperthermals younger than that of the PETM.
In the overlying calcareous fossiliferous bed of the Bashi
Mb, we record the presence of the calcareous nannofossils
Toweius eminens, Neochiastozygus junctus, Discoaster mul-
tiradiatus, andChiasmolithus solitus, along with the absence
of Discoaster diastypus(late NP10) and a fewFasciculithus
specimens (Table S1). This confirms an age of NP10 (Perch-
Nielsen, 1985; Bralower, 2005; Young et al., 2011; Vanden-
berghe et al., 2012), which predates the Eocene Thermal
Maximum 2 by∼ 200 kyr (Lourens et al., 2005). Thus, the
hyperthermal in the Harrell Core must be the PETM.

The sandy, micaceous bed at the base of the CIE (121.9–
121.8 mbs) marks a distinct peak in MS, and a significant
lithological change, interpreted to reflect an unconformity
(Figs. 2 and 3). Constraints on the time associated with the
hiatus are limited since the upper Tuscahoma Fm is poor in

age-diagnostic fossils. However, the Bells Landing Marl (at
239 mbs in the Harrell Core) has been regionally dated to
calcareous nannoplankton zone NP9. The presence ofMo-
rozovella subbotinaein the Bells Landing Marl suggests an
age maximally∼ 0.5 Myr older than the PETM (Wade et al.,
2011), which is thus the maximum amount of time associ-
ated with this hiatus. Because the onset of the PETM occurs
within NP9, the minimum possible duration of the hiatus is
negligible. Indeed, a previous pollen study recorded long-
term warming over this part of the section (Harrington and
Jaramillo, 2007), consistent with other climate records on the
last hundreds of thousands of years of the Paleocene (Zachos
et al., 2008; Bijl et al., 2009), suggesting that the sediment se-
quence represents a relatively complete latest Paleocene suc-
cession. Given that almost 120 m separate the Bells Land-
ing Marl and the CIE, which maximally represent 0.5 Myr,
we suspect that the hiatus at the base of the PETM is mi-
nor, likely less than 100 kyr. This implies that the section is
suitable to quantify the warming and environmental change
during the PETM.

The δ13CTOC record exhibits significant variation within
the CIE. A positive spike inδ13CTOC occurs within the
PETM at∼ 120.5 mbs. In part, this can be explained by an
increase in the relative abundance of terrestrial organic mat-
ter (Sluijs and Dickens, 2012); this is indicated by a con-
comitant rise in BIT index values, suggesting elevated in-
put of soil organic matter, and abundances of terrestrial pa-
lynomorphs (Fig. 3; see below). The palynology does not
show a large component of reworked specimens, but it is
possible that a large component of the organic matter is al-
lochthonous. TOC content is low (Fig. 3), so that enhanced
degradation of marine organic matter might have increased
δ13CTOC values (Sluijs and Dickens, 2012) as well as BIT
index values (Huguet et al., 2008). We cannot fully explain
the positive spike within the CIE, but it must represent a lo-
cal phenomenon. The interval is rich in siliciclastic sand and
mica, pointing to a time interval of nondeposition (winnow-
ing), erosion, or, given the high abundances of terrestrial or-
ganic matter and the coarser grains, a storm deposit.

The top of the CIE corresponds to the Tuscahoma–Bashi
contact at∼ 118.8 mbs, which is reflected in a drop in MS
(Fig. 3) and represents the widely recognized regional uncon-
formity on the GCP (Gibson and Bybell, 1994). None of our
records indicate the presence of the recovery interval, imply-
ing that the PETM is only partly present in the Harrell Core.
Because the entire recovery interval was apparently truncated
by the upper sequence boundary, the PETM sediments were
likely deposited during the first part (or body) of the PETM
(∼ 80 kyr, Röhl et al., 2007; Murphy et al., 2010). It remains
unclear which portion of the first 80 kyr of the CIE is present.
The beginning of the PETM might be truncated in the under-
lying unconformity. However, analyses of thin sections indi-
cate that the ubiquitous glauconite grains are angular (Fig. 5),
implying that they were formed in situ. It is estimated that
glauconite requires a residence time at the sediment–water
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Figure 3. Paleontological and geochemical records across the PETM in the Harrell Core. Schematic lithological units represent the (in
brown) upper Paleocene heterogeneous brown, gray siltstone/mudstone; the (in green) PETM glauconitic (G) sands and silts; and the (in
light brown) early Eocene siliciclastics of the lower Bashi Mb. Small dark brown boxes within siltstone represent the presence of fine mud
layers throughout; rounded symbols at base of glauconitic unit represent coarse sand. Light-colored and open symbols in theδ13C values
of sulfur-bound phytane and sulfur-bound C29 sterane yield a relatively high uncertainty of∼ 1 and∼ 1.5 ‰ in isotope values, respectively,
due to the low abundance of these compounds in the sediments. Upper PaleoceneApectodiniumabundances (open squares) should be
considered rough estimates; average Paleocene values are 27 % (see text and Supplement Table S1). Calibration-related errors on absolute
temperatures for TEX86 and MBT–CBT temperatures are 2.5 and 5◦C, respectively. Open TEX86 (diamonds) and MBT (circles) symbols
indicate temperatures that may be biased by high supply of terrestrial lipids or in situ production, respectively (see text). Pollens and spores
versus dinocysts dominantly determine the ratio of terrestrial versus marine palynomorphs. Crosses at isorenieratene indicate intervals where
this biomarker was not recorded.

interface of 1000 to 10 000 years to develop (Prothero and
Schwab, 2004). This implies that sedimentation rates in this
interval were very low and that a significant portion of the
body of the CIE is present in the record.

5.2 Implications for regional mammal stratigraphy

The new stratigraphic constraints have direct implications for
inferences regarding primate migrations during the PETM.
The discovery of the tiny primateTeilhardina magnoliana
was reported from the T4 sand at the RHTS (Fig. 2, Beard,
2008), which is∼ 10 km north-northeast of the Harrell site.
The T4 sand represents the uppermost part of the Tuscahoma
Fm at the RHTS, and was suggested to have been deposited
during the earliest part of the PETM by Beard (2008). How-
ever, it resides on top of the glauconitic unit that is lithos-
tratigraphically analogous to the one representing the PETM
in the Harrell Core (Fig. 2). Although carbon isotopic data
are not available for the RHTS, the deposition of in situ glau-
conite therefore implies that significant parts of the PETM
underlie the T4 sand at the RHTS. This excludes that the T4
sand represents the earliest stages of the PETM. With the
current data set, we cannot estimate the time between the on-

set of the CIE and the T4 sand at the RHTS, but it likely
involved tens of millennia. The first occurrence of primate
fossils in the Bighorn Basin is in a paleosol dated to∼ 25 kyr
after the onset of the CIE (Smith et al., 2006; Abdul Aziz et
al., 2008). This may or may not be earlier thanT. magnoliana
on the GCP.

5.3 Temperature

Both the TEX86 and MBT–CBT paleothermometers show
a marked warming across the onset of the PETM, of 6
and 5–8◦C, respectively (Fig. 3). We calculated SSTs from
isoprenoid GDGTs using various TEX86 calibrations (Ta-
ble S1). We prefer the TEXH86 SST core top calibration as
this is recommended for (sub)tropical oceans (Kim et al.,
2010). TEXH

86 has a calibration error of 2.5◦C. Despite the
recent suggestion that TEXL

86 may better represent marginal
marine regions (Taylor et al., 2013), this calibration results
in unrealistically (Keating-Bitonti et al., 2011; Sessa et al.,
2012b) low SSTs of∼ 15◦C in the Paleocene and∼ 25◦C
during the PETM (Supplement Table S1) and is therefore
not further considered. TEXH86 indicates late Paleocene SSTs
averaging 29◦C (1σ = 1.2), ∼ 5◦C warmer than modern
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Figure 4. Pollen and spore results.(A) Box-plot comparisons be-
tween average (mean) within-sample abundance of pre-PETM sam-
ples (n = 77) from Harrington and Jaramillo (2007) and PETM
samples (n = 8) from the Tuscahoma Fm of the Harrell Core. Abun-
dances are expressed as average percent within sample. All compar-
isons between pre-PETM abundances and PETM abundances are
statistically significant.(B) Non-metric multidimensional scaling
plots illustrating pollen compositional differences in the Tuscahoma
Fm in the Harrell Core, based on the relative abundance data (top)
and on presence–absence data (bottom). While the former reflects
changes in dominant taxa, the latter is sensitive to changes in the
co-occurrence patterns of taxa within samples.

SSTs in this region. Absolute temperature estimates based
on TEX86 may, however, be compromised due to the large
supply of soil tetraether lipids, as indicated by high BIT val-
ues (Weijers et al., 2006). In this uppermost Paleocene inter-
val, higher BIT values correspond to relatively low TEX86
values (R2

= 0.69), suggesting that SSTs could be underes-
timated. On the other hand, TEX86 SSTs are slightly higher
than mean estimates of 25.5◦C (seasonal range from 23.5
to 27.5◦C) derived from the oxygen isotopic composition of
bivalve shells within the lower Eocene marine incursion of
the Bashi (Sessa et al., 2012b), and are the same as TEX86
temperature estimates from a stratigraphically younger early
Eocene bed within the Hatchetigbee Fm (Keating-Bitonti et
al., 2011), indicating they represent realistic values.

Based on MBT–CBT, upper Paleocene MAATs were
26.4◦C (1σ = 0.8) and 21.4◦C (1σ = 0.5) following the
Weijers et al. (2007) and Peterse et al. (2012) calibra-
tions, respectively (Fig. 3). Such temperatures agree with the
tropical–pantropical character of the vegetation as recorded
from plant macrofossils in the lowermost Eocene lowstand
deposits overlying the T4 sand at the Red Hot Truck Stop
(Call et al., 1993; Danehy et al., 2007). Quantitatively, the
MAAT estimate based on the Weijers calibration corresponds
remarkably well to previous MBT–CBT estimates from the
stratigraphically younger bed within the Hatchetigbee Fm
(Keating-Bitonti et al., 2011) and estimates based on late Pa-
leocene plant leaves in the region (27◦C; Wolfe and Dilcher,
2000). Given the relatively large uncertainties in estimating
absolute temperature from both leaves and biomarkers, even
the MAATs implied by the Peterse et al. (2012) calibration
are within error of the leaf-based estimate. However, we con-
sider the MAAT estimate from the Weijers et al. (2007) cal-
ibration to be more realistic for this area and time interval,
because of the abovementioned consistency with other proxy
data.

Average PETM SSTs based on TEXH
86 were 35◦C (1σ =

0.7). This implies a PETM warming of∼ 6◦C, or slightly
less given the potential bias towards lower values in the up-
per Paleocene due to the contribution of soil GDGTs (see
above). MAAT rose by∼ 8–9 to 35◦C (1σ = 1.4) based on
the Weijers et al. (2007) calibration and by∼ 5 to 26.6◦C
(1σ = 0.9) following the Peterse et al. (2012) calibration. Be-
cause of the low relative abundance of terrestrial lipids in
these sediments (indicated by low BIT index values) there
is some uncertainty in absolute MBT–CBT temperature esti-
mates due to potential in situ production of the lipids used in
the MBT proxy (Peterse et al., 2009). Still, recent regional
climate modeling experiments indicated that mean annual
SSTs should be similar to MAAT along the GCP margin dur-
ing this time period (Thrasher and Sloan, 2009), which is
consistent with our data. Considering that methods to recon-
struct temperature from biomarkers currently yield signifi-
cant uncertainties, the magnitude of MAAT and SST warm-
ing was likely on the order of 5–8◦C.
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Figure 5. Microphotographs of glauconite grains in thin sections,
(A) from 121.36 mbs,(B) from 120.80 mbs, and(C) and(D) from
119.68 mbs.

Proxy records of continental air and sea surface temper-
ature across the late Paleocene to the first∼ 80 kyr of the
PETM are available from at least 10 locations. These sites
are spread across the globe, and all indicate a 4 to 8◦C
warming (Fig. 6), the global average being close to 4–5◦C
(Dunkley Jones et al., 2013). Deep-ocean temperatures in-
creased by a similar amount (e.g., Thomas and Shackle-
ton, 1996; Tripati and Elderfield, 2005). Although records
from tropical regions are rare, there is no evidence for polar
amplification of warming and only little spatial variability
in temperature trends. This suggests relatively little change
in global atmospheric and oceanic circulation patterns and
ocean–atmosphere heat transport during the PETM.

Absolute latest Paleocene and early Eocene land and sea-
water temperatures of 25 to 29◦C reconstructed here and in
the region (Wolfe and Dilcher, 2000; Keating-Bitonti et al.,
2011; Sessa et al., 2012b) are relatively modest as compared
to other mid- and high-latitude sites (Sluijs et al., 2006; Za-
chos et al., 2006; Sluijs et al., 2011; Dunkley Jones et al.,
2013). A simulation with a current-generation, fully coupled
climate model designed to represent early Eocene climates
projects GCP SSTs about 5◦C warmer than our proxy es-
timates (Huber and Caballero, 2011). The simulation also
underestimates polar temperatures. Crucially, however, tak-
ing into account uncertainties in proxy estimates, such re-
cent simulations (Huber and Caballero, 2011; Lunt et al.,
2012) now approach the low meridional temperature gradi-
ents found by proxy data during the early Eocene and the
PETM.

5.4 Terrestrial vegetation

We combine previously published (Harrington et al., 2004)
and new data from the Harrell Core to study vegetation
changes during the PETM (see Supplement Table S1 for
sampling details). In summary, a significant shift in paly-
nofloral composition is recorded in the Harrell Core between
121.97 and 121.72 m, coinciding with the onset of the CIE:
(i) changes in the relative abundance of range-through taxa,
(ii) changes in the co-occurrence of taxa in individual sam-
ples, (iii) the first occurrence of key Eocene marker taxa, and
(iv) the presence of a transient flora with unique elements that
are not observed at any time in the Paleocene or Eocene on
the US Gulf Coast. These features are all consistent with an
excursion flora observed in the Bighorn Basin of Wyoming
(Wing et al., 2005; Wing and Currano, 2013).

The eight samples from the uppermost Tuscahoma Fm
(121.72 to 118.69 m) contain abundant palm pollens (Are-
cipites, Proxapertites operculatus, P. psilatus, andCalamus-
pollenites eocenicus) along with significant components of
other monocots such as theSparganiaceae(bur reeds). Be-
low 121.72 m palm pollens average 1 %, but from 121.72 to
118.69 m this increases to an average within-sample abun-
dance of 13 % (Fig. 4a), which was found to be a statistically
significant difference using a Mann–WhitneyU test (U77,8 =

0, p < 0.0001). Gymnosperms of all groups decrease in
abundance (Fig. 4a) or are absent, including theMetase-
quioa/Glyptostrobuspollen that is otherwise very abundant
throughout many lower Paleogene pollen assemblages (Har-
rington et al., 2004; Harrington and Jaramillo, 2007). This
within-sample decrease during the PETM is statistically sig-
nificant (U77,8 = 48, p < 0.0001). Juglandaceae pollen be-
longing toCarya(hickories) andMomipitesis rare, although
angiosperm pollen increases significantly within the PETM
(U77,8 = 16,p < 0.0001) from 64 % in an average Paleocene
sample to 85 % in a typical PETM sample (Fig. 4). This
is also consistent with the pattern seen in Wyoming (Wing
et al., 2005; McInerney and Wing, 2011). Increased abun-
dance within the PETM is recorded forPorocolpopollen-
ites ollivierae(belonging to a tropical family: Apocynaceae,
Meliaceae, or Styracaceae) together with many other taxa of
unknown systematic affinity such asNudopollis terminalis
(a normapolle),Thomsonipollis expolitus(a normapolle but
abundant), and different types of undescribed, new tricolpo-
rate pollen.

First occurrences includePlatycarya platycaryoides,
Platycarya swasticoides, Interpollis microsupplingensis, and
Brosipollis sp., which were also all previously documented
in the uppermost Tuscahoma Fm at the Red Hot Truck Stop
(Harrington, 2003). In addition, we record the first occur-
rence ofUlmipollenites undulosus, another feature of the
Eocene (Frederiksen, 1998). Taxa that are considered to
be transient includeRetistephanocolporites, which has only
ever been recorded previously from uppermost Tuscahoma
sediments at Red Hot Truck Stop (Harrington, 2003); plate
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1, Fig. 32). Three common transient taxa are a large vari-
ety of Milfordia (member of the monocot Flagellariaceae,
or Restionaceae families); a type ofAilanthipites sp. that
is large, clearly striate, and notAilanthipites berryi; and a
very abundant type of tetracolporate, small striate/reticulate,
oblate to spherical pollen grain that is not found anywhere
else. There are other taxa that have first appearances within
this interval; however, because they are not abundant they
cannot be confidently considered as first (and only) occur-
rences. Several important taxa that are thought to go ex-
tinct at the Paleocene–Eocene boundary on the US Gulf
Coast (Harrington, 2001; Harrington and Jaramillo, 2007)
are not found in this interval (i.e., above 121.97 m), includ-
ing Holkopollenites chemardensis, Lanagiopollis cribellatus,
Lanagiopollis lihokisandSpinaepollis spinosus.

There are significant differences between the PETM sam-
ples from 121.72 to 118.69 m in the Harrell Core and those
immediately below in the upper Tuscahoma Fm as de-
scribed by Harrington and Jaramillo (2007). We carried out
nonmetric multidimensional scaling ordination to illustrate
changes in relative abundance and in presence–absence (top
and bottom plots, respectively, in Fig. 4b). For the relative
abundance ordinations, only taxa that are represented by 50
or more specimens within the whole data set of the Harrell
Core were included. These samples predominantly represent
brackish water to very shallow marine environments, and all
lignites and carbonaceous shales have been removed from
the sample set before ordination. Relative abundance changes
reflect a decrease in Juglandaceae pollen, all gymnosperms,
and myricaceous pollen, and an increase of palms, other
monocots, and abundant transient taxa in the Eocene (Fig. 4b
top). The ordination of presence–absence data (Fig. 4b bot-
tom) reflects changes in co-occurrence patterns and the com-
plete turnover of community membership in the uppermost
Tuscahoma Fm. The latter ordination is performed on taxa
that are represented by two or more occurrences in two or
more different samples.

5.5 Depositional environment and sea level

5.5.1 Upper Paleocene

Terrestrial palynomorphs, notably angiosperm pollens, com-
prise > 95 % of the palynomorphs in the uppermost Pale-
ocene (125–121.9 mbs), cuticle fragments of terrestrial plant
leaves are abundant, small wood fragments are present, and
BIT values are high (> 0.8). In (sub)tropical, relatively hu-
mid settings such as the GCP in the Paleocene (e.g., Har-
rington and Kemp, 2001), angiosperm pollen and terrestrial
GDGTs are documented as being transported to the ocean by
rivers (Hopmans et al., 2004; Moss et al., 2005).

We recorded marine dinoflagellate cysts in all samples,
but quantification of assemblages is difficult due to di-
lution by terrigenous matter. Dinocyst abundances in the
upper Paleocene interval are therefore based on relatively

low counts (between 10 and 60 cysts) and should there-
fore be considered as rough estimates. Assemblages are typ-
ical for early Paleogene marginal marine deposits. Aver-
aged over the entire interval (238 cysts),Apectodiniumspp.
(27 %, some with minor morphological deviations from the
type species; see Supplement) and theSenegaliniumcom-
plex (sensuSluijs and Brinkhuis, 2009; 20 %) are abun-
dant. TheSenegaliniumcpx. in the Harrell Core almost ex-
clusively comprisesSenegaliniumspp., but includes spo-
radicPhthanoperidiniumspp. andDeflandreaspp. TheSene-
galinium cpx., andSenegaliniumspp., represents a group
of taxa derived from dinoflagellates known to have been
tolerant to low-salinity waters, based on empirical infor-
mation (Harland, 1973; Brinkhuis et al., 2006; Sluijs and
Brinkhuis, 2009; Sluijs et al., 2009; Harding et al., 2011).
Moreover,Eocladopyxisspp. are present (2 %), and modern
representatives of this family (Goniodomidae) are successful
in very nearshore and lagoonal settings, partly due to their
euryhaline ecology (Zonneveld et al., 2013). Other consis-
tently present dinocyst taxa include typical shelf dwellers
such as members of theCordosphaeridium fibrospinosum
cpx. (sensuSluijs and Brinkhuis, 2009) (16 %), theAreolig-
era–=Glaphyrocystacpx. (8 %),Operculodiniumspp. (8 %),
andSpiniferitesspp. (6 %). Another important aspect of the
palynological assemblage is the consistent presence of the
freshwater algaPediastrum. The combined palynological and
biomarker information therefore implies that during the lat-
est Paleocene the Harrell Core locality was a very nearshore
environment, perhaps a lagoon with significant river runoff,
which is in agreement with the lithological information.

Apectodiniumwas much more abundant on the GCP in
the latest Paleocene than at mid- and high-latitude sections
(e.g., Heilmann-Clausen, 1985; Harding et al., 2011; Sluijs
et al., 2011).Apectodiniumwas globally abundant during the
PETM, suggesting that late Paleocene conditions on the GCP
were analogous to those developing on a global scale dur-
ing the PETM. The ecology ofApectodinium, as well as the
critical factors triggering its widespread dominance during
the PETM, remains puzzling.Apectodiniumtolerated a large
salinity range, and likely preferred relatively eutrophic and
warm conditions, but its global success remains hard to ex-
plain (e.g., Sluijs et al., 2007b; Sluijs and Brinkhuis, 2009).
Upper Paleocene assemblages within the Harrell Core con-
tain 27 %Apectodinium, a value close to that recorded at sev-
eral high-latitude sites during the PETM (Sluijs et al., 2006,
2011). Whatever environmental or biotic factors triggered the
global spread of this taxon during the PETM must have been
common to both low- and high-latitude areas.

5.5.2 PETM

By contrast to the upper Paleocene, PETM sediments
dominantly yield marine palynomorphs and low BIT val-
ues (< 0.1). The concomitant change in lithology from
silts and muds to angular glauconite-rich sands and silts
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indicates sedimentary condensation. Along with the dom-
inant Apectodiniumspp. (between 60 and 85 %), onlyDi-
phyes colligerum(between 1 and 18 %) and theAreoligera–
Glaphyrocystacpx. (3–14 %) are common during the PETM.
Cordosphaeridium fibrospinosumcpx. andSpiniferitesspp.
(6 %) are consistently present in low abundances. Notably,
theSenegaliniumcpx. andEocladopyxisspp. are mostly ab-
sent. The absence of the lagoonal to inner neritic compo-
nents of the dinocyst assemblage, combined with a massive
decrease in the abundance of terrestrial pollens, spores, and
biomarkers, support an increase in the distance of the site
to shore. Common to abundant occurrences of theAreolig-
era–Glaphyrocystacpx. (here overwhelmed by theApecto-
diniumacme) have also previously been linked to transgres-
sion (Iakovleva et al., 2001; Sluijs et al., 2008a). The com-
bined information is consistent with sea level rise during the
PETM along the GCP. Because our proxies qualitatively as-
sess distance to shore, we cannot estimate the magnitude of
sea level rise.

Relative sea level rise is consistent with many marginal
marine sedimentary records worldwide (e.g., Speijer and
Morsi, 2002; Harding et al., 2011, Fig. 6), and indicate
PETM-related eustatic rise (e.g., Sluijs et al., 2008a). Sim-
ilar to our study, not many studies have estimated the mag-
nitude of sea level rise since most proxies do not necessarily
record water depth but rather the coast or habitat changes
that are related to sea level fluctuations (e.g., Jorissen et al.,
1995; Sluijs et al., 2008a). Sluijs et al. (2008a) speculated
that during the PETM, sea level could have risen a maxi-
mum of 30 m if several independent mechanisms were com-
bined, including tectonism, steric effects, and a small ice
sheet. However, it may be argued that only steric effects
contributed; the temperature–density relationship of seawa-
ter (1.9× 10−2 % volume◦C−1) implies a modest sea level
rise of 3–5 m rise from the∼ 5◦C ocean warming (Sluijs et
al., 2008a). However, the depth gradient from the coast to the
shelf–slope break was likely much less in the Eocene than
at present due to the long-term absence of large variations in
continental ice volume (Sømme et al., 2009). Therefore, even
a relatively small rise in global average sea level would have
resulted in a large landward shift of the coastline, explaining
the response in sedimentary data as compiled in Fig. 6.

Previous studies suggested that the PETM was absent from
sections along the US margin because of a concurrent drop
in sea level (Gibson and Bybell, 1994; Beard, 2008). How-
ever, our results indicate that the PETM was deposited during
a highstand in this region (Fig. 3). The overlying Bashi Mb
has an erosional contact with the Tuscahoma. This suggests
that PETM sediments were deposited widely on the GCP
but subsequently eroded during a sea level drop in the ear-
liest Eocene. This explains the unconformable upper bound
of the PETM in the Harrell Core, as well as the absence of
the PETM at many locations along the GCP. Moreover, it
is consistent with patterns described from many other shelf

sections worldwide, such as New Jersey and the North Sea
(e.g., Sluijs et al., 2008a).

Although regional sea level fluctuations need not corre-
spond to global trends, the recorded eustatic rise complicates
the hypothesis that a drop in sea level facilitated interconti-
nental mammal migrations during the PETM. More likely,
poleward expansion of climate zones set the stage for these
migrations (e.g., Bowen et al., 2002).

5.6 Ocean deoxygenation

Within the PETM we recorded sulfur-bound isorenieratane
(Fig. 3), a derivative of the carotenoid isorenieratene, in sim-
ilar concentrations to sulfur-bound phytane and C29 ster-
ane. This chemical fossil is derived from the brown strain
of photosynthetic green sulfur bacteria, which requires eu-
xinic (anoxic and sulfidic) conditions (Sinninghe Damsté et
al., 1993). We did not record it in the upper Paleocene. Given
that organic matter preservation conditions were better then
(sediments are finer grained and TOC content is higher in
the Paleocene than in the PETM; Fig. 3), isorenieratene was
likely not produced at the site during the late Paleocene.
Despite the limited available data points, the presence of
isorenieratene indicates that photic-zone euxinia developed
along the Gulf margin during the PETM. Curiously, while
euxinic conditions developed in the photic zone, glauconite
was forming on the seafloor, and organic linings of benthic
foraminifera (Supplement Table S1) are present in the pa-
lynological residue, suggesting that the seafloor was oxy-
genated. The combined information allows for several sce-
narios to explain this paradox. (1) The lower photic zone but
not the seafloor was anoxic. We consider this unlikely be-
cause in modern marine environments the sulfide in the wa-
ter column is almost always formed in the underlying anoxic
and sulfidic sediment (e.g., Yao and Millero, 1995). (2) Isore-
nieratane was transported from euxinic environments further
inshore. This mechanism has been proposed previously for
other time intervals but is generally considered unlikely (Sin-
ninghe Damsté and Hopmans, 2008) because isorenieratene
is among the most labile forms of organic carbon and re-
quires anoxic conditions and short transport time and tra-
jectories to preserve in sediments (Harvey, 2006). (3) The
foraminifer linings were transported to the site and concen-
trated due to sea level rise and sediment starvation, while
isorenieratene was produced in the water column at the Har-
rell Core site. This mechanism cannot be excluded with the
present data. However, benthic foraminifer linings are rela-
tively susceptible to oxic degradation and are therefore un-
likely to be preserved in an oxic environment during lateral
transport. (4) Euxinic conditions developed intermittently,
most probably seasonally, within the photic zone in the wa-
ter column, or, given the limited paleodepth of the study site,
on a sun-lit seafloor. The co-occurrence of benthic fauna
and photic zone euxinia has previously been attributed to
seasonal, decadal, or century timescale variations in water
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column oxygen concentration from euxinic to oxygenated
(Kenig et al., 2004). The seasonal development of hypoxia
is a common and increasing feature of modern continental
margins (Diaz and Rosenberg, 2008). We consider scenario
4 to be the most likely, implying that intermittent, likely sea-
sonal, photic zone euxinia developed at the study site.

These results are consistent with published data from other
locations where robust proxy data on seafloor oxygen con-
tent is available (Fig. 6; Supplement Table S2) (e.g., Dickson
et al., 2012; Winguth et al., 2012). However, while the deep
sea experienced only a limited reduction in seafloor oxygen
(Chun et al., 2010; Pälike et al., 2014), anoxia developed on
continental slopes (Nicolo et al., 2010) and shelves (Speijer
and Wagner, 2002; Sluijs et al., 2008b). Moreover, at several
coastal shelf sites isorenieratene or derivatives thereof has
been observed in the sediment, indicating photic zone eux-
inia (e.g., Sluijs et al., 2006; Frieling et al., 2014) (Fig. 6).
In the modern ocean, the presence of isorenieratene in sedi-
ments is restricted to semi-enclosed basins, such as the Black
Sea. An increase in anoxic zones in coastal oceans is also
consistent with barium records; continental margin anoxia
facilitates sulfate reduction, which in turn, promotes barium
regeneration from sediments. The barium may subsequently
be buried in open-ocean sediments, which is consistent with
reconstructions (Paytan et al., 2007).

Widespread euxinic conditions in marginal marine and
more open oceanic settings have only been previously doc-
umented for so-called “global” oceanic anoxic events dur-
ing the mid-Cretaceous, early Toarcian, the Permian–Triassic
boundary event, and the Frasnian–Fammenian boundary
(e.g., Sinninghe Damsté and Köster, 1998; Joachimski et al.,
2001; Grice et al., 2005). Interestingly, these events were
also associated with warming and massive perturbations of
the global carbon cycle, though the timescales involved were
substantially longer than those of the PETM and of anthro-
pogenic changes. Given the evidence (Fig. 6), the PETM
therefore provides the geologically most recent, and likely
the best, example of rapidly expanding, widespread ocean
deoxygenation.

Ocean deoxygenation during the PETM was likely gen-
erated by processes similar to those contributing to today’s
so-called “dead zones”. Currently, these oxygen-depleted
zones are caused by coastal eutrophication, stratification,
and warming resulting from anthropogenic activities (Doney,
2010). If methane originating from submarine hydrates was
released at the start of the PETM, its oxidation in the ocean
should have caused widespread deoxygenation (Dickens et
al., 1997). Deep-ocean circulation may have become slug-
gish at the onset of the event due to changes in climate and
an increase in vertical temperature gradients in the ocean,
leading to seafloor O2 depletion (Ridgwell and Schmidt,
2010; Winguth et al., 2012). Moreover, given the tempera-
ture dependence of O2 solubility in seawater, a rapid∼ 5◦C
warming should have decreased O2 solubility by between 15
and 20 %, depending on the background temperature, which

could drive already hypoxic regions to anoxia. Crucially,
global warming led to an accelerated hydrological cycle,
which together with elevatedpCO2 values resulted in in-
creased weathering (John et al., 2012) and at least regionally
seasonal intensification of river runoff (Kopp et al., 2009),
leading to increased nutrient input and coastal eutrophica-
tion. Importantly, increased SSTs in conjunction with an en-
hanced hydrological cycle strengthened stratification, ham-
pering atmosphere-ocean gas exchange. All these factors, to
various degrees, conspired to reduce O2 concentrations in
seawater and allowed for euxinic conditions to develop along
coastal margins, although the dominant forcing factor may
have been different regionally.

6 PETM continental margin anoxia driven by nutrient
feedbacks?

The PETM offers the unique opportunity for the quantifica-
tion of biogeochemical feedbacks resulting from the rapid
expansion of (seasonal) anoxia along the GCP, northern
and southern Tethyan margins, the Arctic Ocean, the North
Sea, epicontinental Russia and margins in the southwest Pa-
cific Ocean (Supplement Table S2 and references therein).
This supports the expansion of global (seasonally) anoxic
(Dickson et al., 2012) and hypoxic seafloor, particularly in
marginal marine areas. Similar to what is expected for the
future ocean, PETM hypoxia and anoxia likely had major ef-
fects on nutrient availability and carbon cycling. Sediments
overlain by (seasonally) hypoxic and anoxic bottom wa-
ters recycle phosphorus (P) from organic matter efficiently
(Slomp and Van Cappellen, 2007). On geological timescales,
P is likely the limiting nutrient for marine primary produc-
tion (Tyrrell, 1999). An increase in (seasonal) anoxia along
continental margins should therefore have increased P fluxes
and thereby coastal productivity; this effect is potentially
much larger than that of increased nutrient supply by rivers
(Tsandev and Slomp, 2009). Available micropaleontological
data, suggesting sustained increased primary productivity in
nearshore waters during the PETM (Sluijs et al., 2007a), are
consistent with more efficient nutrient cycling. Regional ev-
idence exists for high rates of nitrogen fixation (Knies et
al., 2008), which may have compensated for nitrogen loss
through denitrification and anaerobic ammonium oxidation
(anammox) in the low-oxygen waters (Kuypers et al., 2005).
As proposed for mid-Cretaceous oceanic anoxia (Kuypers et
al., 2004), this may have been a dominant factor in sustaining
high productivity during the PETM.

The duration of enhanced nutrient cycling and deoxygena-
tion is especially important to assess the potential impact on
the carbon cycle. Data from most sites point towards (sea-
sonal) anoxia persisting for tens of thousands of years during
the PETM (e.g., Gavrilov et al., 2003; Sluijs et al., 2008b;
Nicolo et al., 2010). In part, this may reflect the residence
time of the injected carbon that provided the key forcing for
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the deoxygenation. The residence time of P in the modern
ocean is estimated to be between 10 000 and 40 000 years
(Slomp and Van Cappellen, 2007). Although data on abso-
lute P fluxes are lacking, a substantial reduction in the effi-
ciency of P burial in shelf sediments would have increased
the residence time of P. This can explain why coastal (sea-
sonal) anoxia persisted for a pronounced part of the duration
of the body of the PETM (∼ 80 kyr). If this mechanism were
active, one would expect high organic carbon burial rates
on the shelves during the PETM. Indeed, burial rates of or-
ganic carbon significantly increased during the first∼ 80 kyr
of the event in many shelf areas including the Tethys (e.g.,
Bolle et al., 2000; Speijer and Wagner, 2002; Gavrilov et
al., 2003), Pacific (John et al., 2008), Arctic (Sluijs et al.,
2008b), and Atlantic (see overview in John et al., 2008). Or-
ganic carbon burial in marine sediments strongly depends
on the supply of sediments (Berner, 1982), so, along with
P regeneration, the increase in siliciclastic sediment sup-
ply to many shelf areas (Fig. 6) most likely promoted or-
ganic carbon burial. Moreover, as sea level rise enlarged the
size of the submerged shelves the carbon burial potential in-
creased even further. Even though no climate cooling or re-
covery of global exogenicδ13C occurred during this time in-
terval, likely due to continued injection of13C-depleted car-
bon (Zeebe et al., 2009), shelves may have represented a sig-
nificantly enhanced sink of organic carbon during the PETM.

The evolution of ocean oxygen concentrations through
the PETM has direct relevance for our understanding of the
modern and future ocean. We suggest that the widespread
anoxia during the PETM significantly affected nutrient cy-
cles, which in turn acted as an important driver of increased
marginal marine productivity and carbon burial. This ex-
plains the observed biotic fluctuations, as deduced from as-
semblages of benthic foraminifers, calcareous nannofossils
and dinoflagellate cysts (Sluijs et al., 2007a; Thomas, 2007;
Sluijs et al., 2009; Gibbs et al., 2012). The next challenge
is to further quantify the changes in nutrient budgets and
oxygen concentrations. This knowledge will help to improve
mid- to long-term projections of anthropogenic impacts and
the resulting transition towards a warmer, high-CO2, and
low-oxygen ocean.

The Supplement related to this article is available online
at doi:10.5194/cp-10-1421-2014-supplement.
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