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Abstract. The Paleocene–Eocene Thermal Maximum
(PETM) represents the most pronounced hyperthermal of
the Cenozoic era and is hypothesized to have resulted in an
intensification of the paleohydrologic cycle, including en-
hanced seasonality and increased sediment discharge to the
coastal ocean. Although the PETM has been widely docu-
mented, there are few records from deposits that form the
distal, deepwater components of large sediment-routing sys-
tems. This study presents new constraints on the stratigraphic
placement of the PETM in the deepwater Gulf of Mexico
basin through analysis of geochemical, carbon isotopic, and
biostratigraphic data within a ∼ 124 m cored interval of the
Wilcox Group. Biostratigraphic and carbon isotopic data in-
dicate that the PETM extends over∼ 13 m based on acmes in
the dinoflagellate Apectodinium homomorphum and calcare-
ous nannoplankton Rhomboaster cuspis as well as a∼−2 ‰
shift in bulk organic δ13C values. A decrease in bioturbation
and benthic foraminifera suggests that a reduction in oxygen
of Gulf of Mexico bottom waters and/or an increase in sedi-
mentation rates were coincident with the onset of the PETM.
A ∼ 2 m lag in the depositional record separates the onset of
the PETM negative carbon isotope excursion (CIE) and de-
position of a 5.7 m thick interval of organic-lean claystone
and marlstone that reflects a shut-off of the supply of sand,
silt, and terrestrial palynomorphs to the basin.

We interpret deposits of the PETM in the deepwater Gulf
of Mexico to reflect the combined effects of increased ero-
sional denudation and rising sea level that resulted in seques-

tration of sand and silt near the coastline but that allowed
delivery of terrigenous mud to the deep sea. The similar-
ity of oceanographic changes observed in the Gulf of Mex-
ico and Atlantic Ocean during the PETM supports the in-
ference that these water masses were connected during lat-
est Paleocene–earliest Eocene times. Although deposition of
typical Wilcox Group facies resumed during and after the
PETM recovery, an increased influx of terrestrial detritus
(i.e., pollen, spores, terrestrial organic debris) relative to ma-
rine dinoflagellates is suggestive of long-lasting effects of the
PETM. This study illustrates the profound and prolonged ef-
fects of climatic warming on even the most distal reaches of
large (≥ 1× 106 km2) sediment-routing systems.

1 Introduction

The ∼ 56 Ma Paleocene–Eocene Thermal Maximum
(PETM) represents the most pronounced episode of global
warming of the Cenozoic era, with surface temperatures
increasing 5–9 ◦C in likely just a few thousand years (Foster
et al., 2018; Turner, 2018). Although proxy data suggest
a complex and nonuniform climatic response globally,
numerous studies have shown that the PETM was associated
with profound changes to Earth’s hydrologic and sediment-
routing systems, including enhanced precipitation and
seasonality as well as an associated increase in the caliber
and quantity of terrestrial sediment discharged to the coastal
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ocean (Carmichael et al., 2017, and references within). The
PETM is also associated with changes in the global ocean
that include rising sea level (Sluijs et al., 2008b), decreasing
seafloor oxygen (particularly on continental shelves and
slopes; Carmichael et al., 2017), acidification (Penman et
al., 2014; Gutjahr et al., 2017), and major ecological shifts
(Aubry, 1998; Sluijs et al., 2008a; Carmichael et al., 2017).
The PETM likely represents the closest deep-time analog to
ongoing and future anthropogenic climate changes (Zeebe
and Zachos, 2013; Foster et al., 2018), prompting extensive
study since its discovery (Kennett and Stott, 1991).

The global extent, rapid onset, and magnitude of the
PETM make this hyperthermal a particularly useful natu-
ral case study to examine how changing climatic boundary
conditions cause measurable changes in sedimentary param-
eters through time (i.e., environmental signals; Tofelde et
al., 2021) within sediment-routing systems. Past research has
demonstrated multiple PETM-related signals, including in-
creased rates of siliciclastic sediment production, transport,
and deposition (Giusberti et al., 2007; John et al., 2008; Fore-
man et al., 2012; Pujalte et al., 2015, 2016); changing sedi-
ment mineralogy, including an increase in kaolinite content
(Schmitz and Pujalte, 2003; John et al., 2012); and an in-
crease in chemical weathering as inferred from bulk sediment
and isotopic weathering proxies (Ravizza et al., 2001; Wiec-
zorek et al., 2013).

Although numerous PETM localities have been identified
in terrestrial and marine settings, there is a notable lack of
documented localities within the distal, deepwater portions
of large sediment-routing systems (Fig. 1; McInerney and
Wing, 2011; Carmichael et al., 2017). Ocean drilling pro-
grams have identified multiple non-terrigenous, open-ocean
PETM sections with carbon isotope excursion (CIE) thick-
nesses that range from ∼ 0.1–2.5 m but have not yet tar-
geted the PETM within the thick, often sand-rich deposits
associated with deep-sea fans (Fig. 1; Table S1). Past re-
search has suggested that large sediment-routing systems are
likely to buffer pulses of sediment flux if forcing periodic-
ity is less than the timescales over which the upstream river
system adjusts to changes in boundary conditions (Paola,
1992; Castelltort and van der Dressche, 2003; Jerolmack
and Paola, 2010). For example, Armitage et al. (2013) con-
ducted a numerical experiment that predicted Milankovitch-
period cyclicity (20–400 kyr) to be dampened in most of the
world’s largest rivers, which have equilibrium timescales on
the order of 104–106 years (Castelltort and van der Dress-
che, 2003). However, several field studies have demonstrated
transmission of climate-driven signals within large deep-sea
fans, including changing sediment provenance and sediment
flux (Goodbred, 2003; Hessler et al., 2018; Mason et al.,
2019; Sømme et al., 2023; Vimpere et al., 2023). Tofelde
et al. (2021) suggested that this apparent contradiction may
be related to differences in what is meant by a “signal” and
the fact that a measurable change in each signal may oc-
cur well before the upstream landscape equilibrates. Regard-

less, identification of the PETM within a large deep-sea fan
would likely provide a valuable, integrated perspective on the
sediment-routing system response to abrupt climate-related
changes.

This study documents the character of the ∼ 200 kyr
PETM (Westerhold et al., 2018) within deep-sea fan deposits
of the Gulf of Mexico (GOM) to clarify the extent to which
climate-derived signals are transmitted and/or buffered from
source to sink and elucidate the effects of the PETM on the
Gulf of Mexico and upstream terrestrial environments. We
present an analysis of ∼ 124 m of drill core from the An-
chor 3 well that is located within the Green Canyon pro-
traction area of the GOM basin (Fig. 2; Zarra et al., 2019).
The study area is positioned on the distal fringe of a Paleo-
gene continental-scale sediment-routing system that drained
∼ 1–3× 106 km2 of central North America, including well-
studied PETM localities within Laramide continental fore-
land basins (e.g., the Bighorn and Piceance Creek basins)
(Fig. 2; Wing et al., 2003; Galloway et al., 2011; Foreman
et al., 2012; Sharman et al., 2017; Zhang et al., 2018). Cun-
ningham et al. (2022) recently reviewed publicly available
biostratigraphic and geochemical data from GOM wells, pri-
marily from ditch-cutting samples, and inferred the PETM to
range in thickness from 8–222 m. Biostratigraphic and car-
bon isotopic data from ditch-cutting samples from the Logan-
1 well, positioned∼ 150 km to the south of Anchor 3 (Fig. 2),
indicate a ∼ 195 m PETM CIE with a portion of the main
body of the CIE correlating with the regionally extensive
Yoakum shale (Vimpere et al., 2023).

This study aims to determine the lithologic, bio-
geochemical, and oceanographic effects of the PETM within
the GOM and Wilcox deep-sea fan system by (1) constrain-
ing the stratigraphic position of the PETM through integra-
tion of bulk organic carbon isotopic and biostratigraphic data,
(2) evaluating changes in sediment lithology and major ele-
ment geochemistry with respect to the timing of the PETM
onset, and (3) briefly outlining several geographically and
temporally provincial biostratigraphic events that assist in
defining the CIE in time. We illustrate how the combined in-
fluences of increasing terrigenous sediment supply and rising
sea level shape the lithologic and geochemical manifestation
of the PETM within the Wilcox deep-sea fan system.

2 Geologic background

The Paleocene–Eocene Wilcox Group comprises an expan-
sive set of fluvio-deltaic, shelf, slope, and deepwater de-
positional sequences within the central and western GOM
basin (e.g., Fisher and McGowen, 1967; Edwards, 1981; Gal-
loway et al., 1991a, 2000; Xue and Galloway, 1993, 1995;
Xue, 1997; Zarra, 2007). Derived primarily from the Cen-
tral and North American Cordillera, these strata contain a
10 Myr record of Laramide orogenic onset and evolution,
continental-scale drainage network reorganization, and de-
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Figure 1. Compilation of PETM localities by dominant sediment source type (terrigenous vs. non-terrigenous) and thickness of the PETM
CIE. Numbers correspond to site ID (Table S1). Symbols are plotted in order of CIE thickness such that thicker PETM sections plot on top
of thinner ones. CIE thicknesses for Gulf of Mexico sections other than the Logan-1 and Anchor 3 wells are based on biostratigraphic data
(Cunningham et al., 2022). The global paleogeographic reconstruction is after Scotese (2016).

position of derivative clastic sediment within the GOM basin
(e.g., Winker, 1982, 1984; Galloway, 1987, 2008; Galloway
et al., 2011). Wilcox Group sediments were delivered to
GOM fluvial–deltaic outfall points by drainage systems that
operated on multiple scales and reorganized through time
(Galloway et al., 2000, 2011, and references therein). With
drainage basin scales likely > 1× 106 km2, Wilcox fluvial
systems drained a sizable portion of the North American
midcontinent (Sweet and Blum, 2011) and contributed sed-
iment to an immense depositional extent of deepwater tur-
bidites∼ 100 000 km2 in total area (Meyer et al., 2007). Age-
equivalent strata extend far into the hinterland where PETM
sections are recognized in several Laramide basins (Dickin-
son et al., 1988; Wing et al., 2003; Bowen and Bowen, 2008;
Lawton, 2008; Foreman et al., 2012; Galloway et al., 2011;
Kraus et al., 2015; Dechesne et al., 2020). The deepwater
Wilcox Group thus represents the terminus of a continental-
scale sediment-routing system with a total fluvial catchment
area that was likely comparable to that of the modern-day
Mississippi River (Galloway et al., 2011; Blum et al., 2017;
Sharman et al., 2017).

Development of the proto-GOM basin began in Triassic–
Early Jurassic times with crustal extension and terrigenous
sedimentation across a wide zone of continental crust exten-
sion before the modern-day Yucatán Peninsula rifted from
the rest of Laurentia during a relatively brief period (ca. 166–

142 Ma) during the breakup of Pangea (Pindell, 1985; Sal-
vador, 1987, 1991; Buffler and Thomas, 1994; Bird, 2005;
Stern and Dickinson, 2010; Minguez et al., 2020; Pindell
et al., 2021). From that time onward, the basin captured a
nearly continuous depositional record of local and supra-
regional tectono-sedimentary events and changing continen-
tal landscapes (Galloway, 2008, and references therein). The
cessation of oceanic spreading, initiation of rift flank ther-
mal subsidence, and relative dearth of siliciclastic influx dur-
ing Early Cretaceous times allowed a broad coastal plain
and widespread marine carbonate platforms to develop along
portions of the North American rift flank (Galloway, 2008).
Through most of Cretaceous times, the GOM basin remained
relatively underfilled with its margin dominated by exten-
sive carbonate platform and reef accumulations; thin clastic
wedges of terrigenous sediment were delivered to the margin
via small fluvial catchments that drained rift basin-proximal
highlands (Loucks et al., 2017; Galloway, 2008; Snedden et
al., 2016a, b, 2022).

The onset and evolution of the Laramide Orogeny dur-
ing Late Cretaceous and Paleogene times affected the North
American midcontinent tectonically, stratigraphically, and
climatically (Dickinson et al., 1988; Feng et al., 1994; Sewall
and Sloan, 2006; Copeland et al., 2017; Yonkee and Weil,
2015; Bush et al., 2016) by creating significant hinterland re-
lief and initiating continental-scale drainage reorganization
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Figure 2. Generalized paleogeography of central North America during Paleocene–Eocene times (modified from Zarra, 2007; Galloway et
al., 2011; Sharman et al., 2017; Cunningham et al., 2022). Numbers correspond to PETM localities (Table S1).

as catchments across the United States and northern Mex-
ico were redirected into the GOM basin (Blum and Pecha,
2014; Lawton et al., 2015; Sharman et al., 2017). Wide
basin shelves typically exert a strong control on deepwater
sediment budgets by leaving them susceptible to climate-
driven sea-level fluctuations (e.g., Sweet and Blum, 2016),
but unprecedented high sediment flux from Laramide hin-
terland relief generation and catchment enlargement during
Paleogene greenhouse conditions overwhelmed typical eu-
static and margin architectural controls (Carvajal and Steel,
2006; Carvajal et al., 2009) to carve several large submarine
canyon systems (Hoyt, 1959; Galloway et al., 1991b; Gal-
loway, 2007; McDonnell et al., 2008; Brown and Loucks,
2009; Sweet and Blum, 2011; Cornish, 2011, 2019) that re-
ceived and channeled a continuous stream of sand-rich sili-
ciclastic sediment from alluvial–deltaic systems to deep-sea
fans more than 500 km basinward (Galloway et al., 2000,
2011; Meyer et al., 2007; Zarra, 2007; Blum and Pecha,
2014).

As such, researchers used these observed differences to
develop a set of stratigraphic nomenclatures tied to lithos-
tratigraphic packages, seismic sequences, and sediment flux

rates (e.g., lower, middle, upper; Galloway et al., 2000) that
are useful for source-to-sink system analysis (Snedden et al.,
2018; Zhang et al., 2018). Chronostratigraphic frameworks
were first developed with inclusion of data from deepwater
environs (Zarra, 2007; Zarra et al., 2013), and subsequent re-
finements to biostratigraphic zonation and correlation with
absolute age constraints from numerous onshore and off-
shore well data have led to a generally accepted age range for
Wilcox Group deposition of 61.5–51.1 Ma, spanning nanno-
fossil biozones NP5 to NP12 with the PETM located near the
NP9–NP10 boundary (Zarra et al., 2019).

The Anchor 3 well was drilled in 1443 m of water and
reached a total measured depth of 10 370 m within the Mid-
way shale that underlies the ∼ 830 m thick Wilcox Group
(Fig. 3). This study focuses on the description of 124 m of
drill core that spans the Paleocene–Eocene boundary, as orig-
inally described by Zarra et al. (2019) (Fig. 3). Bedding dips
in the interval of core under study are generally less than
10◦. Deposition of Wilcox Group turbidites at the Anchor 3
well site during late Paleocene to early Eocene times is esti-
mated to have occurred within the lower portion of the upper
bathyal to lower bathyal zone (500 to 2000 m) of the con-
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Figure 3. Gamma ray log, total counts of Apectodinium, and relative abundance of continental palynomorphs in the Anchor 3 well. Units
of the Wilcox Group are from Zarra et al. (2019). Nannoplankton (NP) zones are from this study. An increase in continental palynomorphs
(continental spores and pollen grains) relative to marine palynomorphs (dinocysts and acritarchs) may be used to infer changes in terrestrial
input into the basin relative to marine productivity. The horizontal gray bar indicates the PETM negative carbon isotope excursion (Fig. 4).
Circles indicate core samples, and squares indicate cutting samples. Data are available in Sharman et al. (2022).

tinental margin based on benthic foraminiferal assemblages
and other considerations (see Sect. 5.3).

3 Methods

This study integrates biostratigraphic analysis of both core
and ditch-cutting samples across the entire Wilcox Group
(Fig. 3) with focused sampling of core from 31 444 to
31 852 ft (9584.1 to 9708.5 m) for lithologic, C-isotopic, and
major elemental geochemical characterization (Figs. 4 and
5). All sample depths are reported as measured depth in feet,
with cutting samples demarcated as a depth range (top to
bottom of the cutting interval). In addition, we assembled
an analog database of geologic attributes from global PETM
localities (Table S1) to allow comparison with our results.
Sample collection and analytical methods are outlined below.

3.1 Biostratigraphic processing and analyses

Cutting samples were collected during well-site operations
at an average interval of 10 to 30 ft (∼ 3 to ∼ 9 m) for ini-
tial biostratigraphic interpretation, and post-well work on the
core involved the selection of 20 core plugs. In each case,
shale and silt-rich intervals were targeted for analysis, ex-
pecting optimum fossil recovery. Cuttings and core plugs
were processed and analyzed for foraminifera, nannofossils,
and palynology. Biostratigraphic events and zones were se-
lected for sampling based on the presence of both marine fos-
sils and terrestrially derived palynomorphs using range and
event stratigraphy as well as quantitative assemblage patterns
of various taxonomic groups. Microfossil data were incorpo-
rated into the overall biostratigraphic scheme and are avail-
able in Sharman et al. (2022).
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Smear slides were prepared for calcareous nannofossil
analysis by Ellington and Associates in accordance with stan-
dard smear slide settling techniques (Watkins and Bergen,
2003) and examined at 30 ft (∼ 9 m) resolution through the
interval of interest. Core plugs were selected in collabora-
tion with palynological and micro- and nannofossil criteria
and analyzed in parallel with the cuttings. Nannofossil analy-
sis was performed using an Olympus BX41 light microscope
at 63×–100× magnification using 10× oculars, 1× optovar,
and optical immersion oil. Counts were made from three full
transects of each slide.

Foraminifera were prepared from 20 core samples us-
ing routine preparation techniques for mildly indurated sedi-
ments. Approximately 100 g of sediment was soaked in water
for 24 h to soften and disaggregate the material. The samples
were then wet-sieved over a 63 µm mesh and dried in an oven
at 60 ◦C. Residues were then separated into three size frac-
tions (63–180, 180–250, and>250 µm) to facilitate examina-
tion. Because diversity and abundances of foraminifera were
low, we made absolute counts of the entire sample. Radiolar-
ian abundance counts are relative estimates.

Cuttings and core material were processed for palynolog-
ical analysis using the standard palynological preparation
technique applied for dinocysts as well as pollen and spore
analyses. This procedure involved the removal of all mineral
material using hydrochloric acid followed by hydrofluoric
acid. The resultant residues were sieved with 20 and 10 µm
meshes and mounted on three slides per sample, consisting of
a dual coverslip for the 10–20 and >20 µm size fractions, a
>10 µm composite, and an unsieved kerogen slide. Wherever
possible, the >10 µm slide was examined for a total com-
bined count of 200 pollen grains, spores, and dinocysts un-
der 400× magnification. The individual size fractions (10–
20 µm and >20 µm) were then examined for rare (<1 % of
total abundance) palynomorphs that were subsequently in-
cluded in the overall count and provided a further constraint
on age.

The ratio of continental to marine palynomorphs
is calculated as C /M= nC / (nC+ nM), where nC
is the number of counts of continental palynomorphs
(pollen+ spores+ freshwater algae) and nM is the num-
ber of counts of marine palynomorphs (dinocysts and
acritarchs). The C /M ratio plotted alongside the relative
abundances of palynomorph species is applied as a proxy
to understand terrestrial influence and sea-level fluctuations
(e.g., Versteegh, 1994; Tyson, 1995). Kerogen slides were
scanned and examined to further assess the type and quality
of organic material in the palynology preps.

3.2 Lithologic and geochemical characterization

A total of 252 core plug samples were collected over an in-
terval of 124.3 m that spans the Paleocene–Eocene bound-
ary based on biostratigraphic constraints (Fig. 3). Sample
locations were selected using core photographs, with fine-

grained intervals sampled more densely (∼ 0.3 m per sam-
ple) than those dominated by siltstone and sandstone (∼ 0.6
to 1.0 m per sample). A qualitative description of each sam-
ple was created using a stereo microscope and grain size card
to assess grain size, bedding features, and other notable fea-
tures. Although physical access to the core was not possible
due to Covid-19-related travel restrictions, sample descrip-
tions were integrated with high-resolution core photographs
(∼ 0.33 mm pixel dimensions) to define lithofacies using the
approach of Lowe and Gosh (2004). Core photographs were
visually characterized for the degree of bioturbation using the
semi-quantitative approach of Droser and Bottjer (1986).

Each core plug sample was screened for major and trace
element concentration using an Olympus Vanta M Series
portable X-ray fluorescence (pXRF) device. A glass standard
and soil standard (Montana SRM 2711a) were analyzed at
the beginning and end of each session to ensure that the in-
strument was operating within expected parameters. Every
10th core plug was analyzed in triplicate, and 26 samples
were reanalyzed in a different session to assess variability
in results across subsequent analytical sessions. Of the 252
samples, 121 samples that exhibited lithologic and geochem-
ical uniformity were selected for further geochemical charac-
terization via ore-grade laboratory analysis of major element
oxide abundance (XRF) and major and trace element con-
centration (ICE-AES and ICP-MS) using SGS minerals. Fi-
nally, 25 samples were analyzed by X-ray diffraction (XRD)
for a qualitative assessment of mineralogy using an Olym-
pus Terra Portable XRD/XRF system (Fig. S1). Lithologic
descriptions and geochemical data are provided in Sharman
et al. (2022).

The chemical index of alteration (CIA; Nesbit and Young,
1982) was calculated following McLennan (1993) based on
molar proportions of major element oxides of Al, Ca, Na, and
K.

CIA=
(

Al2O3

Al2O3+CaO∗+Na2O+K2O

)
× 100 (1)

Because CaO content may be influenced by Ca in carbon-
ates and phosphates, we applied a correction to estimate CaO
contributions from silicate minerals alone, CaO∗, following
the approach of McLennan (1993). First, CaO contributions
were corrected by assuming that P2O5 is from apatite, which
contributes CaO at a molar ratio of 10 : 3 relative to P2O5.
The value of P2O5-corrected moles of CaO was used if it was
less than the number of moles of Na2O; otherwise, the value
of Na2O was adopted as CaO∗ (McLennan, 1993). Finally,
CIA values were discarded from samples that displayed evi-
dence of carbonate cementation, including anomalously high
CaO, visual observations of cementation, and XRD data.

Clim. Past, 19, 1743–1775, 2023 https://doi.org/10.5194/cp-19-1743-2023



G. R. Sharman et al.: Carbon isotope chemostratigraphy, geochemistry, and biostratigraphy 1749

3.3 Carbon isotope chemostratigraphy

A total of 157 fine-grained (shale) samples were selected out
of the total 252 core plugs for isotopic analysis of bulk or-
ganic carbon. A handheld Dremel with a diamond bit was
used to sample approximately 0.5–1.0 g of material, with the
outermost material discarded to avoid surface contamination.
Samples were prepared using a modification of the method
used by Suarez et al. (2013). To obtain δ13Corg, samples were
first dried. If the Dremel did not completely powder the sam-
ple, the sample was crushed into a fine powder with a mortar
and pestle. Inorganic carbon in the form of carbonate was
removed via decarbonation; 10 mL of 3M HCl was added to
∼ 0.5–1.0 g of sample and reacted for∼ 2–4 h or until the re-
action went to completion. Samples were then rinsed to neu-
trality with deionized water, dried, and crushed (Suarez et al.,
2013).

Because the core samples are from a petroleum field, mi-
grated hydrocarbon was removed via solvent extraction be-
fore isotopic analysis (e.g., Sharman et al., 2023; Vimpere et
al., 2023). Samples were prepared for hydrocarbon extrac-
tion by transferring the dried and crushed decarbonated sam-
ple to MarsXpress vessels where 10 mL of hexane (C6H14)
and 10 mL of acetone (C3H60) were added directly to the
sample in the vessel (Hasty and Revesz, 1995). The vessel
plug and cap were then placed on the opening of the vessel
and torqued to seal tightly. The vessels were placed within
the sleeves of the main vessel turntable, distributed evenly
in the compartment, and loaded into the CEM MarsXpress
microwave-accelerated reaction digestion oven. The samples
were heated using the ramp-to-temperature control style at a
power level of 800 ramping up to 150 ◦C over 15 min and
holding at 150 ◦C for an additional 15 min. After the mi-
crowave completed the 30 min total run time plus approx-
imately 5 min of cooldown time, the samples were poured
from the Xpress vessels into 12 mL solid-phase extraction
columns with glass microfiber filters placed at the bottom of
the tube and attached to a solid-phase extraction manifold.
The samples were rinsed with additional acetone to maxi-
mize the return of the solid sample and ensure the complete
rinse of hexane and associated hydrocarbons from the sam-
ple. The vacuum pulled the liquids out of the sample, leav-
ing a small puck that was transferred to a 1-dram vial to be
prepared for carbon isotopic analysis. Testing of the proce-
dure on standards spiked with two-stroke motor oil indicated
a ∼ 99.998 % efficiency in oil extraction (Table S2). Only
sandstone samples displayed a significant proportion of ex-
tractable organic material (i.e., migrated hydrocarbon), with
shale samples lacking a notable decrease in organic carbon
after solvent extraction (Table S3). We attribute this differ-
ence to migrated hydrocarbon primarily being stored within
sandstone-hosted porosity, with comparably less petroleum
contamination in the fine-grained samples targeted for iso-
topic analysis.

Following the hydrocarbon extraction process, ∼ 0.5 g of
crushed sample was weighed into tin capsules using a Met-
tler Toledo DeltaRange microbalance with an accuracy of
±0.002 mg for analysis on a ThermoFinnigan Delta Advan-
tage isotope ratio mass spectrometer (IRMS) via combus-
tion in an elemental analyzer at the University of Arkansas
Stable Isotope Laboratory. Values of δ13Corg are recorded
in per mil (‰) relative to VPDB (Vienna Pee Dee Belem-
nite) and are calculated with the use of laboratory stan-
dards. Instrument stability, accuracy, and precision are also
monitored via standard analysis. Results from the IRMS
were calibrated using the following internal and international
standards: corn maize (−11.33±0.11 ‰, actual −11.32 ‰),
White River trout (−26.60±0.15 ‰, actual−26.63 ‰), ben-
zoic acid (−27.84± 0.04 ‰, actual −27.64 ‰), and ANU
sucrose (−10.46± 0.05 ‰, actual −10.4 ‰). Total organic
carbon (TOC) values within the decarbonated samples were
calculated using sandy soil (−25.95±0.49 ‰, %C= 0.83±
0.07) following the methods of Suarez et al. (2013) and do
not include organic carbon removed by the solvent extraction
process. Carbon isotope data may be accessed via Sharman
et al. (2022).

3.4 Compilation of PETM sections

To place the Anchor 3 core in context with other PETM sec-
tions globally, we compiled a list of PETM sections using ex-
isting compilations as a starting point (Table S1; McInerney
and Wing, 2001; Carmichael et al., 2017). The thickness of
the PETM CIE was measured, where available. Each locality
was assigned a depositional setting classification (fluvial, la-
custrine, coastal, inner–middle shelf, outer shelf to slope, or
deep marine); the pre-PETM depositional setting was used if
a change in depositional setting occurred during the PETM
(e.g., Pujalte et al., 2016). PETM sections were further clas-
sified as terrigenous if pre-PETM lithologies are dominated
by siliciclastic lithologies (e.g., sandstone, siltstone, clay-
rich mudstone) or non-terrigenous if pre-CIE lithologies are
dominated by non-siliciclastic, typically biogenic lithologies
(e.g., limestone, marl, chalk, pelagic ooze) that reflect starva-
tion of clastic sediment. Lithology change during the PETM
was recorded and classified as a grain size increase or de-
crease (terrigenous localities) or as an increase or decrease
in terrestrial sediment relative to carbonate or biogenic sed-
iment (non-terrigenous localities). Paleogeographic coordi-
nates were reconstructed using the PALEOMAP PaleoAtlas
for GPlates (Scotese, 2016).

4 Results

4.1 Carbon isotope chemostratigraphy

A total of 183 measurements of δ13Corg were collected from
156 depth intervals (Fig. 4). Values of 13Corg display rel-
atively little variation (−24.8 ‰ to −26.4 ‰; average of

https://doi.org/10.5194/cp-19-1743-2023 Clim. Past, 19, 1743–1775, 2023



1750 G. R. Sharman et al.: Carbon isotope chemostratigraphy, geochemistry, and biostratigraphy

Figure 4. Summary of C-isotopic and biostratigraphic results (data available in Sharman et al., 2022). Solid lines in δ13Corg and %Corg plots
indicate a three-point running average. Palynomorph C /M ratio is expressed as nC / (nC+ nM), where nC is the number of continental
palynomorph specimens counted (continental spores+ pollen grains) and nM is the number of marine palynomorph specimens counted
(marine dinocysts+ acritarchs). Only core samples are shown for Bathysiphon spp. and radiolarian counts due to poor preservation in cutting
samples. The main and recovery phases of the CIE are shown by dark and light gray shading, respectively. Core samples are shown as circles,
and cutting samples are shown as squares with the midpoint of the cutting depth range shown.

−25.6 ‰) in the lower 66 m of the studied interval (sam-
ples 249 through 129), with an average TOC value of 1.18 %.
A negative carbon isotope excursion (CIE) occurs between
sample 130 (−25.7 ‰) and sample 128 (−27.5 ‰) and ex-
tends upwards for ∼ 13 m, with the lightest δ13Corg values
occurring in the bottom ∼ 7.3 m, herein termed the main
CIE (Fig. 5). In the main CIE, the three-point moving av-
erage of δ13Corg is up to ∼ 2 ‰ lighter than the pre-CIE av-
erage of −25.6 ‰. TOC values decrease rapidly following
the onset of the CIE before reaching consistently low values
(average of 0.17 %) between samples 121 and 104. An in-
terval with δ13Corg values that are intermediate between the
main CIE and pre-CIE values extends upwards for an ad-
ditional ∼ 6 m (samples 102 to 83) with an average value of
−26.2 ‰, herein termed the CIE recovery. TOC is variable in
this interval, with some samples displaying values nearly as
low as in the underlying negative CIE (e.g., average of 0.35 %
from samples 89 to 82), whereas other samples have TOC
more typical of pre-CIE values (average of 1.2 % from sam-
ples 102–90). The upper 41 m of core (samples 82 through 1)
displays relatively consistent δ13Corg values with an average

of −26.1 ‰, approximately 0.5 ‰ lighter than pre-CIE val-
ues (Fig. 4). Seven samples in this interval yielded δ13Corg
less than −26.5 ‰, but these samples, and many others from
the upper 19 m of core, come from intrabasinal mudclasts
(Figs. 6 and 7). TOC values above the CIE recovery yield an
average of 1.0 %, similar to pre-CIE values (Fig. 4).

4.2 Lithology, lithofacies, and bioturbation

Six lithofacies (LF-1 through LF-6) were defined based on
core sample descriptions and visual interpretation of core
photographs (Table 1; Fig. 6). LF-2 is the most abundant
lithofacies, comprising 46 % of the studied interval, and is
composed of thinly to moderately bedded mudstone and
siltstone, with rare thin beds of lower very fine sandstone
(Figs. 6 and 7; Table 1). LF-2 is distributed below and above
the CIE and within the lowermost∼ 1 m of the main CIE, in-
cluding the onset of the excursion between samples 130 and
128. Mudstone within LF-2 has a median TOC of 0.93 %.
Although carbonaceous (organic) debris is common in LF-
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2, it is more abundant above the CIE than below. The CIE
recovery is exclusively composed of LF-2.

LF-4, moderately to thickly bedded coarse siltstone and
sandstone, is the next most abundant lithofacies (33 % of the
studied interval) and is found exclusively below or above
the CIE except for a 0.4 m interval in the lowermost CIE
(Figs. 6 and 7). LF-4 is typically either massive or planar-
laminated. Below the CIE, LF-4 often overlies LF-2 in crude
coarsening-upwards packages as can be observed on the
gamma ray log. Above the CIE, LF-4 tends to overlie LF-2
across abrupt contacts while displaying fining-upwards pack-
ages. The upper ∼ 19 m of studied core consists of alternat-
ing LF-4 and LF-5 (sand-matrix, mudclast conglomerate),
the latter of which is found nearly exclusively above the CIE
(Fig. 7). The organic content and lithologic character of the
mudclasts are very similar to LF-2.

LF-1 accounts for ∼ 5 % of the total interval studied and
consists of claystone and marlstone, with subordinate in-
terbedded siltstone and rare very fine sandstone (Figs. 6 and
7). LF-1 is further subdivided into non-calcareous (LF-1a)
and calcareous (LF-1b) subtypes. Both LF-1a and LF-1b are
exclusively found within the main CIE and constitute the ma-
jority (∼ 77 %) of this interval. LF-1 is anomalous relative to
other lithofacies in its (1) abundance of clay and correspond-
ing lack of silt and sand, (2) low organic carbon content (me-
dian of 0.15 % to 0.17 % for LF-1a and LF-1b, respectively),
and (3) associated lack of carbonaceous (organic) debris. LF-
1b is the only lithofacies in the described interval to have a
significant component of calcite, which is manifested as in-
creased CaO abundance (Fig. 7).

LF-3 comprises thinly to moderately bedded siltstone and
sandstone that is pervasively current-structured, often with
ripple cross-lamination (Fig. 6). LF-3 occurs in isolated in-
tervals typically associated with either LF-2 or LF-4 and ac-
counts for ∼ 5 % of the studied section. A thin interval of
LF-3 (∼ 0.3 m) occurs immediately below LF-1a within the
base of the main CIE (Fig. 7).

LF-6, with chaotically bedded units, is the least abundant
lithofacies and only occurs in three discrete intervals that
range in thickness from 0.4 to 1.4 m (Figs. 6 and 7). LF-6
is dominantly composed of deformed mudstone clasts within
a mudstone matrix, with lower amounts of deformed sand-
stone clasts and sand grains within a mudstone matrix.

4.3 Bioturbation

Although the bioturbation index ranges from 1 to 4 (Fig. 8),
most of the studied interval was assigned an index of either
1 or 2 (Fig. 7). Bioturbation is more common in LF-2 and
LF-3 and is less common in LF-4, LF-5, and LF-6. There
is a notable lack of bioturbation in the lower ∼ 2.4 m of the
main CIE, despite favorable lithologies (LF-2, LF-3, and LF-
1a). The bioturbation index then increases upwards within
the main CIE to maximum values within LF-1b and remains
high in the CIE recovery section (Fig. 7).

4.4 Biostratigraphic framework

Biostratigraphic analysis on well cuttings provided the ini-
tial chronostratigraphic framework utilizing calcareous nan-
nofossil, foraminiferal, and palynological events to constrain
the studied well interval to early Paleocene (Danian) to early
Eocene (Ypresian) times with the cored interval represent-
ing late Paleocene (Thanetian) to earliest Eocene (Ypresian)
times: more precisely, NP8 to NP10 nannofossil zones (Zarra
et al., 2019) (Fig. 3). Biostratigraphic events are represented
by the highest occurrence (top), lowest occurrence (base),
and high taxon abundances (common or acme events). Sig-
nificant events documented in the core and the cuttings are
listed in Table 2. Note that fossil abundance varied between
cutting and core samples, lithologies, and disciplines.

4.4.1 Nannofossils

Calcareous nannofossil assemblages are characterized by rel-
atively low abundances in late Paleocene times, with an in-
crease in abundance across the Paleocene–Eocene bound-
ary and into the Eocene (Fig. 4). The CIE section is char-
acterized by higher abundances and more diverse assem-
blages, including excursion taxa which are discussed below.
Despite the low-abundance sections, the major nannofos-
sil markers were in stratigraphic order and integrated with
palynological, foraminiferal, and overall assemblage data
to yield a robust biostratigraphic sequence (Fig. 4). Fasci-
culithus involutus and Fasciculithus tympaniformis (31 570–
31 600 ft) are consistently present during the negative CIE
with tops slightly younger than the recovery interval, indi-
cating lowermost NP10 to uppermost NP9. Zone NP9 in-
cludes the CIE and is bracketed by tops Discoaster diasty-
pus and Rhomboaster cuspis (31 570–31 600 ft), an acme of
Fasciculithus tympaniformis (31 603.35 ft), a single occur-
rence of Discoaster araneus (31 660–31 690 ft), and top R.
cuspis (31 730–31 760 ft). Although nannofossils are sparse
in pre-CIE sections, several events within the core define the
basal section of zone NP9, including top Discoaster multira-
diatus (common) and top Helicosphaera kleinpelli and Heli-
cosphaera riedelii (32 340–32 370 ft).

4.4.2 Foraminifera

Planktonic foraminifera are rare in the studied core and cut-
ting samples. A cutting sample from 31 570–31 600 ft con-
tains a single specimen of Subbotina velascoensis, the high-
est occurrence of which indicates the lower part of zone
E1 (Ypresian). A core sample at 32 233.25 ft contains sin-
gle specimens of Globanomalina pseudomenardii, Moro-
zovella angulata, and Morozovella conicotruncata, plus sev-
eral specimens of Igorina pusilla and Subbotina triloculi-
noides. The overlapping ranges of these taxa indicate zone
P4b (Thanetian) as defined by Berggren and Pearson (2005,
2006) and Zarra et al. (2019). Two arenaceous events are
noteworthy: the first downhole occurrences of abundant
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Table 1. Description of lithofacies. N/a: not applicable.

Lithofacies Subtype Grain size Percent organic,
carbon median
(interquartile
range)

Bedding character, sedimentary
structures, bioturbation, and other
notable features

Stratigraphic position
relative to CIE

LF-1: organic-lean
claystone and marl-
stone with subor-
dinate interbedded
siltstone and rare
sandstone

LF-1a
(non-
calcareous)

Dominantly claystone
with interbedded fine
siltstone and rare lower
very fine sandstone

0.15 % (0.14 %–
0.18 %), N = 11
analyses

Finely laminated to locally mas-
sive bedding; dominantly fissile,
but locally indurated; noticeable
lack of large (>1 cm) burrows, but
some intervals appear to have con-
centrations of small (millimeter
scale), horizontal burrows

Exclusively found within
the lower main CIE

LF-1b
(calcareous)

Calcareous claystone
(marlstone) and mud-
stone

0.17 % (0.14 %–
0.19 %), N = 14
analyses

Finely laminated to massive bed-
ding; dominantly fissile, but lo-
cally indurated; zones of indis-
tinct bedding appear to be biotur-
bated; occasional large (>1 cm)
horizontal burrow in upper por-
tion; distinctively calcareous rela-
tive to LF-1a

Exclusively found within
the upper main CIE

LF-2: thinly to
moderately bedded
mudstone and
siltstone, with
rare thinly bedded
sandstone

n/a Dominantly mudstone,
silty mudstone, muddy
siltstone, and siltstone;
minor (<5 %) lower
very fine sandstone

0.93 % (0.72 %–
1.28 %), N = 125
analyses

Thinly (<10 cm) to moderately
(10–50 cm) bedded; dominantly
indurated, but locally fissile; com-
monly laminated with abundant
ripple cross-laminations in silt-
stone and lower very fine sand-
stone; carbonaceous debris be-
comes common in the upper half
of the core; bioturbation is com-
mon

Found within the lower-
most CIE; common be-
low and above the CIE;
constitutes the entirety of
the CIE recovery

LF-3: thinly to
moderately bedded
siltstone and sand-
stone, with rare
mudstone

n/a Coarse siltstone to up-
per very fine sandstone;
minor (<10 %) mud-
stone

n/a Thinly (<10 cm) to moderately
(10–50 cm) bedded; indurated;
pervasively current-structured,
with abundant ripple cross-
laminations; local soft-sediment
deformation; bioturbation is
present but less common than in
LF-2

Found within the low-
ermost main CIE; also
found locally below and
above the CIE

LF-4: moderately
to thickly bedded
coarse siltstone and
sandstone

n/a Coarse siltstone to
lower very fine sand-
stone

0.74 % (0.72 %–
0.82 %), N = 7
analyses

Moderately (10–50 cm) to thickly
(>50 cm) bedded; indurated; mas-
sive to planar-laminated; gener-
ally well sorted; locally contains
mudstone, becoming gradational
with LF-5; local soft-sediment de-
formation; rare bioturbation

Found within the low-
ermost main CIE; com-
mon below and above the
CIE, including immedi-
ately above the CIE re-
covery

LF-5: sand-matrix,
mudclast conglom-
erate

n/a Mudstone, muddy silt-
stone, and silty mud-
stone clasts within a
matrix of coarse silt-
stone to lower very fine
sandstone

0.95 % (0.79 %–
1.21 %), N = 22
analyses

Moderately (10–50 cm) to thickly
(>50 cm) bedded; indurated; mas-
sive to crudely stratified with
rounded to angular mudclasts;
mudclasts often display laminated
and contorted bedding; rare bio-
turbation

Found exclusively above
the CIE in association
with LF-4

LF-6: chaotically
bedded units, dom-
inantly mudstone

n/a Intermixed silty mud-
stone and muddy silt-
stone with rare coarse
siltstone to lower very
fine sandstone

1.21 % (1.09 %–
1.85 %), N = 4
analyses

Chaotically bedded units up to
1.4 m in thickness; abundant mud-
stone clasts, sometimes folded
and micro-faulted, within a matrix
of mudstone and some intermixed
sand; also includes isolated, de-
formed sandstone beds and clasts

Only found in one occur-
rence below the CIE and
two occurrences above
the CIE
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Figure 5. Summary of lithologic and carbon isotopic results across the Paleocene–Eocene boundary. The dashed and solid black lines in
the sample log represent lower and upper grain sizes present, respectively. Units of the main and recovery phases of the CIE are shown on
the gamma ray log plot and are discussed in the text. Abbreviations: BI – bioturbation index; cl – clay; ms – mudstone; sts – siltstone; ss –
sandstone; lvf – lower very fine; uvf – upper very fine; lf – lower fine; uf – upper fine.

Bathysiphon eocenica at 31 690.7 ft and Rzehakina epigona
at 31 926.4 ft, both of which occur in late Paleocene times at
approximately 56.5 Ma (Table 2).

4.4.3 Palynomorphs

Terrestrial and marine palynomorphs fluctuate throughout
the Paleogene and range from poor to excellent fossil re-
covery and preservation (Fig. 4). Key marker taxa and
events were calibrated with calcareous nannofossil and
foraminiferal events from GTS2016 (Ogg et al., 2016) and
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Figure 6. Representative core photograph and drafted section of each lithofacies (Table 1). Core photographs are shown with plain light on
the left and ultraviolet light on the right. Numbered white circles correspond to sample number. The location of the photograph with respect
to the PETM CIE is identified (see Figs. 4 and 5). White and black scale marks indicate divisions of 0.1 ft (∼ 0.03 m). Abbreviations: cl –
clay; md – mud; s – silt; vf – very fine sand; f – fine sand.

regional GOM events from previous studies (Wing et al.,
2005; Hackworth et al., 2018; Zarra et al., 2019). The occur-
rence of the Apectodinium homomorphum acme event and
rare top Apectodinium augustum at 31 634.75 and 31 600–
31 630 ft, respectively, constrain the PETM interval (Fig. 4).
This event is further constrained, both in cuttings and core,
by the following terrestrial pollen extinction events includ-
ing tops Spinaepollis spinosus (31 581.8 ft), Lanagiopollis
cribellatus (31 570–31 600 ft), Holkopollenites chemarden-
sis (31 600–31 630 ft), and Retitricolpites anguloluminosus
(31 660–31 690 ft).

4.4.4 Best-fit depth–age interpretation (pre- to post-CIE)

The tops of biostratigraphically significant microfauna are
detailed in the preceding paragraphs, but these tops do not
necessarily occur at their first and last appearance datums. A
best-fit line of correlation was made through as many of the
events as possible to determine a preferred age–depth model
for the Anchor 3 well. Table 2 lists the biostratigraphic events

for the cored interval as well as cuttings from the Wilcox
portion of the well. The depths, ages, and event names that
were used in constructing the line of correlation are denoted
with an asterisk. An important distinction in the results be-
low is usage of the phrase “rock accumulation rates” instead
of “linear sedimentation rates”. Rock accumulation rates rep-
resent average rates over a depth interval which may include
condensed or eroded intervals that we are unable to resolve
within the given framework (Carney et al., 1995). In contrast,
linear sedimentation rates are instantaneous rates that are typ-
ically used in decompacted sections and within the context of
shallow, late Pleistocene to Holocene sediment cores where
detailed absolute ages are achievable with the precision of
radiocarbon and radiogenic nuclides (Sadler, 1981).

Rock accumulation rates in the Anchor 3 Wilcox are gen-
erally rapid due to the accumulation of thick, sandy intervals
averaging∼ 0.12 m kyr−1. However, the 66 m interval below
the CIE from the top of H. kleinpellii (31 843.35 ft) to the
onset of the CIE at ∼ 31623 ft shows a lower accumulation
rate of ∼ 0.056 m kyr−1. Rock accumulation rates increase
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Figure 7. Summary of lithologic and geochemical results. Gray arrows next to the gamma ray log indicate interpreted coarsening- and
fining-upwards packages. The dashed and solid black lines in the sample log represent lower and upper grain sizes, respectively. The main
and recovery phases of the CIE are shown by horizontal black lines. Boundaries between Units A–D are shown on the XRF panel. Lags
between the onset of the PETM CIE and the associated lithologic or geochemical change are noted. Samples that display evidence of
carbonate minerals are shown by black X marks and are not included in the average CIA∗ values noted by the vertical dashed black line.
Abbreviations: cl – clay; ms – mudstone; sts – siltstone; ss – sandstone; lvf – lower very fine; uvf – upper very fine; lf – lower fine; uf – upper
fine.

to ∼ 0.065 m kyr−1 from the onset of the CIE through the
recovery phase (Table S4). The 12 m interval above the re-
covery phase, from 31 570 to 31 530 ft (tops Discoaster no-
bilis to Fasciculithus involutus), suggests a return to back-
ground rates of accumulation found in the pre-CIE interval,
or ∼ 0.047 m kyr−1.

4.5 Integrated marine microfossil changes
(nannofossils, palynology, and foraminifera)

Biostratigraphic data from the Anchor 3 core provide evi-
dence of significant faunal changes and can be divided into
three distinctive intervals: pre-, syn-, and post-CIE.

4.5.1 Pre-CIE interval (late Paleocene, Selandian to
Thanetian)

Terrestrial palynomorphs comprise 30 % to 70 % of the pa-
lynomorphs in the pre-CIE interval with brief, periodic in-
creases in marine-dominant excursions (>85 %) and a more
prolonged marine-dominated interval (> 60 % to 80 %) at
around 60 m prior to the main CIE (Fig. 4). Marine dinocysts
were present in most samples, but due to the dilution by
terrigenous material and preservation effects, pre-CIE abun-
dances in some samples are based on relatively low counts
(<50 cysts). Thus, assemblages in these low-abundance sam-
ples should be considered rough estimates. Two notable ma-

https://doi.org/10.5194/cp-19-1743-2023 Clim. Past, 19, 1743–1775, 2023



1756 G. R. Sharman et al.: Carbon isotope chemostratigraphy, geochemistry, and biostratigraphy

Figure 8. Examples of different bioturbation indices in core photographs, with plain light on the left and ultraviolet light on the right.
Bioturbation index values follow Droser and Bottjer (1986). The black-and-white scale bar shows units of 0.1 ft (∼ 0.03 m).

rine dinocyst abundance peaks of nearshore lagoonal and
shelfal taxa occur in cutting samples at 31 790–31 820 ft and
31 820–31 850 ft. These samples are dominated by dinocysts
in the Goniodomideae group (Cordosphaeridium complex,
Operculodinium centrocarpum), the Spiniferites group, and
initial increases and diversification of the Apectodinium com-
plex. These dinocyst peaks are followed by increasing dom-
inance of spores and pollen, particularly increases in fern
spores Cicatricosisporites and Laevigatosporites at 31 660–
31 690 ft and 31 690–31 730 ft cutting intervals, as well as
persistent Pediastrum and Inaperaturopollenites hiatus.

Kerogen preps with a low C /M ratio are abundant in ter-
restrially derived organic matter (OM) consisting of opaque
to dark brown blocky phytoclasts, translucent phytoclasts
(such as trachs and cuticle fragments), and pollen and spores
(Fig. 9a, b). A low-diversity assemblage of arenaceous
foraminifera occurs in samples below the CIE interval and in-
cludes Bathysiphon eocenica (Nothia robusta?), Hormosina
velascoensis, Spiroplectammina spectabilis, and Trocham-
minoides spp. (Trochamminoides variolarius). Other forms
of arborescent foraminifera include delicate fragments of
small, and sometimes “glassy”, forms of Bathysiphon, which
are probably varieties of Nothia excelsa. The assemblage of
foraminifera in this interval, particularly Spiroplectammina
spectabilis, suggests the middle to lower part of the upper
bathyal zone, or in the range from 500 to 700 m water depth
(Van Morkhoven et al., 1986). In general, species attributable
to Nothia are found in assemblages inhabiting water depths
not shallower than the upper bathyal zone (Kaminski et al.,
1996).

Radiolarian shells are present in low numbers (10–50
specimens) in many samples from the >63 µm fractions
throughout the pre-CIE interval, with only one sample at
31 813.25 ft exceeding 10 000 specimens (Fig. 4). Preserva-

tion is poor to moderate with significant recrystallization and
silica infilling of the frustule. Although preservation is poor,
radiolarian shells were still preserved well enough to distin-
guish between the orders Spumellaria and Nassellaria; all as-
semblages are dominated by Spumellaria. In the modern Gulf
of Mexico, significant radiolarian accumulations are found in
sediments deposited on the continental slope (Pflum and Fr-
ericks, 1976).

Nannofossils are very sparse from 32 370–33 660 ft, but
markers can still be found with effort (Fig. 4). The base of
Discoaster multiradiatus is interpreted at 32 233.25 ft, which
is uncharacteristically deeper than the top of Heliolithus
kleinpellii at 31 843.35 ft. The top of Heliolithus riedelii at
32 340–32 370 ft is of significance for designating oil and
gas plays at approximately 57 million years, followed by the
base and top, respectively, of Toweius eminens and a younger
form of Fasciculithus magnicordis in the upper Selandian.
Although F. magnicordis generally occurs within older por-
tions of the section, two variations are noted at shallower
depths with slightly modified morphology of the central body
that distinguish them from the holotypic F. magnicordis.

4.5.2 Syn-CIE and recovery phase (late Paleocene to
earliest Eocene)

The relative abundance of marine dinocysts increases from
27 % to 61 %, with counts of Apectodinium spp. increasing in
relative abundances from 19 % to 39 % (between the cutting
sample at 31 660–31 690 ft and core sample at 31 634.70 ft),
∼ 3.5 m below the onset of the CIE (Fig. 4). The in-
crease in Apectodinium (particularly A. homomorphum) is
immediately followed by two core samples (31 612.1 and
31 603.35 ft) within the main CIE that have low palynomorph
abundances and a dramatic change in kerogen represented
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Table 2. Key biostratigraphic events recorded in GOM Anchor 3 well.

Event Description Depth (ft) Sample Biozone Calibrated age
source (Ma) using

GTS 2012

Morozovella subbotina∗ top – 30 940–30 970 cuttings NP12 50.67

Thomsonipollis magnificus∗ HRO Highest regular occurrence 31 000–31 030 cuttings – –

Discoaster multiradiatus top – 31 030–31 060 cuttings NP10 53.7

Discoaster lenticularis∗ top – 31 030–31 060 cuttings – 54.17

Tribrachiatus contortus top – 31 030–31 060 cuttings – 54.12

Fasciculithus spp. top – 31 500–31 530 cuttings NP10 –

Bathysiphon spp. increase – 31 570–31 600 cuttings – –

Fasciculithus involutus∗ top – 31 530–31 536 cuttings – 55.6

Fasciculithus tympaniformis top – 31 570–31 600 cuttings – 55.5

Discoaster nobilis∗ top – 31 570–31 600 cuttings NP9 55.86

Spinaepollis spinosus top – 31 581.8 core – –

Rhomboaster bramlettei base First common occurrence 31 600–31 630 cuttings NP9 55.9

Apectodinium augustum top – 31 600–31 630 cuttings – –

Peak Rhomboaster cuspis and
Rhombaster spp.

PETM excursion taxa 31 600–31 630 cuttings – –

Apectodinium homomorphum
acme top

Decline in Apectodinium
homorphum acme event,
decrease in overall Apecto-
dinium spp. abundance

31 600–31 630 cuttings – –

Fasciculithus clinatus top 31 603.35 core – 55.86

Radiolarian peak – 31 612.12 core – –

Onset of CIE∗ – 31 623.2 core – 56.01

Apectodinium homomorphum and
Apectodinium spp. acme

Peak Apectodinium spp.
and Apectodinium homor-
phum acme

31 634.7 core – 55.96

Apectodinium augustum base Seen with single Discoaster
araneus

31 660–31 690 cuttings – –

Holkopollenites chemardensis top – 31 660–31 690 cuttings – –

Lanagiopollis lihoka top – 31 681.7 core – –

Heliolithus kleinpellii∗ top – 31 660–31 690
(reworked),
31 843.35

cuttings,
core

NP9 57.21

Eocladopyxis peniculata peak Peak in dinocyst abun-
dance and diversity with
Eocladopyxsis peniculata
and Spiniferites complex

31 813.2 core – –

Discoaster multiradiatus base Lowest common 31 926.4 core NP9/NP8 –

Rzehakina epigona top – 31 926.4 core – ∼ 56.5
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Table 2. Continued.

Event Description Depth (ft) Sample Biozone Calibrated age
source (Ma) using

GTS 2012

Bathysiphon eocenica INCR – 31 960.7 core – ∼ 56.5

Insulapollenites rugulatus top – 31 960–31 990 cuttings in NP8 –

Momipites actinus∗ top – 31 988.34 core in NP8 58.1

Globanomalina psuedomenardii
top

Very rare, low stratigraphi-
cally

32 233.25 core – 57.1

Morozovella angulata∗ top With M. conicotruncata,
very rare

32 233.25 core in NP8 58.32

Igorina pusilla∗ top – 32 233.25 core – 58.44

Heliolithus riedelii base – 32 370–32 400 cuttings – 58.7

Bomolithus elegans top Low stratigraphically 32 520–32 550 cuttings NP8 58.4

Fasciculithus janii∗ top – 32 820–32 850 cuttings – 59.3

Caryapollenites veripites LDCO Last downhole common
occurrence

32 910–32 940 cuttings in NP5 –

Fasciculithus ulii top – 32 970–33 000 cuttings – –

Fasciculithus magnicordis top – 33 240–33 270 cuttings in NP5 60

Chaismolithus danicus top Rare, low stratigraphically 33 480–33 510 cuttings in NP6 –

Cruciplacolithus edwardsii top – 33 720–33 750 cuttings – 61.16

Fasciculithus typaniformis base – 33 840–33 870 cuttings – 61.51

∗Denotes an event that is used in the calculation of average sedimentation rates. LDCO: last downhole common occurrence. HRO: highest regular occurrence. INCR:
increase in abundance.

by opaque phytoclasts, fragments of pyritized radiolarians,
and a near absence of terrestrial and marine organic matter
(Fig. 9c, d).

Sample residues in the size fraction >63 µm are generally
absent of microfossils, except for arenaceous foraminifera
and radiolarians. Arenaceous foraminifera characterize
the low-abundance foraminiferal assemblage, with inde-
terminate specimens and numerous fragments of small
Bathysiphon spp. (Nothia excelsa?). Radiolarians occur in
both core and cutting samples, with the highest abun-
dances reaching as many as 10 000 specimens per sample at
31 603.35 and 31 612.10 ft.

Calcareous nannoplankton increase in abundance sig-
nificantly across the CIE, with the most notable peaks
in Rhomboaster cuspis, Bomolithus elegans, and Fasci-
culithus species; Toweius species; and Discoaster species
at 31 603.35 ft. An acme of D. multiradiatus, the generic
Eocene Discoaster sp. at 31 600–31 630 ft, co-occurs with
acmes in Heliolithus spp., Fasciculithus spp. (particularly F.
tympaniformis), and Toweius spp.

The CIE recovery phase is defined by C /M ratios of
0.43 and 0.84 with the return of translucent phytoclasts,

nearshore and shelfal dinocysts (dominated by Apectodinium
and Spiniferites), and terrestrial pollen and spores (Fig. 4).
These changes, in association with a peak in freshwater Pe-
diastrum and increases in Bathysiphon sp. and agglutinated
forams, point to increasing terrestrial sediment influences.
Among nannofossils, this interval marks a decline in Rhom-
boaster cuspis and Fasciculithus species and maintains rela-
tively high abundances of Discoaster spp. (mainly D. multi-
radiatus and D. lenticularis).

4.5.3 Post-CIE (early Eocene, Ypresian)

Following the negative CIE, terrestrial palynomorphs range
from 65 %–98 % of relative abundance with significant flo-
ral changeover documented in the terrestrial pollen–spore as-
semblages, most notably a decline in Juglandaceae (Carya
and Momipites types) and persistence in normapolles, Thom-
sonipollis magnificus, and Nudopollis terminalis. The ma-
rine palynological component documents an overall decline
in species diversity and abundance, particularly in Apecto-
dinium spp., which declines to<5 % in the post-CIE interval.
Kerogen is dominated by mixed opaque and translucent phy-
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Figure 9. Photomicrographs of phytoclast and organic matter slides from core samples. The black scale bar is 50 µm. (a) Mixed continental–
marine palynofacies. Opaque to dark brown equidimensional “coaly” phytoclasts and light brown “fresh” phytoclasts with visible plant
structure, along with some degraded organic matter, pollen, spores, and dinocysts (note the presence of Apectodinium homomorphum). (b)
Terrestrially derived, translucent structured phytoclasts and non-structured light brown to darker brown organic material with microspores.
Includes larger equidimensional coaly black-brown opaque phytoclasts. (c) Low abundance of organic material. Degraded, opaque coaly phy-
toclasts, non-structured amorphous organic matter, and pyritized radiolarian fragments. Terrestrial pollen, spores, and marine dinoflagellates
are absent. (d) Lower abundance of organic material, dominated by opaque, equidimensional inertinite and degraded phytoclasts. (e) Mixed
continental palynofacies with structured laths, equidimensional black-brown inertinite, and non-structured light brown fresh phytoclasts.
Pollen and spores present. Rare to no marine dinocysts. (f) Mixed continental palynofacies with structured laths, equidimensional black-
brown inertinite (coaly debris), and non-structured to structured brown, fresh phytoclasts (cuticles, resinous fragments, tracheidal structures).
Pollen and spores present. Rare to no marine dinocysts.

toclasts, with abundant terrestrial spores and pollen indicat-
ing a strong influence of terrigenous material at this locality
(Fig. 6e, f).

Calcareous nannofossil excursion taxa decline in abun-
dance above the CIE in both core and cutting samples and
are replaced by abundant fasciculiths and an acme of D.
multiradiatus and Toweius spp. Foraminifera decrease, ex-
cept for arenaceous fragments and small undifferentiated
forms of Bathysiphon spp. Several specimens of moder-
ately well-preserved Nuttalides truempyi, which are diag-
nostic of lower bathyal to abyssal water depths (1000 to
2000 m; Van Morkhoven et al., 1986), were observed in the
cutting sample from 31 570–31 600 ft. Super-abundant radio-
larians (>10000 specimens), dominantly Spumellaria, occur
at 31 509.35 ft.

4.6 Chemical index of alteration (CIA)

In total, 73 mudstone and 48 sandstone samples were an-
alyzed for major element geochemistry using XRF. Of the
mudstone samples, 10 samples were excluded from CIA cal-
culation due to the presence of calcite, which can artificially
depress calculated CIA values (Hessler et al., 2017). All but
two of these calcite-bearing samples occur within the cal-
careous subtype of LF-1 that occupies the upper portion of
the main CIE (Fig. 7). High calcareous nannofossil recov-
ery in this zone suggests a biogenic source of calcite in these
samples (Fig. 4). The remaining 63 mudstone samples yield
an average CIA of 66. However, a step-like shift in CIA oc-
curs ∼ 4 m above the CIE onset (between samples 117 and
116). Below this shift, 88 % of samples have CIA higher than
average, and above this shift 77 % of samples have CIA lower
than average (Fig. 7).
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Of the sandstone samples analyzed, five samples exhib-
ited anomalous cementation as confirmed by XRD analysis
and were excluded from CIA calculation (Figs. 7, S1). The
average CIA for the remaining 43 sandstone samples is 55.8.
Similar to the mudstone samples, CIA values from sandstone
samples exhibit a step-like shift towards lower values up-
wards in the section. However, the shift occurs within the CIE
recovery (between samples 97 and 80),∼ 9 to 10 m above the
CIE onset and ∼ 5–6 m higher than the corresponding shift
in mudstone CIA values (Fig. 7). Below this shift, 95 % of
samples yield a CIA that is higher than average, and above
the shift 90 % of samples have a CIA that is lower than the
average value (Fig. 7).

5 Discussion

5.1 Sedimentological expression of the PETM,
deepwater Gulf of Mexico

5.1.1 Lithology

The PETM is manifested in four distinctive lithologic inter-
vals (A–D; Fig. 5). Unit A comprises the lower 1.7–2.3 m of
the CIE and is characterized by sedimentary facies and or-
ganic content similar to the underlying 66 m, suggesting a
lag between the onset of the PETM and its associated litho-
logic response (Fig. 5; see also Sect. 5.1.4). Unit B extends
from the top of Unit A to ∼ 4.5 m above the onset of the
CIE and represents a transition to organic-lean claystone that
is conspicuously poor in palynomorphs, silt, and sand rela-
tive to below (Fig. 4). A similar pattern was observed in the
Logan-1 well, where the CIE main body was comprised of a
basal sand-rich package overlain by the Yoakum shale (Vim-
pere et al., 2023). Although the PETM CIE was not identi-
fied in the wells studied by Cunningham et al. (2022), they
reported that other GOM PETM sections were dominantly
light gray shale, with rare siltstone and marlstone. Together,
these records suggest that the PETM was manifested by an
increase in fine-grained deposition, following a lag, over the
greater Wilcox deep-sea fan.

Many other distal marine PETM sections (shelfal, slope,
deep sea) that are connected to terrigenous sediment sources
also show an increase in clay deposition (i.e., decrease in
grain size) during the PETM CIE, including in nearshore
shelfal sediments in Spitsbergen (Harding et al., 2011),
inner–middle neritic sediments of New Jersey (Self-Trail et
al., 2012), outer-shelf to slope sediments of central Califor-
nia (John et al., 2008), and outer neritic to deep-marine sed-
iments of the North Sea Basin (Kender et al., 2012; Schoon
et al., 2015) (Fig. 10). Sømme et al. (2023) used a com-
bination of three-dimensional reflection seismic data and
well penetrations in the Norwegian Sea to show that the
PETM was manifested by progradation of large, mud-rich
basin-floor fan with rates of sediment supply increasing as
much as 4-fold relative to background values. Most open-

marine, non-terrigenous PETM localities also show an in-
crease in clay relative to carbonate during the PETM that
is thought to reflect a combination of carbonate dissolution
due to ocean acidification and enhanced rates of terrestrial
sediment delivery to the global ocean (Zachos et al., 2005;
Sluijs et al., 2008a). Indeed, the few PETM sections that
display no change or an increase in carbonate content are
considered anomalous and have been ascribed to either ex-
treme increases in primary productivity (e.g., Bolle et al.,
2000) or distance from terrestrial landmasses (e.g., Jiang and
Wise, 2009; Robinson et al., 2011). Thus, lithologic change
during the PETM within the Wilcox deep-sea fan shares a
similar pattern to many other marine PETM localities that
experienced increased accumulation rates of terrestrial clay
(Fig. 10; see also Sect. 5.4).

Unit C lies within the main CIE and reflects a lithologic
change to marlstone with an associated increase in CaCO3
relative to underlying claystone and rare siltstone in Unit
B (Figs. 5 and 7). High abundances of calcareous nanno-
fossils in Unit C suggest a biogenic origin of the calcite
(Fig. 4). Concentrations of CaCO3 are generally very low in
the siliciclastic-dominated Wilcox Group, and thus the marl-
stone of Unit C is anomalous. An initial rapid decrease and
subsequent recovery in CaCO3 are common characteristics
of open-marine PETM localities that record ocean acidifica-
tion and shoaling of the calcite compensation depth (CCD)
during the early stages of the PETM (e.g., Zachos et al.,
2005). The excursion taxa Rhomboaster spp., which have the
highest abundances in the main CIE (Fig. 4), have also previ-
ously been associated with low pH conditions (Self-Trail et
al., 2012), and Vimpere et al. (2023) reported a dissolution
interval within the early part of the main CIE body in the
Logan-1 well. Thus, ocean acidification in the Gulf of Mex-
ico during the early PETM may explain the lack of CaCO3
in Unit B relative to Unit C (Canudo et al., 1995; Bralower et
al., 1997; Colosimo et al., 2005; Zachos et al., 2005; Raffi et
al., 2009; Self-Trail et al., 2012; Penman et al., 2014; Gutjahr
et al., 2017). Corresponding, the increased carbonate deposi-
tion of Unit C may reflect enhanced coccolithophore produc-
tion in Gulf of Mexico surface waters that ultimately con-
tributed to CO2 drawdown (e.g., Kelly et al., 2005). Assum-
ing an average sedimentation rate of 0.063–0.068 m kyr−1

for the ∼ 13 m thick PETM CIE (∼ 200 kyr; Westerhold et
al., 2018), we calculate deposition of CaCO3-rich mudstone
to postdate the onset of the PETM by 70± 7.5 kyr, an esti-
mate that is in good agreement with deeper Ocean Drilling
Program sites 1262 and 1267 from the South Atlantic and
site 690 from the Weddell Sea that show CaCO3 increases
beginning ∼ 60–80 kyr after CIE onset (Kelly et al., 2005;
Zachos et al., 2005).

Unit D, which is interpreted to represent the CIE recov-
ery, exhibits a return to thinly bedded mudstone and siltstone
(LF-2) that is similar to pre- and post-CIE fine-grained de-
posits (Fig. 7). Unit D records a resumption of silt delivery to
the basin that shows a corresponding change in kerogen type
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Figure 10. PETM CIE thickness plotted in descending order by depositional environment (see Table S1). Marker shape corresponds to
dominant sediment source (terrigenous vs. non-terrigenous), and marker color corresponds to lithologic change from before to during the
PETM. Localities where lithologic change is uncertain are not shown.

with an increase in well-preserved, structured terrigenous
phytoclasts as well as pollen and spores mixed with shelfal
to neritic dinocysts that is often indicative of turbiditic muds
(Tyson, 1995) (Fig. 9e, f). Vimpere et al. (2023) reported a
similar return to coarser-grained deposition during the upper-
most CIE main body and recovery phase in the Logan-1 well.
Although lowermost Eocene (post-CIE) lithofacies are gen-
erally comparable to those in the uppermost Paleocene (pre-
CIE) (Fig. 7), there is some indication of a persistent change
following the PETM. Gamma ray log motifs change from
coarsening-upwards to fining-upwards (Fig. 7), suggesting a
possible change in deepwater stratigraphic architecture. This
observation, in combination with the appearance of exten-
sive mudclast conglomerate associated with thickly bedded
sandstone in the lower Eocene, may suggest an increase in
deepwater channelized facies across the Paleocene–Eocene
boundary (Figs. 7 and 11). Terrestrial spores and pollen be-
come dominant over marine dinocysts following the PETM,
indicating a corresponding increase in terrigenous sediment
flux relative to late Paleocene times (Fig. 3). Thus, the An-
chor 3 core may reflect an increase in terrigenous sediment
supply to the deepwater GOM that persisted long after the
PETM, similar to the inferences of some other studies (Fore-
man et al., 2012; Borneman et al., 2014).

5.1.2 Organic content

Units B and C of the main CIE display a ∼ 6-fold decrease
in TOC relative to the pre-CIE and post-CIE shale average
of ∼ 0.9 % (Fig. 4). The pronounced decrease in TOC in the

Anchor 3 core during the PETM CIE is anomalous relative
to many other marine PETM sites that exhibit enhanced rates
of organic carbon burial (e.g., Gavrilov et al., 2003; Sluijs et
al., 2008a; Schoon et al., 2015). However, nearshore shelfal
sediments of the Van Mijenfjorden Group in Spitsbergen dis-
play an approximately 2-fold drop in TOC from ∼ 3 % be-
fore the PETM to∼ 1.5 % during and after the CIE (Harding
et al., 2011), a similar albeit less-pronounced decline in TOC
compared to the Anchor 3 core. Ditch-cutting samples from
the Logan-1 well also display a decrease in non-extractable
organic carbon during the PETM, with averages of ∼ 2.0 %
prior to the CIE and ∼ 1.4 % during the main CIE (Vimpere
et al., 2013).

Decreased TOC within Units B and C of the main CIE may
reflect an influx of TOC-poor terrigenous clay into the Gulf
of Mexico relative to the influx of marine organic carbon
or possibly organic degradation within the expanded shallow
marine environment given sea-level rise (Sluijs et al., 2008b,
2014). Decreased paleosol TOC within the western United
States has been linked to enhanced oxidation of organic mat-
ter within terrestrial environments during the PETM (Wing
et al., 2003; Carmichael et al., 2017). Visual examination
of kerogen slides from core and cutting samples indicates
the presence of degraded, likely oxidized, terrigenous carbon
that includes black structured to non-structured carbonized
debris and inertinite (Fig. 9c, d). The low TOC within clay-
stone and marl of Units B and C is thus suggestive of extreme
siliciclastic dilution relative to primary marine productivity
in the Wilcox deep-sea fan. Thus, unlike marine shales that
are thought to reflect condensed sections formed by sediment
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Figure 11. Interpreted patterns of sediment delivery from land to the deep sea before, during, and after the PETM (modified from Romans
and Graham, 2013; see Discussion text).

starvation to the basin, the clay-rich shale and marlstone of
the PETM likely reflects a pronounced increase in terrige-
nous clay delivered to the deep sea (Fig. 11). The abundance
of degraded, coaly, and inertinitic kerogen within the PETM
likely contributes to the overall noisy character of the δ13Corg
excursion, with some terrestrial carbon possibly being recy-
cled from erosion of older sedimentary units (e.g., Sluijs and
Dickens, 2012; Aze et al., 2014). As with the δ13Corg record
from the Logan-1 well (Vimpere et al., 2023), these consid-

erations highlight the uncertainty with defining the boundary
between the main CIE and the CIE recovery intervals given
the variability in character of the δ13Corg excursion.

The organic content of Unit D fluctuates between pre-CIE
and main CIE values (Fig. 5), perhaps reflecting delivery of
organic carbon from different sources (e.g., Aze et al., 2014),
varying rates of sediment accumulation relative to marine
productivity, and/or delivery of less-oxidized organic mat-
ter to the basin. Carbonaceous organic debris was noted fre-

Clim. Past, 19, 1743–1775, 2023 https://doi.org/10.5194/cp-19-1743-2023



G. R. Sharman et al.: Carbon isotope chemostratigraphy, geochemistry, and biostratigraphy 1763

quently in visual inspection of samples from Unit D relative
to Units B and C of the main CIE (Fig. 5). Thus, the CIE re-
covery recorded in Unit D is interpreted to record a transition
from low-TOC, clay-rich deposition during the main PETM
CIE to more typical Wilcox Group lithologies that were de-
posited post-CIE.

5.1.3 Chemical weathering

The CIA has been used as a proxy for silicate mineral weath-
ering (e.g., McLennan, 1993; Hessler et al., 2017) but is also
influenced by grain size (Zhou et al., 2015; Hatano et al.,
2019), provenance (Xiong et al., 2010), and the presence
of carbonate and phosphate minerals (e.g., calcite, apatite).
CIA values for both mudstone and sandstone display a step
change at the approximate location of the PETM from higher
values in the uppermost Paleocene to lower values in the low-
ermost Eocene (Fig. 7). The shift to lower CIA values within
and after the PETM is anomalous relative to many other
PETM sections that have been interpreted to record enhanced
chemical weathering during the PETM (e.g., Ravizza et al.,
2001) and, more generally, early Eocene times relative to late
Paleocene times (Hessler et al., 2017). For instance, CIA val-
ues drop only briefly during the PETM onset before increas-
ing during the main CIE and recovery in outer-shelf deposits
of Spitsbergen (Wieczorek et al., 2013). Similarly, Chen et
al. (2016) show a gradual increase in CIA during the PETM
in lacustrine sediments of central China. Increased CIA val-
ues in the Tethys during deposition of highly organic sedi-
ments have been associated with erosion of highly weathered
soils (Dickson et al., 2014).

One interpretation for this pattern could be a transition to
deposition of less-weathered sediment during and after the
PETM, with the shift occurring earlier in mudstone (approx-
imately 3.8–4.2 m above the CIE) than in sandstone (approx-
imately 9.5–9.9 m above the CIE; Table S4). Alternatively,
decreasing CIA values could reflect a change in the abun-
dance of carbonate minerals. Because we did not observe
evidence of calcite in our XRD data (i.e., excluding anoma-
lously cemented samples and marly samples of Unit C) and
counts of calcareous nannoplankton were low outside Unit C
of the CIE (Fig. 4), we see little evidence of increased CaCO3
driving lower CIA values in the earliest Eocene. Similarly,
we did not detect a systematic change in grain size between
sandstone and shale samples of Paleocene vs. Eocene age
(Fig. 7).

The shift to lower CIA values within and after the PETM
in the Anchor 3 core appears to be consistent with previ-
ous research that has inferred enhanced erosional denuda-
tion within central North America. For instance, Foreman et
al. (2012) suggested a system-wide cleansing of catchment
colluvium and an associated increase in bedrock erosion
during the PETM, associated with both vegetation change
(e.g., Wing et al., 2005) and an intensification of the hydro-
logic cycle. More recently, Jepson et al. (2022) used low-

temperature thermochronological data to infer an increase
in erosional exhumation during the PETM in the Bighorn
Basin in Wyoming. CIA values increase upwards in soil pro-
files (Nesbitt and Young, 1982) such that erosion into deeper
levels of soil profiles may produce CIA values that become
closer to fresh bedrock (CIA of ∼ 45 for average continental
crust; McLennan, 1993). The negative relationship between
denudation rate and CIA of suspended sediment in modern
rivers (McLennan, 1993) is consistent with the inference that
an increase in denudation rate during the PETM could result
in a lowering of CIA values of terrigenous sediment reaching
the GOM.

5.1.4 Temporal lags in PETM signals

Although the global negative CIE associated with the PETM
was synchronous with warming (Zeebe et al., 2016), litho-
logic changes in both the Logan-1 and Anchor 3 wells lagged
behind the onset of the PETM (Vimpere et al., 2023; Figs. 5
and 7). In the Logan-1 well, this lag accounts for ∼ 13 %
of the total CIE thickness (Vimpere et al., 2023), which is
similar to the Anchor 3 well where the lag is ∼ 15 % of
the CIE thickness (Fig. 7). Following the approach of Duller
et al. (2019), we estimate an approximate temporal lag of
31±6.2 kyr between the onset of the PETM and the abrupt re-
duction in grain size that marks the transition between Units
A and B. A similar delay in the sedimentary response to the
PETM was noted by Duller et al. (2019), who estimated tem-
poral lags of 16.5± 7.5 and 16.5± 1.5 kyr for terrestrial and
deep-marine sites, respectively, in the Spanish Pyrenees. In
proximal, fluvial environments the temporal lag was associ-
ated with a delay in coarse-grained (conglomeratic) sedimen-
tation, whereas in deep-marine environments the lag was as-
sociated with a delay in increased mass accumulation rates
of terrestrial clay, which replaced limestone as the domi-
nant lithology during the PETM (Schmitz et al., 2001; Duller
et al., 2019). John et al. (2008) inferred a ca. 20 kyr delay
in increased mass accumulation of carbon and carbonate in
PETM sites in central California and the New Jersey shelf.
A deep-marine PETM section within the North Sea also dis-
played a lag of ∼ 1–2 m between the onset of the CIE and
a transition to laminated mudstone (Kender et al., 2012), al-
though the lack of definition of the CIE recovery precludes
calculation of a lag time at this locality.

Theoretically, PETM-related signal lag times should de-
pend on a number of factors summarized by Tofelde et
al. (2021) that include (1) the sediment size fraction that car-
ries the signal, with signals held in the finer-grained frac-
tion propagating downstream more quickly than those held in
coarser sediment fractions; (2) the relative proximal-to-distal
position of the site of deposition, where proximal sites record
changes sooner than distal sites; and (3) for marine sections,
the degree of connectivity to upstream fluvial systems (e.g.,
Bernhardt et al., 2017). The delay in shut-off of sand and
silt to the Wilcox deep-sea fan is likely related to rapid sea-
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level rise during the onset of the PETM that culminated in
maximum flooding during the CIE peak, ∼ 10–13 kyr after
the onset (Sluijs et al., 2008b; Harding et al., 2011). Deposi-
tion of sand and silt in Unit A thus persisted well after maxi-
mum flooding had been obtained. Continued coarse-grained
sedimentation may reflect mobilization of sediment already
staged within the submarine portion of the sediment-routing
system that continued to move basinward, despite a shut-off
in supply of coarser-grained sediment.

Similarly, the delayed arrival of abundant terrestrial clay
to the Wilcox deep-sea fan likely reflects the timescale over
which the PETM signal of increased terrigenous sediment
supply was transferred to the distal portion of the Wilcox
sediment-routing system. Numerical and analog experiments
suggest that changes in climatic boundary conditions (e.g., an
increase in precipitation) are manifested rapidly as a change
in the amount of sediment exported from erosional land-
scapes (Bonnet and Crave, 2003; Armitage et al., 2011) such
that the signal onset time (sensu Tofelde et al., 2021) is close
to zero. Thus, the 31± 6.2 kyr lag between CIE onset and
lithologic response likely represents the time for the signal of
increased sediment generation to be transferred hundreds of
kilometers to the site of deposition in the Wilcox sediment-
routing system, rather than reflecting a delay in landscape
response to the PETM.

5.2 Biotic expression Paleocene–Eocene boundary
interval, deepwater Gulf of Mexico

The marine biotic response to the climatic warming event
of the PETM is well documented in localities worldwide
(e.g., Thomas and Shakleton, 1996; Kahn and Aubry, 2004;
Crouch et al., 2001; Sluijs et al., 2007a; Denison, 2021) and
in the GOM, where it is reflected in assemblage changes
or turnover in specific groups of single-celled planktonic
organisms, most notably marine dinoflagellates, benthic
foraminifera, and calcareous nannoplankton. Interpreting the
deepwater GOM record at any single location may be com-
plicated by a limited recovery of calcareous microfossils, but
distinct trends noted in wells across the basin and in the An-
chor 3 core suggest that multiple factors played a role in cal-
careous and organic fossil abundances. Published data from
other GOM PETM localities are limited because of relatively
few borehole penetrations and the often proprietary nature of
company data, making this record an important addition to
understanding both the global and regional variability of this
event. The Anchor 3 core provides an opportunity to better
understand the complex relationship between deepwater de-
positional facies and processes, climatic changes, and preser-
vation of fossil abundances in a bathyal PETM section.

The diversity and distinctiveness of faunal patterns in
dinocyst data at Anchor 3 record similar trends in common
late Paleogene taxa (including Apectodinium group) docu-
mented in onshore eastern GOM localities (e.g., Slujis et al.,
2014; Harrington and Kemp, 2001; Denison, 2021) and other

localities worldwide (e.g., Crouch et al., 2001; Steurbaut et
al., 2003, Sluijs et al., 2007a; Sluijs and Brinkhuis, 2009;
Frieling and Sluijs, 2018; Smith et al., 2021). Short-lived taxa
increases prior to the CIE occur in the Cordosphaeridium
complex, Eocladopyxis peniculata (and other epicystal Go-
niodomideae taxa), Adnatosphaeridium multipinosum, Oper-
culodinium spp., the Areoligera group, and Spiniferites spp.,
indicating that multiple factors of climatic and paleoenvi-
ronmental change (such as temperature, sea level, salinity,
and nutrient availability) impacted species dominance at this
deepwater locality. The peak intervals of mixed lagoonal–
nearshore to neritic taxa correlate well with depositional
lithofacies LF-2 and include abundant pollen and spores
(such as bisaccate and swamp taxa) as well as opaque to
structured phytoclasts. This mixed terrestrial to marine as-
semblage points to a long transport distance from the ini-
tial environments of deposition. Furthermore, the presence
of lagoonal dinocysts, particularly Eocladopyxis and Apec-
todinium that thrive in brackish-water environments, indi-
cates periods of peak continental runoff and enhanced nutri-
ent availability prior to the CIE (Sluijs and Brinkhuis, 2009;
Sluijs et al., 2014).

A unique and interesting biotic response documented in
low-, middle-, and high-latitude localities is a global acme
of Apectodinium spp. that precedes and is contemporane-
ous with the late Paleocene negative CIE (Denison, 2021).
The increase in Apectodinium abundance has primarily been
explained by increasing temperature in high-latitude sites
across the PETM (e.g., Crouch et al., 2001; Frieling et al.,
2014). In addition to being thermophilic, Apectodinium dis-
tribution and abundance may be influenced by other envi-
ronmental factors such as salinity, ocean productivity, and
ocean stratification (Sluijis and Brinkhuis, 2009). Fluctua-
tions in Apectodinium abundance from the Tethys (Crouch
et al., 2003a, b) and Spitsbergen (Harding et al., 2011) sug-
gest a linkage to increases in continental sediment delivery
and sea level. Additionally, select middle- to low-latitude
sites have documented the Apectodinium acme as preceding
the CIE, suggesting that a latitudinal temperature gradient
and additional environmental factors may have contributed
to higher Apectodinium abundances (Sluijs et al., 2007b, van
Roij, 2009).

The consistent presence of Apectodinium in pre-CIE sam-
ples (∼ 120 m prior) indicates optimum environmental con-
ditions for the establishment of this taxon in the late Pale-
ocene GOM. At Anchor 3, not only is Apectodinium con-
sistently present in pre-CIE samples, but the onset of the
acme of Apectodinium also occurs in the sample just prior
(∼ 3.5 m) to the main CIE at 31 634.7 ft (Fig 4). The sample
of maximum Apectodinium abundances occurs in the muddy
siltstone of LF-2 and includes the presence of a neritic taxon
from the Spiniferites group and Adnatosphaeridium multi-
spinosum; small numbers of the Areoligera complex; and ter-
restrially derived kerogen, pollen, and spores. It lacks pre-
viously observed Pediastrum and Goniodomideae taxa, sug-
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gesting an overall more distal influence either from sea-level
rise, decline in fluvial influence, or both.

A low-palynomorph-abundance interval occurs during the
main CIE and corresponds to a low-TOC, clay-rich interval
of LF-1 as well as an increase in radiolarians and calcareous
nannofossil excursion assemblage, the Rhomboaster spp.–
Discoaster spp. association (RD; Kahn and Aubry, 2004).
The RD is a unique assemblage of species of two genera
that spans the CIE, and along with the Apectodinium acme
it is used as a proxy for the CIE. The Discoaster spp. (D.
araneus and D. anartios) are tightly constrained to the iso-
topic excursion, whereas the Rhomboaster spp. often range
into the uppermost Paleocene, thus constraining the PETM
in conjunction with the isotopic curve.

The abrupt decline in palynomorph abundance, including
Apectodinium, suggests an interplay of multiple factors in-
cluding the rise of sea level, decline in coarser-grained sed-
iment influx, and deoxygenation just prior to and during the
PETM. Similar observations have been documented in Har-
rell Core, onshore Mississippi (Slujis et al., 2014), and site
M007, offshore Mexico (Smith et al., 2021). The kerogen
in this organic-poor interval is dominated by opaque phyto-
clasts and pyritized radiolarian fragments (Fig. 9c, d). High
amounts of opaque phytoclasts result from oxidation and
are present in settings that are either proximal to terrestrial
environments or that occur in distal settings suggestive of
long transport time (Tyson, 1995). Our interpretation at the
Anchor 3 bathyal locality precludes the former, as the ox-
idized material was transported with minimal phytoclasts
or palynomorphs within this clay-rich, organic-poor inter-
val. Similarly, the Spitsbergen locality demonstrates that in a
sediment-starved environment, Apectodinium and other ma-
rine dinocysts were absent in the main CIE (Harding et al.,
2011). In the LF-2 of the recovery phase, Apectodonium spp.
and other marine dinocysts and terrestrial palynomorphs re-
turn, further suggesting a facies-controlled decline of paly-
nomorphs during the peak CIE at the Anchor 3 locality.

Radiolarian oozes are abundant in lower to middle Eocene
intervals throughout low-latitude sections, including many
wells from the US GOM. While previous studies have docu-
mented radiolarian-rich intervals during the PETM in cut-
ting samples (e.g., Cunningham et al., 2022), we report
radiolarian-dominated intervals from a core during the CIE.
In general, radiolarians are abundant in modern slope sed-
iments where dissolved silica concentrations are relatively
high to favor shell production, export, and preservation. En-
hanced dissolved silica concentrations may have resulted ei-
ther from upwelling within the basin or terrestrial runoff of
silica from up-dip catchments that drained into the GOM. Be-
cause palynomorph assemblages contain abundant terrestrial
palynomorphs and lack indicators of enhanced productivity
within the same samples, we consider enhanced runoff to be
the more significant factor.

Similar to dinocysts, calcareous nannofossils underwent
temporary but significant assemblage changes during the

PETM. These variations provide an additional tool to track
the biotic and climatic response across this boundary, specif-
ically within the genera Rhomboaster, Discoaster, and Fas-
ciculithus (e.g., Bralower, 2002; Kahn and Aubry, 2004;
Agnini et al., 2006; Self-Trail et al., 2012). The abrupt in-
crease in these PETM excursion taxa may be linked to a rise
in surface water temperatures as previous research points to
these species as being adapted to warm and oligotrophic con-
ditions (e.g., Bralower, 2002).

Though influxes of Toweius spp. and Discoaster spp. are
sometimes used as indicators of inhospitable water column
conditions (Self-Trail et al. 2012), this does not appear to be
the case at the Anchor 3 locality because of the abundances
observed across multiple genera. Fasciculiths and Discoaster
spp. are also robust forms that are less prone to dissolution
than others. The few occurrences of D. araneus (and absence
of D. anartios) in that section could be due to water column
dynamics or a sampling artifact. The fact that the small and
thick R. cuspis is the only member of the RD to be preserved,
alongside the more robust fasciculiths, may indicate that the
more delicate forms of Rhomboaster (e.g., R. calciptrapa)
were not preserved.

5.3 Paleobathymetry and bottom-water oxygen

Water depths over the cored interval are interpreted to range
from the lower part of the upper bathyal zone to the lower
bathyal zone, or 500 to 2000 m, on the basis of diagnos-
tic species of foraminifera, such as Nothia spp., Spiro-
plectammina spectabilis, Trochamminoides variolarius, and
Nuttalides truempyi. Additionally, radiolarian abundances
occur in the core along with lower-diversity agglutinated
foraminiferal assemblages. Together, these observations sug-
gest bathyal (likely middle to lower) water depths given typ-
ical hypsographic depth ranges for these levels in the GOM.

Although the lithologic response to the PETM was de-
layed, there was an immediate decrease in bioturbation that
persisted for ∼ 2.5–3 m above the CIE onset followed by a
gradual increase in bioturbation into Unit C (Fig. 7). De-
creases in bioturbation in the lower PETM CIE have been
noted in several other marine PETM localities (Bralower et
al., 1997; Mutterlose et al., 2007; Nicolo et al., 2010; Schulte
et al., 2011). For example, Nicolo et al. (2010) documented
an abrupt drop in trace fossil abundance coincident with the
onset of the PETM CIE at Mary and Dee streams, New
Zealand, with a recovery to pre-CIE levels approximately
midway through the PETM. Deficiency in seafloor oxygena-
tion and associated stress to benthic organisms during the
early CIE have been invoked as a likely explanation for the
decrease in bioturbation during the early PETM (Nicolo et
al., 2010; Schulte et al., 2011). For example, Bralower et
al. (1997) interpreted faint laminations in claystone deposited
during the main phase of the PETM CIE to reflect decreased
bioturbation and dysoxic bottom waters. Decreases in oxy-
gen levels have been inferred for other deep Atlantic PETM
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localities based on Mn and U enrichment factors and I /Ca
proxies (Chun et al., 2010; Pälike et al., 2014). However, en-
richment of redox trace elements in marine sediments, such
Mo and U, generally occurs in organic-rich sediments de-
posited under fully anoxic to euxinic environments (Algeo
and Lyons, 2006; Algeo and Trobivillard, 2009; Tribovillard
et al., 2006). Aluminum-normalized concentrations of Mo,
V, and U, as well as the enrichment factors of Mo and U,
are either below detection limits or low in the pre-CIE, main,
and post-CIE intervals (Table S5). Additionally, trace metal
concentrations are at or below their levels for an average
shale and upper crust (Wedepohl, 1971, 1991), suggesting
that bottom-water oxygen was not sufficiently low enough to
enhance their concentrations in the sediments. Thus, the de-
crease in bioturbation could alternatively be interpreted as an
increase in sedimentation rates without a change in the rate
of biologic disturbance (e.g., Shourd and Levin, 1976).

The lack of benthic foraminifera in sediments from the
CIE interval is consistent with the benthic foraminiferal ex-
tinction observed in many classic PETM sections that has
largely been considered a consequence of significant reduc-
tion of oxygen availability (Kennett and Stott, 1991; Sluijs et
al., 2014). Unlike other localities spanning late Paleocene to
early Eocene times, we note very low-diversity foraminiferal
assemblages not just during the CIE but throughout the entire
core. Characteristics relatively unique to the GOM Wilcox
Group are agglutinated benthic foraminifera dominated by
epifaunal arborescent foraminifera and sparse occurrences of
planktonic or calcareous foraminifera. A lower diversity and
dominance of just a few species are indicators of dysoxic
to perennially anoxic environments in modern silled basins
(e.g., Bernhard et al., 1997), but these settings are also char-
acterized by infaunal species. In contrast to typical low-
oxygen assemblages, the benthic foraminifera reported here
are primarily epifaunal. A singular factor does not explain the
faunal trends noted in the Anchor 3 core. A combination of
factors, such as relatively high sedimentation rates, reduced
oxygen but not anoxic bottom-water concentrations, and pa-
leobathymetry at or below the CCD would best explain the
observations from the benthic foraminifera.

5.4 Grain size partitioning from land to ocean during the
PETM

Although rates of terrigenous sediment supply to the world’s
oceans are largely inferred to have increased during the
PETM (Crouch et al., 2003b; John et al., 2008; Sluijs et al.,
2008a, b, 2011; Aze et al., 2014; Bornemann et al., 2014;
Carmichael et al., 2017; Dunkley Jones et al., 2018; Duller et
al., 2019; Sømme et al., 2023), a comparison of lithologic
change during the PETM from proximal to distal deposi-
tional settings reveals opposite trends in grain size change
in terrestrial versus marine settings (Fig. 10). A majority of
proximal terrestrial PETM localities record an increase in
grain size, whereas terrigenous-sourced marine PETM lo-

calities most often record a decrease in grain size (Fig. 10;
Table S1). This dichotomy is well illustrated in the Wilcox
sediment-routing system, where proximal fluvial sections il-
lustrate increases in coarse-grained sedimentation during the
PETM (Foreman et al., 2012; Foreman, 2014; Dechesne et
al., 2020), whereas the distal deep-sea fan records an oppo-
site change to deposition of finer-grained sediments. Coastal
PETM sections, deposited at the interface between terrestrial
and marine environments, show an approximately even split
between an increase and a decrease in siliciclastic grain size
(Fig. 10; Table S1). Preliminary results from the deltaic cen-
ters of Paleocene–Eocene age in eastern Texas suggest an in-
crease in grain size to the coastline during the PETM (Shar-
man et al., 2023).

These observations suggest pronounced partitioning of
grain size during the PETM, with coarser-grained sediment
sequestered in coastal or shelfal environments and finer-
grained sediment (clay) distributed widely in the deep sea.
This partitioning is likely a consequence of two competing
changes in boundary conditions that occurred synchronously
during the PETM: (1) an increase in the supply of both
coarse- and fine-grained sediment and (2) sea-level rise
(Sluijs et al., 2008b, 2014). If the PETM were manifested as
an increase in sediment supply without a corresponding rise
in sea level, it is likely that connectivity between terrestrial
and deep-marine sediment-routing systems would be main-
tained such that an increase in sand and silt in terrigenous-
sourced PETM localities would be observed, albeit with a
possible lag between the arrival of fine and coarse grain size
fractions (Tofelde et al., 2021). Instead, it appears that terres-
trial and marine segments of many sediment-routing systems
became disconnected during the PETM as a consequence of
sea-level rise (Fig. 11). The ability of terrestrial clay to be-
come widely dispersed in the ocean despite high sea level
is evidenced by a nearly uniform global increase in clay de-
position within normally non-terrigenous marine PETM sec-
tions (Fig. 10; Khozyem et al., 2013, Giusberti et al., 2007;
Canudo et al., 1995; Crouch et al., 2003a; Bornemann et al.,
2014).

A deepwater PETM section within the Spanish Pyre-
nean Basin provides an exception to the above statements,
where the PETM is manifested as an increase in siliciclas-
tic grain size within deepwater channelized deposits (Pu-
jalte et al., 2015). The Orio section shows a change from
tabular, massive, mudstone-capped sandstone beds to amal-
gamated, planar-laminated, coarse-grained deposits with an
axial deepwater channel belt, interpreted to reflect a change
from sediment-gravity-flow- to hyperpycnal-flow-dominated
sedimentation (Pujalte et al., 2015). The difference in re-
sponse between the Spanish Pyrenean Basin and the deep-
water GOM may reflect differences in connectivity between
terrestrial and marine segments of their respective sediment-
routing systems. For example, Bernhardt et al. (2015) noted
varying degrees of connectivity between fluvial and deep-
sea segments of the Biobío canyon system of Chile related
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to the position of submarine canyon heads with respect to
fluvial and longshore sediment delivery systems. Margins
with narrow shelves (e.g., southern California; Covault et al.,
2007) or where submarine canyons incise across the shelf
to directly connect fluvial systems (e.g., the Congo River
and associated deep-sea fan; Vangrieshiem et al., 2009) are
known to maintain connectivity between land and the deep
sea regardless of sea-level state. Such settings are thus more
likely to record an increase in coarse-grained sedimentation
in the deep sea during the PETM versus margins with broad
shelves in which sea-level rise would more effectively se-
quester coarse-grained sediment in coastal and shelfal set-
tings.

5.5 Evaluation of the Gulf of Mexico closed gateway
hypothesis

Several studies have argued that the GOM became isolated
from the Atlantic Ocean due to collision of the Cuban arc
with the Yucatán, Bahamas, and Florida carbonate platforms
during late Paleocene–early Eocene times and that the GOM
underwent approximately 1–2 km of drawdown during or
just prior to the Paleocene–Eocene boundary (Rosenfeld
and Pindell, 2003; Cossey et al., 2019; Pindell and Cossey,
2020; Rosenfeld, 2020; Cossey et al., 2021). Proponents
of the closed gateway hypothesis have suggested that re-
lease of methane hydrates during sea-level fall might explain
the large release of isotopically light carbon and associated
global warming that characterizes the PETM (Rosenfeld and
Pindell, 2003; Cossey et al., 2016, 2021).

Several observations from the Anchor 3 core are incon-
sistent with the closed gateway hypothesis and instead sup-
port the interpretation that the GOM remained connected to
the Atlantic Ocean (White et al., 2019; Cunningham et al.,
2022). The Anchor 3 core does not show evidence of oceanic
drawdown or unconformity occurrence during or immedi-
ately prior to the PETM. Marine dinocysts are dominant over
terrestrial spores and pollen in the Wilcox 1B interval pre-
ceding the Paleocene–Eocene boundary (Fig. 3), suggesting
a relative lack of terrestrial input to the basin. Although the
drawdown hypothesis invokes widespread paleo-canyon for-
mation and increased clastic delivery to the deep GOM dur-
ing or immediately preceding the PETM, the Anchor 3 core
indicates the opposite: a reduction of grain size during the
main PETM CIE that is interpreted to reflect sea-level rise,
not sea-level fall. If a drawdown of water occurred over the
PETM interval, a shift from deepwater to shallow benthic as-
semblages would be expected. Our data do not show that, but
instead indicate deepwater agglutinated foraminifera imme-
diately below and above the CIE. The decline in terrestrial
phytoclasts as well as spores and pollen, increase in opaque
phytoclasts, and marine dinocyst assemblages with peaks in
Spiniferites complex and Areoligera abundances corroborate
the foraminifera record prior to the CIE and are consistent
with an overall trend in sea-level rise (Sluijis et al., 2008a;

Sluijis and Brinkhius, 2009). Furthermore, the deepwater
GOM record across the Paleocene–Eocene boundary lacks
evidence of deposition of evaporites or highly organic units
that have characterized isolation and drawdown episodes of
the Mediterranean and Black seas (Cunningham et al., 2022).

The PETM record from the GOM shares several features
with other deep Atlantic Ocean sites, including an extinction
in benthic foraminifera, a shift from CaCO3-poor to CaCO3-
enriched sediment, and a decrease in bioturbation during the
lower PETM CIE (e.g., Kennett and Stott, 1991; Zachos
et al., 2005). These commonalities suggest similar oceano-
graphic changes between the GOM and Atlantic Ocean dur-
ing the PETM that would be best explained by these ocean
basins being connected during the latest Paleocene to earli-
est Eocene. Thus, our analysis casts doubt on the hypothesis
that methane hydrate release due to GOM drawdown was a
causal mechanism for the PETM.

6 Conclusions

The Anchor 3 core contains one of the few known
PETM records from a deep-sea fan system sourced from
a continental-scale drainage, providing insight into the ef-
fects of this hyperthermal on the landscapes of central North
America and within the GOM ocean basin itself. The PETM
is manifested by a ∼−2 ‰ shift in bulk organic δ13C and
a pronounced decrease in the supply of sand and silt after a
lag of ∼ 2 m (approximately 31± 6.2 kyr), concurrent with
an influx of terrigenous clay that is notably poor in organic
carbon. Comparison of the Anchor 3 core with a global com-
pilation of PETM localities suggests that the lithologic man-
ifestation of the PETM in the deepwater GOM was caused
by the interplay of two factors: (1) increased erosional de-
nudation of central North America that caused an increase
in the supply of both coarse- and fine-grained sediment to
the coastal ocean and (2) rising sea level that sequestered
coarser-grained sediment near the coast but allowed terrige-
nous clay to reach deep-sea environments.

The record of the PETM at the Anchor 3 well indicates
that global climatic changes also had a clear influence on
calcareous, siliceous, and organic-walled microfossil assem-
blages in the GOM. The latest Paleocene interval was char-
acterized by increasing abundances of Apectodinium spp.
with mixed coastal to neritic dinocyst assemblages, shifts in
the abundance of terrestrially derived kerogen, and fluctua-
tions in radiolarian abundance that together suggest variabil-
ity in sediment supply and nutrient enrichment. The Apec-
todinium dominance and acme event prior to the main CIE
are interpreted as a response to not only the global tempera-
ture change but also enhanced runoff and increased delivery
of nutrients to the surface water in the GOM. The sudden
absence of these allochthonous palynomorphs and organics
during the PETM can be explained by sea-level rise and se-
questering of coarser-grained sediment that typically deliv-
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ered these palynomorph assemblages basinward. Abundant
radiolarians and the lack of calcareous microfossils, except
for dissolution-resistant nannofossils, suggest rapid sediment
accumulation rates and possibly a shoaling of the CCD. An
anomalous lack of bioturbation and a benthic foraminiferal
extinction following the PETM onset are consistent with
deoxygenation of GOM bottom waters and/or an increase
in sedimentation rate. The transition from CaCO3-poor to
CaCO3-rich shale is consistent with ocean acidification dur-
ing the early phases of the PETM. Similar observations have
been made in other deep Atlantic PETM localities, suggest-
ing connection of the GOM to the Atlantic Ocean during lat-
est Paleocene–earliest Eocene times.

The Anchor 3 locality provides the first integrated litho-
logic, geochemical, and biostratigraphic record of the PETM
in the deepwater GOM and is an essential record in fur-
ther understanding the variability of the biotic response glob-
ally. This study reinforces the importance of multidisci-
plinary characterization of the PETM for understanding how
climate-driven sedimentary signals are manifested within the
distal portions of large sediment-routing systems. The effects
of oceanographic changes during the PETM onset (e.g., a de-
crease in bioturbation and benthic foraminifera) were imme-
diate, while lithologic and geochemical changes lagged by
ca. 30 to 150 kyr. These results highlight both the immediate
and long-lived consequences of global warming, even within
the most distal portions of large sediment-routing systems.
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