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ABSTRACT

In this study, we present evidence of a Paleocene—Eocene Thermal Maximum (PETM)
record within a 543-m-thick (1780 ft) deep-marine section in the Gulf of Mexico (GoM)
using organic carbon stable isotopes and biostratigraphic constraints. We suggest that
climate and tectonic perturbations in the upstream North American catchments can induce
a substantial response in the downstream sectors of the Gulf Coastal Plain and ultimately
in the GoM. This relationship is illustrated in the deep-water basin by (1) a high accom-
modation and deposition of a shale interval when coarse-grained terrigenous material
was trapped upstream at the onset of the PETM, and (2) a considerable increase in sedi-
ment supply during the PETM, which is archived as a particularly thick sedimentary
section in the deep-sea fans of the GoM basin. Despite other thick PETM sections being
observed elsewhere in the world, the one described in this study links with a continental-
scale paleo-drainage, which makes it of particular interest for paleoclimate and source-

to-sink reconstructions.

INTRODUCTION

The Paleocene—Eocene Thermal Maximum
(PETM) (ca. 56 Ma) was a rapid global warming
event characterized by the rise of temperatures to
5-9 °C (Kennett and Stott, 1991), which caused
substantial environmental changes around the
globe. One effect was the intensification of the
hydrologic cycle as a response to a changing
atmospheric concentration of CO, (Harper et al.,
2020; Rush et al., 2021). The PETM is charac-
terized by a negative carbon isotope excursion
(CIE) of roughly —3.0%o that developed in <5
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k.y. (Zeebe et al., 2016). Three main phases of
the CIE have been formally identified (Mclner-
ney and Wing, 2011): (1) the “onset”, defined as
the time from the last samples with pre-CIE car-
bon isotope values to the most depleted ones; (2)
the “body”, which represents the interval during
which isotope values were low but constant; and
(3) the “recovery”, during which carbon isotope
values returned to pre-CIE levels.

Together with a drastic increase of the dino-
flagellate cyst Apectodinium spp. abundance
(Crouch et al., 2001) and a generalized disso-
lution of carbonates, it has been interpreted that
large amounts of '3C-depleted carbon had been
released into the oceans and the atmosphere

(Dickens et al., 1997). The distinctive CIE has
been identified in a wide range of environments,
from continental deposits to deep-water sedi-
ments (Khozyem et al., 2013), but its source is
still under debate. The currently proposed
hypotheses include volcanic emissions (Gutjahr
et al., 2017), organic carbon from land plants
and soils (Bowen, 2013) or biogenic methane
(Dickens et al., 1997), or a combination of the
latter two (Higgins and Schrag, 2006).

The Gulf of Mexico (GoM) is bounded by
the southern coast of North America to the north,
the Tampico, Vera Cruz, and Tabasco regions of
Mexico to the west and south, and the Yucatdn
and Florida platforms to the east. It formed as
a result of seafloor spreading from the Jurassic
to the Early Cretaceous. From the Cretaceous to
the Paleocene, mixed carbonate and clastic sedi-
ments accumulated along the northern margin
of the basin (Galloway, 2008). From the late
Paleocene to early Eocene, the sedimentation
rate increased, resulting in a progradation of
the fluvio-deltaic systems known as the Wilcox
Group (Galloway and Williams, 1991). At that
time, most of the southern part of North Amer-
ica formed a catchment area that was controlled
by the contemporaneous tectonic uplift of the
Laramide orogeny (Winker, 1982). The GoM
then acted as the ultimate sink for the eroded
material sourced from the continent (Blum and
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Figure 1. Topobathymetric elevation model of North America showing the Logan-1 well location (drilled in 2011 on Walker Ridge Block 969,
ID WR 969 STO #1) and present main geographic features. Depositional context during the Paleocene-Eocene transition is represented by
Wilcox Group thickness and key tectonostratigraphic events in the Gulf of Mexico sediment routing system (modified from Sharman et al.,
2017). PETM—Paleocene—Eocene Thermal Maximum.

Pecha, 2014), where the deltaic systems of the
Houston, Mississippi, and Rio Grande embay-
ments funneled sediments to the deep water
of the basin (Snedden and Galloway, 2019).
Extensive hydrocarbon exploration has yielded a
detailed stratigraphic history in the GoM. Using
this framework, previous studies have identi-
fied sediment supply fluctuations throughout
the Cenozoic (Galloway et al., 2011; Hessler
etal., 2017; Sharman et al., 2017; Snedden et al.,
2018; Zhang et al., 2018), including an increase
at the end of the Paleocene (Zarra, 2007; Blum
and Pecha, 2014).

The Wilcox Group comprises fluvial, del-
taic, and shallow-marine facies in the outcrop-
ping sections of Texas and Alabama, shelf
facies within the onshore wells drilled in the
Gulf Coast, and turbidite systems in the deep-
water wells (Zarra, 2007). The Wilcox Group is
subdivided into the Lower, Middle, and Upper
Wilcox depositional episodes (Galloway, 2008),
with the Middle Wilcox being overlaid by the
broad marine Yoakum Shale, which is commonly
associated to the Paleocene-Eocene boundary
(Galloway, 2008). Previous studies have identi-
fied the CIE associated with the PETM event
in the Wilcox Group, mainly within the fluvial
and deltaic deposits of North America (i.e.,
Bighorn Basin; Foreman et al., 2013) and of
the Gulf Coastal Plain (Sluijs et al., 2014). In
the distal submarine fan province of the Wilcox
Group, limited data resulted in the PETM being
identified from biostratigraphic data rather than
from the CIE (Cunningham et al., 2022). Evi-
dence of Cenozoic environmental changes being

recorded in localized, distal deep-sea fans has
revealed the propagation of the sedimentary sig-
nal across extensive sediment routing systems
(thousands of kilometers), from drainages into
deepest reaches of the oceans (Hessler and Fil-
dani, 2019). When they are directly connected
to a major river catchment, the high-preservation
potential of deep-sea fans makes them important
archives for constraining climate variations and
source-to-sink dynamics (Hessler and Fildani,
2019).

We (1) identify the PETM deep-marine iso-
topic signal in the northern margin of the GoM
basin, (2) exploit this signal as a chronostrati-
graphic datum in the GoM, and (3) discuss the
source-to-sink dynamics of the North American
sediment-routing system with respect to climate
perturbations during the PETM.

MATERIAL AND METHODS

A 543-m-thick (1780 ft) section was
retrieved from an ultra-deep-water wildcat well
(Logan-1 well, drilled in 2011 on Walker Ridge
Block 969, ID WR 969 STO #1) of the outboard
Wilcox trend (Fig. 1), which consists of deposi-
tional lobes, locally channelized, forming part of
a larger submarine fan (Fulthorpe et al., 2014).
The well is located ~400 km to the southeast
of New Orleans, Louisiana, in a water depth
of ~2364 m and reaches a maximum depth of
8351 m below the sea surface. A total of 178 cut-
tings samples were collected every 3.0 m along
the continuous section. Samples were prepared
for bulk and clay X-ray diffraction, Rock-Eval
pyrolysis, granulometric, organic carbon iso-
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tope, palynological, and calcareous nannofossil
analyses (see the Supplemental Material'). The
bulk carbon isotope composition (§'*C,,, [org—
organic] values in per mil [%o] relative to Vienna
Peedee belemnite [VPDB]) was determined in
petroleum free cuttings (see the Supplemental
Material).

EVIDENCE OF A PETM SIGNAL IN
THE GULF OF MEXICO DISTAL
ENVIRONMENTS

Both the palynomorphs and calcareous nan-
nofossil bioevents identify the PETM interval
between 8181 and 8001 m, with the Paleocene-
Eocene boundary corresponding to the limit
between the NP9 and NP10-0 horizons of cal-
careous nannofossil assemblages (Fig. 2; see
the Supplemental Material). The CIE observed
in the Logan-1 well is similar, both in terms of
values and amplitude, to that described for the
PETM in other wells from the U.S. margin of
the GoM and other sites worldwide (Supplemen-
tal Material). The CIE (8196-8001 m) occurs
15 m below the Paleocene-Eocene boundary
(Fig. 2), which supports an absence of hiatus
(Khozyem et al., 2013). Similar observations

!Supplemental Material. Material and methods
used in this study, details of the Rock-Eval,
granulometric, carbon isotope, and calcareous
nannofossil analyses, and correlation of the carbon
isotopic curve with other sections worldwide. Please
visit https://doi.org/10.1130/GEOL.S.21919362
to access the supplemental material, and contact
editing@geosociety.org with any questions.
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Figure 2. Carbon isotope, glauconite concentration, chronostratigraphic, and lithostratigraphic data and correlations with Gulf of Mexico
standard stratigraphy for the section studied in the Logan-1 well (drilled in 2011 on Walker Ridge Block 969, ID WR 969 STO #1). The calcare-
ous nannoplankton zonation is after Martini (1971). §'°C,,, measurements and three-point averages are illustrated by the circles and the curve,
respectively. GR—gamma ray; Sh—shale; Slt—silt; Snd—sand; YS—Yoakum Shale; CIE—carbon isotope excursion; PETM—Paleocene—Eocene
Thermal Maximum. Nannofossils: Bomolithus aquilus, Discoaster araneus, Discoaster mahmoudii, Discoaster diastypus, Fasciculithus tym-
paniformis, Rhomboaster cuspis, Rhomboaster bitrifida, Tribrachiatus bramlettei, Discoaster mahmoudii, Coccolithus bownii, Bomolithus
supremus, Tribrachiatus bramlettei, Thomsonipollis, Fasciculithus richardii, Caycedoae megastypus, Discoaster multiradiatus, Fasciculithus
lillianiae, Fasciculithus richardii, Discoaster acutus.

have been made elsewhere (e.g., Khozyem et al.,
2015, and references therein) and correlated
with the late Paleocene volcanism in the North
Atlantic volcanic province, the Caribbean, and
mid-ocean ridge areas (e.g., Storey et al., 2007).
The CIE main body occurs between 8196 and
8108 m, and the recovery between 8108 and
8001 m, hence defining the thickest (195 m)
PETM sedimentary record discovered to date.
This unusual thickness contrasts with other
biostratigraphically defined PETM intervals
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reported from several wells in the deep-water
GoM basin (Cunningham et al., 2022). Iden-
tification of the PETM is further strengthened
by the observed increase in the abundance of
dinoflagellate cyst Apectodinium spp. at 8169 m
(Fig. 2; see the Supplemental Material) and in
glauconite concentrations at 8172 (Fig. 2; Sluijs
et al., 2014). Both observations indicate a sedi-
mentary condensation and a deposition of terrig-
enous material shifted landward due to a relative
sea-level rise (e.g., Sluijs et al., 2014).

Our results point to significantly elevated
sedimentation rates in this location of the GoM
during the PETM climatic anomaly. Consider-
ing a PETM duration of 170 k.y. (R6hl et al.,
2007), the overall sedimentation rate at this
location was 1.15 m/k.y. The main body (88 m)
and recovery (107 m) supposedly deposited over
80 and 90 k.y., respectively (Fig. 2; Rohl et al.,
2007), which suggests sedimentation rates of
1.1 m/k.y. for the main body and 1.18 m/k.y.
for the recovery. However, due to the difficulty
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Figure 3. Paleographic map of the northern Gulf of Mexico showing evolution of the deposi-
tional systems throughout the Paleocene—Eocene Thermal Maximum (modified from Snedden

and Galloway, 2019).

of distinguishing the main body from the recov-
ery interval, substantial uncertainties surround
these estimates such that the increase sedimen-
tation rate observed for the recovery could be
an artifact.

YOAKUM SHALE

The Yoakum Shale is interpreted as a maxi-
mum flooding surface, which correlates with the
PETM warming and rapid transgression causing
a shoreline retreat of 150 km (Galloway, 2008;
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Fulthorpe et al., 2014). In the Gulf Coastal Plain,
it is associated with a diminished clastic sup-
ply and the formation of submarine canyons,
the best known being the Yoakum Canyon in
the central Texas coastal plain (Fig. 3). These
canyons funneled sediments down to the basin,
thus enhancing the bypass and starving of the
shelf, which agrees with a higher concentration
of marine palynomorphs relative to continental
ones and an enrichment in glauconite observed
in the proximal Sabinetown Formation outcrops
in Texas and Louisiana (Galloway, 2008). The
starving of the shelf and basin margin coupled
with a continuous subsidence generated enough
accommodation to cause, or at least to signifi-
cantly contribute to, the transgression (Dingus
and Galloway, 1990).

We correlate the thick glauconite-rich, clay-
dominated interval presenting a CIE of 2%o
between 8175 and 8120 m with the Yoakum
Shale (Fig. 2). During its deposition, climate
over the continent was marked by precipitation
seasonality which, coupled with a reduced veg-
etation cover and diminished soil moisture, ulti-
mately increased sediment availability, channel
mobility, and floodplain reworking, thus leading
to a preferential transport of clays (Foreman,
2014; Barefoot et al., 2022). While coarse sedi-
ments were sequestered on the shelf, fine hemi-
pelagic sediment continued to be transported
into the deep-sea fan via turbidity currents, sus-
pension fallout, and channeling in submarine
canyons, making clays the first signal-carrying
particles (Fig. 4; Hessler and Fildani, 2019).
Overall, the transgression led to a concentration
in the basin of the marine Yoakum Shale, which
corresponds to a major flushing event that is
associated with climate changes occurring over
North America during the PETM.

The null hypothesis would suggest that the
PETM transgression is uncoupled from sedi-
ment supply, which is to be assumed constant,
but rather corresponds to a global sea-level rise
(Sluijs et al., 2008). However, the proxies used
record the distance from the coast rather than
the magnitude of sea-level rise itself, whereas
numerous studies have documented variations
in sediment supply induced by climate modi-
fications (e.g., Galloway et al., 2011). In view
of this, the coupling of both mechanisms (i.e.,
eustasy and climate-induced variations of sedi-
ment supply) can be proposed as an alternative
explanation for the observed transgression,
although our data do not allow any correlation
with absolute sea-level changes.

UPPER WILCOX

During the early Eocene, the drainage cap-
ture of the western U.S. rivers (Sharman et al.,
2017) that followed a second pulse of Laramide
uplift (Galloway et al., 2011) forced the distribu-
tary system to move toward the southwest from
where sediments entered the GoM (Fig. 3). The
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Upper Wilcox records the onset of the Eocene
deposition through the rejuvenation of several
major fluvio-deltaic systems on the coastal plain
returning to equilibrium (i.e., reduced channel
mobility), which ultimately supported the pro-
gradation of wave-dominated deltas to and over
the shelf margin (Galloway, 2008). The pro-
gradation of coarse facies of the western deltas
translates into a sandy basin-floor apron in the
deep sea (Fig. 4; Fulthorpe et al., 2014), prob-
ably partly due to the sediment bypass during
the initial progradation into the head of the late
Paleocene canyons (e.g., Yoakum Canyon; Gal-
loway, 2008).

The resuming of sandy turbiditic episodes
and basinal apron sedimentation is represented
in the Logan-1 well by the sandy beds overlying
the Yoakum Shale up to 8007 m. Increase in cli-
mate extremes with more intense droughts and
heavy precipitation events (Rush et al., 2021)
led to sufficient runoff to create trunk streams
that drained to the basin sediments derived from
rocks uplifted during the late Laramide tectonic
pulse (Blum and Pecha, 2014). Another mecha-
nism could have been the concomitant wave- or

338

Turbidity current

Continental

Wave energy
removing mud

current-induced removal of mud and sand trans-
ported into deep water from small wave-dom-
inated delta lobes and sandy shore zone of the
Louisiana margin (Fulthorpe et al., 2014). Either
way, the observed change toward coarser sedi-
mentation reflects the protracted transmission of
catchment responses to tectonic and short-term
climate perturbations down to distal systems
(Foreman et al., 2012; Sharman et al., 2017).

CONCLUSIONS

Using a multi-methodological approach, we
identified the Paleocene-Eocene boundary in the
deep waters of the Gulf of Mexico, ~400 km
away from the modern coastline. The carbon iso-
tope ratios of organic matter reveal a pronounced
CIE over a 195-m-thick section, confirmed to
be the PETM excursion by the palynological
and calcareous nannofossil assemblages. We
demonstrate that cuttings constitute a suitable
material for identifying the PETM isotopic sig-
nature when combined with sedimentary and
paleontological data.

The described PETM sequence is the thickest
identified by CIE, suggesting an extremely high

Figure 4. Schematic
representation of the
evolution of the sediment-
routing system of North
America throughout the
Paleocene—Eocene Ther-
mal Maximum. Increased
channel mobility and
floodplain reworking led
to preferential transport
of clays into the basin
(i.e., Yoakum Shale)
through bypass of the
shelf within submarine
canyons. Upper Wilcox
corresponds to resuming
of preferential transport
of coarse material into
basin-floor aprons due
to progradation of del-
taic sands onto the shelf
and the mud removal by
waves.

sedimentation rate in this part of the basin. These
results suggest a strong sedimentary response
to changing hydrological conditions and, to a
lesser extent, tectonic regimes that propagated
over North America. Considering the occurrence
of similar coeval fan deposits worldwide, it is
reasonable to assume that extreme changes in
global climate most likely influenced sedimen-
tary routing systems during the PETM.
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