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Abstract. The release of over 4500 Gt (gigatonnes) of carbon at the Paleocene–Eocene boundary provides
the closest geological analog to modern anthropogenic CO2 emissions. The cause(s) of and responses to the
resulting Paleocene–Eocene Thermal Maximum (PETM) and attendant carbon isotopic excursion (CIE) remain
enigmatic and intriguing despite over 30 years of intense study. CIE records from the deep sea are generally thin
due to its short duration and slow sedimentation rates, and they are truncated due to corrosive bottom waters
dissolving carbonate sediments. In contrast, PETM coastal plain sections along the US mid-Atlantic margin
are thick, generally having an expanded record of the CIE. Drilling here presents an opportunity to study the
PETM onset to a level of detail that could transform our understanding of this important event. Previous drilling
in this region provided important insights, but existing cores are either depleted or contain stratigraphic gaps.
New core material is needed for well-resolved marine climate records. To plan new drilling, members of the
international scientific community attended a multi-staged, hybrid scientific drilling workshop in 2022 designed
to maximize not only scientifically and demographically diverse participation but also to protect participants’
health and safety during the global pandemic and to reduce our carbon footprint. The resulting plan identified
10 sites for drill holes that would penetrate the Cretaceous–Paleogene (K–Pg) boundary, targeting the pre-onset
excursion (POE), the CIE onset, the rapidly deposited Marlboro Clay that records a very thick CIE body, and
other Eocene hyperthermals. The workshop participants developed several primary scientific objectives related
to investigating the nature and the cause(s) of the CIE onset as well as the biotic effects of the PETM on the
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paleoshelf. Additional objectives focus on the evidence for widespread wildfires and changes in the hydrological
cycle, shelf morphology, and sea level during the PETM as well as the desire to study both underlying K–Pg
sediments and overlying post-Eocene records of extreme hyperthermal climate events. All objectives address our
overarching research question: what was the Earth system response to a rapid carbon cycle perturbation?

1 Introduction

Despite over 30 years of intense study since rapid climatic
and biotic change during the Paleocene–Eocene Thermal
Maximum (PETM) was first identified (Thomas, 1989; Ken-
nett and Stott, 1991), the cause(s) of and responses to the
PETM and attendant stable carbon isotope excursion (CIE)
in the global exogenic carbon pool (e.g., Koch et al., 1992;
Dickens et al., 1995) remain enigmatic and intriguing. The
PETM remains an essential target of climate study, as the
release of over 4500 Gt (with Gt=Pg; Gutjahr et al., 2017)
of carbon at the Paleocene–Eocene (P–E) boundary provides
the closest geological analog to modern anthropogenic CO2
emissions (e.g., Pagani et al., 2006; Zeebe et al., 2016).
The PETM was characterized by a global temperature in-
crease of about 5 °C (Kennett and Stott, 1991; Koch et
al., 1992; Bralower et al., 1995; Thomas et al., 1999; Zachos
et al., 2003; Tripati and Elderfield, 2004; Sluijs et al., 2006;
Dunkley Jones et al., 2013; Tierney et al., 2022). The CIE
is recorded by a δ13C decrease in marine (∼ 2 ‰–3 ‰ in
benthic; ∼ 2.5 ‰–4 ‰ in planktonic foraminifera) and ter-
restrial (∼ 2.5 ‰–7 ‰) environments, requiring a substantial
addition of 13C-depleted carbon into global reservoirs (Ken-
nett and Stott, 1991; Zachos et al., 2007; McInerney and
Wing, 2011; Koch et al., 1992; Wing et al., 2005; Bowen
et al., 2015). The initiation of the CIE is used to correlate the
beginning of the Eocene epoch (∼ 56 Ma).

The PETM CIE can be subdivided into three stages (Röhl
et al., 2007; Fig. 1). The first is the CIE onset and a subse-
quent sharp δ13C decrease, the rapidity of which is still un-
resolved (e.g., Kennett and Stott, 1991; Bowen et al., 2015;
Kirtland Turner and Ridgwell, 2016; Zeebe et al., 2016, Ba-
bila et al., 2022; Li et al., 2022). The onset duration estimates
range widely (e.g., Cui et al., 2011; Wright and Schaller,
2013), though recent estimates indicate that it occurred in
less than 4 kyr (Kirtland Turner, 2018). The second stage, the
CIE body (Röhl et al., 2007), is a period of relatively stable
low carbon isotope values with astronomical tuning-based
estimates on the order of 40 to 100 kyr (Katz et al., 1999;
Röhl et al., 2007; Westerhold et al., 2018). The third stage is
the gradual exponential recovery period of ∼ 70 to 140 kyr
to near pre-CIE δ13C values (Dickens et al., 1997; Katz et
al., 1999; Röhl et al., 2007; Westerhold et al., 2018), al-
though several records suggest a faster recovery for at least
part of the event (e.g., Bowen and Zachos, 2010). Following
the PETM, about 20 smaller negative δ13C excursions (e.g.,
H1, H2, I1, I2, J, K, L; ∼ 54–53 Ma) occurred in the early

Figure 1. Anatomy of the carbon isotope excursion (CIE) using
the bulk carbonate δ13C record of Bains et al. (1999) from ODP
Site 690, Weddell Sea. This classic deep-sea PETM record illus-
trates the shape, sediment thickness, and duration of the CIE onset,
body/core, and recovery.

Eocene. Several of these have been shown to reflect transient
global warming phases (“hyperthermals”; Thomas and Za-
chos, 2000), such as Eocene Thermal Maximum (ETM) 2
(e.g., Lourens et al., 2005; Sluijs et al., 2009). All the Pa-
leogene CIEs, possibly except for the PETM, were astro-
nomically paced, reflecting continued climate instability in
this high CO2 world (e.g., Cramer et al., 2003; Westerhold et
al., 2017; Setty et al., 2023).

Deep-sea sections recording the PETM and other Paleo-
gene hyperthermals are generally thin (< 1 m) due to their
geologically short durations and typical deep-sea sedimenta-
tion rates of 1–2 cm kyr−1 (Dickens et al., 1995; Westerhold
et al., 2018). Records of the CIE onset and body in deep-sea
sediments are also generally truncated owing to the corro-
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sive conditions in bottom waters at the onset of the PETM,
causing dissolution of calcium carbonate sediments on the
seafloor (Zachos et al., 2005; Colosimo et al., 2005; Bralower
et al., 2014). In contrast, thick marine sections (> 15 m)
recording the CIE occur in the US mid-Atlantic Coastal Plain
in New Jersey, Maryland, Delaware, and Virginia. These sec-
tions generally have an expanded CIE onset in updip sites, an
expanded CIE body in medial sites, and an expanded CIE re-
covery in the downdip sites due to progradation of sediments
(Fig. 2; Podrecca et al., 2021).

The prospect of drilling these coastal plain deposits to ac-
cess data from the expanded PETM sediments led to an In-
ternational Continental Scientific Drilling Program (ICDP)
workshop in 2022, entitled “Coring Paleocene-Eocene Ther-
mal Maximum transects, mid-Atlantic U.S. Coastal Plain:
Constraining timing and cause of carbon injection and
ecosystem response”. The multi-staged, hybrid scientific
drilling workshop was designed to maximize not only scien-
tifically and demographically diverse participation but also
to protect participants’ health and safety during the global
pandemic and to reduce the carbon footprint of this well-
attended, international event. This hybrid workshop included
(1) a half-day interactive and recorded webinar (22 June,
virtually and at Rutgers University, New Brunswick, New
Jersey, USA) devoted to discussions related to the science
of the PETM and a presentation of potential drill sites;
(2) two townhall meetings (24 August, at MARUM, Uni-
versity of Bremen, Germany, during the 12th Climatic and
Biotic Events of the Paleogene (CBEP12) conference and
31 August at Grieghallen, Bergen, Norway, during the In-
ternational Conference in Paleoceanography (ICP14)) where
presentations of the preliminary drilling plan and a summary
of scientific topics engaged and encouraged additional par-
ticipation; and (3) a hybrid workshop (17 November, virtu-
ally and at Rutgers University, New Brunswick, New Jersey,
USA) that finalized the drilling plan and assembled interna-
tional, discipline-based research teams for post-drilling sci-
ence.

2 US mid-Atlantic Coastal Plain sediments

Across the US mid-Atlantic Coastal Plain, the PETM is as-
sociated with the Marlboro Clay, a unique geologic forma-
tion of laminated dark gray silty clay. The sediments sur-
rounding the Marlboro Clay, however, vary geographically
(Fig. 3). In New Jersey, the lowermost Eocene Marlboro Clay
conformably overlies normal sequences of quartzose silty
glauconitic sand to glauconitic silt of the Paleocene Vincen-
town Formation deposited in inner to middle neritic environ-
ments (∼ 25–50 m; Harris et al., 2010). The Marlboro Clay
is disconformably overlain by either green carbonate clays
of the Manasquan Formation or a return to glauconitic sandy
silts that are indistinguishable from the Vincentown Forma-
tion. In Maryland and Virginia, the Marlboro Clay overlies

the greenish-black to greenish-gray very fine to coarse glau-
conitic sands of the Paleocene Aquia Formation, deposited
in inner to middle neritic environments (Gibson and By-
bell, 1994). The Aquia Formation–Marlboro Clay contact,
coinciding with the Paleocene–Eocene boundary, is usually
sharp and highly burrowed, though in New Jersey it is grada-
tional. In Virginia and Maryland, the Marlboro Clay is dis-
conformably overlain by the Nanjemoy Formation, which is
lithologically like the Aquia Formation. Previous drilling in
Delaware has not identified the presence of the Marlboro
Clay, but data presented at the workshops predict a signifi-
cant thickness near the Maryland border.

The Marlboro Clay has a high kaolinite content (Gibson
et al., 1993, 2000; Cramer et al., 1999; Lombardi, 2013) that
was initially thought to reflect a more vigorous hydrologi-
cal cycle due to expanded humid tropical conditions during
the PETM (Gibson et al., 1993). However, δ18O studies of
the clays suggest the kaolinite is recycled from older strata
(Kopp et al., 2009; John et al., 2012). The Marlboro Clay
also contains magnetic grains like those produced by magne-
totactic bacteria on the Amazon shelf and preserved in sub-
oxic zones (Lippert and Zachos, 2007; Kopp et al., 2009),
but the dominant source of the magnetic assemblage appears
to be non-biotic (Kent et al., 2003, 2017; Wang et al., 2013).
The Marlboro Clay, both in composition and flux delivered
to the paleoshelf is unusual in the Cenozoic sedimentological
history of the US Atlantic Coastal Plain.

The Marlboro Clay was deposited in waters mostly deeper
than storm wave base. Exceptions are preserved in updip
strata in Virginia and Maryland that record current or storm-
wave activity in ripple cross-laminated fine silts that locally
exhibit scour and fill channels (Mixon et al., 2000) and
the preservation of delta features (Self-Trail et al., 2017).
In New Jersey, the Marlboro Clay was deposited in mid-
dle to outer neritic paleodepths, primarily on clinoform fore-
sets (Fig. 2; Lombardi, 2013; Stassen et al., 2015; Podrecca
et al., 2021). The modern Amazon shelf has been cited as
an analog setting for the deposition of the Marlboro Clay
(Kopp et al., 2009), exhibiting rapid (2–10 cm yr−1

= 2000–
10 000 cm kyr−1) deposition by fluid mud in a subaqueous
delta with a clinoform geometry (Nittrouer et al., 1996). The
Marlboro Clay contains depositional features consistent with
the dominance of fluidized mud depositional processes, in-
cluding the lack of bioturbation and the rapid burial of ver-
tically oriented pieces of woody debris (Fig. 4). Extremely
rapid sediment accumulation (up to 2000 cm yr−1) has been
suggested in some intervals (Wright and Schaller, 2013) with
the Wilson Lake Hole B sediments indicating that the basal
Marlboro Clay represents a very brief interval with anoma-
lously high sedimentation rates (> 12–24 cm yr−1; Miller et
al., 2017; Doubrawa et al., 2022). The rate of deposition
likely varies across the paleoshelf, and though still not fully
quantified, was 1 or 2 orders of magnitude higher than that
of concurrent sediments in the deep sea.
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Figure 2. (Top) Bulk δ13C records across the four New Jersey coastal plain sites: Medford Auger Project (MAP; 3A in blue and 3B in pink);
Wilson Lake B (WL; Wright and Schaller, 2013), Millville (MV; Makarova et al., 2017), and Bass River (BR; Cramer et al., 1999; John et
al., 2008); %Rhomboaster–Discoaster (RD; Harris et al., 2010 [MV and BR]; Miller et al., 2017 [WL]); benthic biostratigraphy (Stassen
et al., 2015). Records are aligned on the CIE onset (red line), correlated with biostratigraphy, and presented with uniform vertical scale.
(Bottom) Idealized subaqueous delta clinoform depositional model depicting fluid mud reservoir source bypassing shallow zones and rapidly
building foresets in a prodelta environment. Red saw-toothed line denotes the unconformity capping the top of the Marlboro Clay. Figure
from Podrecca et al. (2021).

3 Existing PETM climate records from the US
mid-Atlantic Coastal Plain

Previous U.S. Geological Survey (USGS), Ocean Drilling
Program (ODP), and Rutgers University coastal plain drilling
(Fig. 5) has provided a wealth of basic information and
important clues as to the cause(s) of and responses to
the PETM. Many USGS cores containing PETM deposits
(e.g., Cambridge–Dorchester Airport, Mattawoman Creek–
Billingsley Road (MCBR), Randalls Farm, South Dover
Bridge, and Wilson Lake Hole A cores) were drilled over the
last several decades mainly for the purposes of coastal plain
mapping, and their utility for climate studies was only more
recently realized. ODP Leg 174AX (e.g., Ancora, Bass River,
Millville, Sea Girt cores), similarly, was initially designed
to better understand the sequence distribution and architec-
ture of the paleoshelf and slope but also returned PETM sed-
iments that have been key to our present understanding of
this interval. The more recent USGS cores (Howards Tract,

Knapps Narrows), however, were drilled for climate study
as part of the USGS Eocene Hyperthermals Project. Like-
wise, Wilson Lake Hole B and the Medford Auger Project
(Medford core) expressly addressed PETM CIE climate ob-
jectives. These more recent efforts represent the beginning of
the new phase of PETM climate research on the mid-Atlantic
Coastal Plain.

The CIE onset occurs in these cores at the contact between
the upper Paleocene Aquia Formation or Vincentown Forma-
tion and the lowermost Eocene Marlboro Clay. In the most
landward sites in New Jersey and Maryland, the δ13C values
across the P–E boundary depict a gradual transition (Self-
Trail et al., 2017), but a carbonate dissolution zone in the
basal Marlboro Clay found at many deeper sites, possibly due
to lysocline shoaling (Bralower et al., 2018), precludes stable
isotope records at the contact. However, a 2 ‰ δ13C decrease
and ocean acidification event that slightly predates the PETM
(the pre-onset excursion or POE; Bowen et al., 2015) records
an early pulse of PETM-like conditions in the South Dover

Sci. Dril., 33, 47–65, 2024 https://doi.org/10.5194/sd-33-47-2024



M. M. Robinson et al.: PEP-US coring transects 51

Figure 3. Stratigraphic column showing Cretaceous, Paleocene,
and Eocene planktonic foraminiferal and calcareous nannofossil
zones and geological formation names on the US mid-Atlantic
Coastal Plain. Note that same-age sediments in Virginia and New
Jersey have different formation names above and below the Marl-
boro Clay. The Marlboro Clay is closely associated with the PETM
across the US mid-Atlantic Coastal Plain.

Bridge core (Robinson and Spivey, 2019; Babila et al., 2022;
Doubrawa et al., 2022), and several smaller CIEs follow-
ing the PETM are recorded in Maryland (Rush et al., 2023),
Virginia, and New Jersey (Fung et al., 2023) sediments. To-
gether, these Eocene hyperthermals provide insight into tip-
ping points in the ecosystem response to rapid change.

One goal of PETM climate research is to place constraints
on the timing, magnitude, and tempo of carbon release(s)
at the CIE onset (and POE events) and investigate their re-
lationship to each other. However, at Bass River in New
Jersey, similar to the deep-ocean records, single-foraminifer
stable carbon and oxygen isotope populations are bimodal,
showing no intermediate values (Zachos et al., 2007; John
et al., 2008) and indicating that foraminifer accumulation
rates or foraminifer preservation were insufficient to cap-
ture the timescale of 13C-depleted carbon injection. At Mat-
tawoman Creek–Billingsley Road (MCBR), the sedimenta-
tion rates are relatively higher than at Bass River, but the
foraminifers available for stable isotopic measurements were
very small and rare, and many samples were barren (Self-
Trail et al., 2017). Foraminifera were more abundant at South
Dover Bridge, and δ11B provided a pH proxy, offering a way
to trace carbon injection directly (Fig. 6; Babila et al., 2022)
but only outside the dissolution zone. The POE was accom-
panied by a drop in pH and possibly a rise in temperature
like during the main CIE (Babila et al., 2022) but was much
shorter lived (∼ 2 kyr; Bowen et al., 2015), explaining why

deep-sea records fail to capture it. The relatively low deep-
sea sedimentation rates and severe chemical erosion at the
onset of the main CIE yield insufficient temporal coverage to
resolve such a short-lived event. Unfortunately, current late
Paleocene stratigraphic age control is poor, and duration es-
timates between the upper boundary of the POE and main
CIE range from 1000 years to 100 kyr (Babila et al., 2022;
Doubrawa et al., 2022), limiting our ability to evaluate the
connectedness of the multiple carbon injections to the PETM
onset.

Another goal is to determine if biotic change, sea surface
warming, and the carbon injection associated with the POE
were concurrent. Initial micropaleontological and TEX86
studies at Bass River and Wilson Lake (Sluijs et al., 2007)
and micropaleontological studies of South Dover Bridge and
MCBR (Self-Trail et al., 2017; Robinson and Spivey, 2019;
Doubrawa et al., 2022) suggest that biotic change and warm-
ing lead the CIE onset by a few millennia. The precursor
warming was later reproduced in other regions (e.g., Secord
et al., 2010; Frieling et al., 2019). However, TEX86 records
from the Medford Auger Project suggest that warming was
coincident with or lags the CIE onset (Makarova, 2018; In-
glis et al., 2023). Several studies show a gradual, precur-
sor δ13C decrease below the sharp CIE (Miller et al., 2017),
with a thickness that increases landward (Fig. 2; Podrecca et
al., 2021). Whether temperature rise triggered the carbon re-
lease at the POE and main PETM remains an open question.

Irrespective of timing, excess carbon and excessive tem-
peratures affected the ecosystem across the PETM. I/Ca
measurements suggest widespread deoxygenation of ther-
mocline and bottom waters (Zhou et al., 2014; Makarova,
2018), high surface temperatures may have caused the exclu-
sion of eukaryotes in surface waters (Aze et al., 2014; Friel-
ing et al., 2017, 2018; Makarova et al., 2017; Si and Aubry,
2018), and an unusual nannofossil assemblage suggests bi-
otic stress due to photic zone acidification (Kahn and Aubry,
2004; Bralower et al., 2018). Planktonic and benthic organ-
isms showed a significant extinction (benthos) and showed
both ecophenotypic (plankton) and ecological (benthos and
plankton) responses to the PETM on the paleoshelf, but the
cause of the changes is debated.

These ecosystem perturbations are evident on a global
scale but can be addressed using records from the US mid-
Atlantic Coastal Plain. For example, Makarova et al. (2017)
used the transect afforded by Wilson Lake, Ancora, Millville,
and Bass River to evaluate two scenarios: (1) a change in
the water column structure and (2) a change in habitat or
seasonality of the surface dwellers. Si and Aubry (2018) fa-
vored a habitat (migration) change, while Makarova (2018)
argued for a change in seasonality consistent with the eukary-
ote exclusion hypothesis. Benthic foraminiferal assemblages
suggest dysoxia with an opportunistic CIE fauna (Stassen et
al., 2012, 2015; Robinson and Spivey, 2019). I/Ca data from
benthic taxa suggest decreased oxygen concentration but not
full anoxia in bottom waters (Makarova, 2018), support-
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Figure 4. (a) Charcoal abundance (no.> 63 µmg−1) and δ13Ccharcoal (Fung et al., 2019) plotted with δ13Cbulk carbonate and impact
spherules per gram discovered at Wilson Lake (Schaller et al., 2016). Ratio of saturation remanence to saturation magnetization (Mr/Ms) at
Wilson Lake is interpreted as having been generated by soil pyrogenesis (Kent et al., 2017). (b) SEM images of charcoal fragments recovered
from Randalls Farm and Wilson Lake cores from Fung et al. (2019). (c) Photograph of intact leaf fragments from Randalls Farm (Schaller
and Fung, 2018). (d) Photograph of split core at Wilson Lake showing upright twig; scale at center.

ing additional low-oxygen evidence from planktonic/ben-
thic ratios and benthic foraminifera assemblages (Stassen et
al., 2012). In addition, reconstructions of paleowater depth
based on lithofacies models (Browning et al., 2006), benthic
foraminiferal assemblages (Stassen et al., 2015; Robinson
and Spivey, 2019), ostracod eye size (Tian et al., 2022), and
water depth preferences of planktonic foraminifera (Robin-
son and Spivey, 2019) indicate a relative sea level rise across
the CIE onset that is difficult to explain if ice-free conditions
are assumed.

Current available observations of global environmental
and ecosystem changes suggest a greater severity both in
magnitude and spatial coverage at the PETM when com-
pared to the POE and other Eocene hyperthermals. Two po-
tential causes for a more substantial climate system response
proposed are related to external forcing of the carbon cy-
cle. One is related to the release of volcanic carbon inputs,
mainly as CO2 associated with the North Atlantic Igneous
Province, and preliminary results from drilling on the Nor-
wegian margin strongly supports a link (Planke et al., 2022).
The other is extraterrestrial impact. The discovery of in situ
impact spherules at the CIE onset at Millville, Wilson Lake,
Medford, and deep-sea ODP Site 1051 (Fig. 7; Schaller et
al., 2016) offers an intriguing link between extraterrestrial
impact and the PETM. The Ar–Ar age of the spherules is in-
distinguishable from its depositional age at the P–E boundary
(Schaller and Fung, 2018; Schaller et al., 2019), indicating
that it is not reworked from another impact event. If proxi-
mal to the crater, the relatively low abundance of spherules
at the CIE onset implies that the volume of CO2 released by

this impact was probably not significant. The possibility of a
larger impactor cannot be excluded until the ejecta is identi-
fied at more far-field P–E sites, though even a small impact
could provide a carbon release trigger related to wildfires
(Kent et al., 2017; Schaller and Fung, 2018) or earthquakes
releasing slope methane (Katz et al., 1999). Fung et al. (2019)
documented abundant charcoal in a distinct peak within the
CIE onset (Fig. 4) in New Jersey (Wilson Lake) and Virginia
(Randalls Farm). Vitrinite reflectance shows that the hottest
fires occurred within the peak of charcoal abundance, sug-
gesting they were unusual against the background fire regime
of the mid-Atlantic Coastal Plain. These data are tantaliz-
ing evidence that, whatever the trigger, wildfires were intense
and possibly widespread at the beginning of the PETM cli-
mate change. Again, continued research to refine the ages
of these sediments would help to understand the cause(s) of
the PETM and various environmental perturbations associ-
ated with the event onset.

In summary, previously drilled cores on the US mid-
Atlantic Coastal Plain have provided important clues toward
understanding the cause and nature of global change at the
PETM, but major open questions still remain. These con-
cern the timing, magnitude, tempo of, and relationship be-
tween carbon releases; lead–lag relationships between biotic
change and warming and the CIE onset; and the more sub-
stantial climate system response of the CIE compared to the
POE. These questions can only be fully addressed with addi-
tional cores.
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Figure 5. Geological map of the US mid-Atlantic Coastal Plain (NJ, New Jersey; DE, Delaware; MD, Maryland; and VA, Virginia) with
proposed core sites (red circles) and locations of existing ODP, IODP, and USGS cores. Cam-Dor represents Cambridge–Dorchester Airport;
MCBR represents Mattawoman Creek–Billingsley Road. Colors represent outcrops of Cretaceous (green), Paleogene (peach), Neogene
(medium yellow), and Quaternary (light yellow) sediments. Blue shades are proportional to water depth. Dashed contours are depth to
basement (in km) indicating the direction of dip of sedimentary deposits.

4 Proposed drill sites

The PETM deposits on the US mid-Atlantic Coastal Plain
have the potential to provide unparalleled resolution of the
shallow marine POE, PETM, and subsequent Eocene hyper-
thermals. Considering local tectonics and how coastal zone
dynamics likely affected PETM deposition, workshop par-
ticipants designed a drilling campaign of 10 drill holes, with
four in New Jersey, two near the Delaware–Maryland border,
and four in Virginia, that are intended to capture these events
in high resolution (Fig. 5; Table 1). We have assembled ex-
tensive well log data for New Jersey, Delaware–Maryland,
and Virginia that allow us to confidently predict the pres-
ence of the Marlboro Clay (Crider et al., 2022, 2023). Closely
spaced well log data are superior to seismic profiling for our
purposes because of the thinness (15 m) of the target inter-
val and the fact that it is not imaged on high-resolution 2D
and 3D data offshore. We have used existing core holes and

well logs from observation wells to construct isopach maps
to predict the thickness of the PETM section and to precisely
target the proposed core holes in New Jersey and Maryland.

In addition to the PETM and POE, this coring campaign
targets Eocene hyperthermals and the K–Pg boundary. Pre-
vious coastal plain drilling of ODP Leg 174AX documented
the validity of the transect approach (Miller et al., 2017), but
existing cores are not adequate for further study. Firstly, the
previous cores were drilled for sea-level, hydrostratigraphic,
and geologic mapping studies that require less core mate-
rial for descriptive work than detailed temporal paleoceano-
graphic studies. Bass River and Millville cores, for exam-
ple, are largely depleted due to intense community sampling
of both the working and archive halves, and Wilson Lake
Hole B is nearly depleted. Secondly, critical regions from the
shallowest paleodepth were either not cored or the sediments
were diagenetically altered. Thirdly, unlike ICDP projects
and IODP expeditions, no concerted effort was made to co-
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Figure 6. South Dover Bridge (SDB) carbon isotope (δ13C) bulk carbonate, planktonic, and benthic foraminifera records. Planktonic
foraminifera Mg/Ca estimated ocean temperatures and error envelope include uncertainty in Mg/Ca seawater composition. Average δ11B
of single-specimen benthic foraminifera (Cibicidoides alleni), with 2 SE associated with the mean for each depth and the uncertainty in
our internal reference material. Vertical error bars of δ11B represent the full sample depth range of the multiple individual measurements
represented by the average δ11B value. Highlighted in yellow is the POE and in blue is the body of the CIE. Note the expanded (> 16 m
thick) CIE body compared to< 2 m thickness at ODP Site 690 in Fig. 1 and the dissolution zone (area of no data) at the base of the Marlboro
Clay. Figure from Babila et al. (2022).

ordinate community study or sampling and storing of the
PETM intervals.

Therefore, new cores are required to support further PETM
research and broaden the potential application of new ana-
lyses. New cores will replace existing New Jersey cores that
are largely depleted and will supplement the cores currently
available in Maryland and Virginia. The southerly of the core
sites in Delaware will investigate the record of the PETM

between the Maryland-Virginia sites and New Jersey, closer
to the core of the Salisbury Embayment. New drilling will
complete the depth transects across the paleoshelf (Fig. 5),
which is necessary to sample the complex patchwork of sed-
iment and to fully exploit the potential to produce climate
records. We will recover the large core volumes that are re-
quired for multi-proxy studies and will employ modern high-
stratigraphic/temporal-resolution core scanning techniques
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Table 1. Proposed drill site locations and estimated depth to 3 m below K–Pg.

Location State Latitude Longitude Target core
depth (m)

Bob Meyer Park New Jersey 39.84539° N 74.82048° W 52
Atsion Lake New Jersey 39.73989° N 74.72925° W 134
Batsto New Jersey 39.64387° N 74.64678° W 300
Millville New Jersey 39.40476° N 75.08851° W 318
Sandtown Delaware 39.04040° N 75.71468° W 227
Delmar Delaware 38.51140° N 75.55390° W 399
White Sands Harbor Virginia 37.94104° N 76.33889° W 199
Ingenco Virginia 37.43867° N 77.12799° W 141
New Kent Courthouse Virginia 37.50804° N 76.98473° W 107
Chappell Creek Virginia 37.28818° N 77.21100° W 46

that are required for astronomical chronology and to resolve
environmental changes. Fresh, non-oxidized cores less af-
fected by post-drilling carbonate dissolution will provide the
opportunity for additional proxy analyses not possible on
existing material (e.g., organic biomarker analysis, inspec-
tion of the CIE onset interval for spherules and foraminiferal
tests).

4.1 New Jersey

The Marlboro Clay is found in two sediment lobes in New
Jersey, indicative of two sediment sources. Our four proposed
cores, Millville, Bob Meyer Park in Medford, Atsion Lake,
and Batsto, will form a dip transect across the larger, thicker
southern lobe from clinoform topset to toes using the pre-
dictions of Podrecca et al. (2021; Fig. 2). The existing Mil-
lville core is depleted in the onset interval. Therefore, we pro-
pose to redrill Millville, a critical location because it provides
the most complete CIE onset amongst current mid-Atlantic
Coastal Plain core archives and therefore of broad interest
to the PETM community. The Medford Auger Project (Po-
drecca et al., 2021) recovered cores over a 1 km transect near
Marlboro Clay outcrops with an expanded CIE onset sec-
tion. We propose drilling 5.2 km downdip from this transect
at Bob Meyer Park in Medford and 19 km downdip at Atsion
Lake to recover an expanded CIE onset and to constrain in-
ner shelf conditions. Batsto is 31 km downdip and provides a
location between these sites and the existing Bass River site
(45 km downdip from outcrop) to record the most expanded
CIE body and middle shelf conditions. Bob Meyer Park, At-
sion, and Batsto provide an ideal depth transect, with Mil-
lville along-strike of Batsto (Fig. 5).

4.2 Delaware–Maryland

The greatest thickness of Paleogene and Neogene sediments
lies in the Delmarva Peninsula near Salisbury, Maryland,
and these sediments have been largely uncored. Drilling near
the Delaware–Maryland border will provide a new wealth of

subsurface data. We propose a drill site at Delmar, Delaware,
to target the thickest and deepest water deposits sampled in
the region. Based on well logs from Federalsburg, Maryland,
we predict a thick (> 15 m) PETM section. We also pro-
pose an updip site at Sandtown, Delaware, to test the updip
extent of the Marlboro Clay. Drilling at the two Delmarva
sites, Sandtown and Delmar (Fig. 5), will provide an excel-
lent opportunity for exploratory studies where there is a cur-
rent knowledge gap and where the nature of the Paleocene–
Eocene boundary is not understood.

4.3 Virginia

We used data from numerous wells (i.e., geophysical logs,
descriptions of cuttings) to predict the presence and thick-
ness of the Marlboro Clay in Virginia with high confidence.
We propose a drill site in White Sands Harbor where Virginia
Department of Environmental Quality well data record 67 ft
(20 m) of Marlboro Clay. This would represent the thick-
est Marlboro Clay in the region. Three additional proposed
sites at Ingenco, New Kent Courthouse, and Chappell Creek
subdivision, with Marlboro Clay thicknesses predicted to be
28 ft (9 m), 30 ft (9 m), and 20 ft (6 m), respectively, will
form a deepwater transect that complements existing USGS
cores at Surprise Hill, Busch Gardens Flume, and Jamestown
(Fig. 5).

5 Drilling plan challenges

Our drilling plan incorporating new material from New Jer-
sey, Delaware, Maryland, and Virginia to complement ex-
isting material represents the best opportunity to study the
PETM and other hyperthermals in high resolution. The level
of detail prescribed in our research approach (see Sect. 6)
will transform our understanding of these important events.
Our plan, however, is not free from uncertainties and chal-
lenges. Differential preservation and patchwork distribution
of PETM sediments is expected in coastal plain deposits and
can be difficult to predict due to the discontinuous nature of
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Figure 7. Electron backscatter (15 kV) images of representative P–
E spherules from IODP Hole 1051B, Wilson Lake B, and Millville
cores and the Medford exposure. Selected color micrographs are
shown as insets. (a) Microtektite with a surface pit from ODP Hole
1051B. (b) Microkrystite from IODP Hole 1051B. (c) Teardrop-
shaped glass spherule from Millville; inset is photomicrograph
of same object. (d) Microkrystite with surface pit from Millville.
(e) Broken drop-form or dumbbell from Wilson Lake B. (f) Mi-
crotektite from Wilson Lake B with a smaller spherule accreted to
the side. (g) Microtektite with surface microcrater from the Med-
ford, New Jersey, exposures. Inset shows several other forms found
at Medford, which allows us to exclude drilling contamination as
a source of the spherules. (h) Typical microkrystite from Wilson
Lake B. Figure from Schaller et al. (2016).

coastal zone sedimentation and erosion. Different intervals
of PETM deposition are expected at different locations, de-
pending on the coastal zone dynamics unique to each site.
Also, age control is historically challenging in coastal plain
sediments due to the generally sparse nature of the microfos-
sils traditionally used for biostratigraphy and stable isotope
analyses. Despite these challenges, coastal plain sediments
are excellent snapshots of extreme climate states and contain

valuable quantitative paleoecological data from peak warm
periods. In addition, the preservation of calcium carbonate
microfossils is exceptional compared to the deep-sea section
due to the dominant clay content limiting dissolution and di-
agenetic alteration (Pearson et al., 2001).

The biostratigraphic record of Rush et al. (2023; Fig. 8)
illustrates the differences in sedimentation rate and preserva-
tion of strata at Maryland sites, including the effects of local
faulting. Though the US mid-Atlantic coast is a passive con-
tinental margin dominated by thermal subsidence and load-
ing, faulting has been mapped in Maryland and Virginia. In
some cores, faulting and subsequent erosion is responsible
for the absence of some PETM sediments (e.g., in the Knapps
Narrows core; Fig. 8). Though there is little evidence of fault-
ing in the New Jersey sections, the US mid-Atlantic margin
is affected on the several-million-year scale by relative uplift
and subsidence due to changes in mantle dynamic topogra-
phy (Moucha et al., 2008; Schmelz et al., 2021).

Predicting the nature of sediments to be drilled is always
challenging. In the mid-Atlantic Coastal Plain, no seismic
profiles are available for a site survey, but seismic profiling is
not the best way to detect the ∼ 15 m thick targets at depth.
Instead, we have used existing core holes and well logs from
observation wells to predict the thickness of the PETM sec-
tion and to precisely target the proposed core holes in New
Jersey and Virginia. On the other hand, while well data con-
trol is limited near the proposed Delaware–Maryland sites,
drilling here will provide an excellent opportunity for ex-
ploratory studies. These sites admittedly pose the greatest
risk of missing our target strata, but they also offer the most
potential to gain new information.

Finally, age control can be difficult in coastal plain sedi-
ments. One fundamental goal is to establish the stratigraphic
framework of the coastal plain sediments and to correlate
them between and among sites. Core descriptions and age
control will provide the basis for all further analyses. Bulk
δ13C records, zircon and apatite geochronology, and X-ray
fluorescence (XRF) scans will provide a means of evaluating
equivalency on the transects. The impact spherules can serve
as an isochronous marker horizon to compare between sites.
Coupled with careful sedimentologic and stratigraphic doc-
umentation, this will enable analyses of the nature, timing,
and duration of the PETM onset, our primary science focus.

6 Shallow marine records of Paleocene to Eocene
global climate and ecosystem perturbations –
research approach and science questions

The PETM, POE, and Eocene hyperthermals provide an ex-
cellent template for evaluation of the Earth system response
to rapid carbon release at varying degrees of global warming
under different background climate states during the Paleo-
gene. The targeted sedimentary strata will allow for evalua-
tion of leads vs. lags in the climate system across a regional
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Figure 8. Regional calcareous nannofossil biostratigraphy. NP represents nannofossil zones; KN represents Knapps Narrows; HT2 represents
Howards Tract 2; SDB represents South Dover Bridge. Thickness of sediments in each core is shown in meters from the base of the PETM.
Figure from Rush et al. (2023).

scale transect of the mid-latitudes during these differing in-
tervals of rapid global warming. Given the very high tempo-
ral resolution (sub-millennial scale), the material to be recov-
ered by the drilling campaign is uniquely situated to answer
several questions with direct relevance to anthropogenic cli-
mate change. Our overarching question asks: what was the
Earth system response to rapid carbon cycle perturbations?

6.1 What was the nature of the CIE onset?

The Marlboro Clay and the transition to it from the underly-
ing units represents a period of unequivocally rapid deposi-

tion that provides an expanded record of the carbon release(s)
at the PETM onset. Still unknown is the nature of the hetero-
geneity in the CIE magnitude across shelf deposits, and esti-
mates of the CIE onset duration are wide-ranging. Sampling
the transition zone and Marlboro Clay will allow for test-
ing of contrasting hypotheses: one proposing that the main
CIE carbon release was virtually instantaneous (Wright and
Schaller, 2013) and the other suggesting that it was protracted
over ∼ 4 kyr (Kirtland Turner, 2018; Pearson and Nicholas,
2013; Pearson and Thomas, 2015; Zeebe et al., 2016; Li et
al., 2022). New cores will provide material needed to attain
exceptional resolution of the CIE onset and will be evaluated
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to determine the speed of the onset and also any lead–lag re-
lationships of carbon injection, temperature rise, biotic and
sedimentation change, and extraterrestrial impacts.

Although the POE has been observed in a number of lo-
cations, questions remain about the full magnitude of the
carbon isotope excursion, whether the carbon released was
regional or global, and if it was one or multiple carbon injec-
tions that preceded the main CIE or merely a consequence
of bioturbation or some other artifact. By measuring stable
isotopes in foraminifera, including single-specimen analyses,
from several sections on transects across the shelf, we will
constrain the true size of the POE, regional expression, and
stratigraphic coherence relative to the main CIE. This rela-
tive role of forcings and feedbacks is critical in understanding
the rate and mechanism(s) of carbon released at the PETM.
In addition, we will investigate the relationship between the
POE, the CIE recorded at the PETM onset, and the Eocene
hyperthermals. We will target sediments likely to contain the
POE to determine its relationship to the CIE onset and if it
is global and isochronous with previous POE observations
from terrestrial records, as well as whether it was a unique
event or if there is evidence for multiple carbon injections
being responsible for warming at the PETM.

We also propose to determine the origin of the low car-
bonate and generally carbonate fossil-free interval during the
CIE onset (Fig. 6) and how that affects its characterization.
We will do this by testing the hypotheses that the carbonate
free interval is due to (1) ocean acidification and/or carbonate
compensation depth shoaling into the photic zone, (2) dilu-
tion by massive input of terrigenous silty clays, or (3) the
absence of eukaryotic phytoplankton due to extreme temper-
atures and ecological exclusion. Our transect approach sam-
pling different paleodepths (nearshore, middle, and outer pa-
leoshelf) in three settings (New Jersey, Delaware–Maryland,
and Virginia) will yield constraints at different sites, quanti-
fying dissolution, dilution, and abundance of eukaryotic phy-
toplankton (foraminifera, nannofossils, and dinoflagellates).

6.2 What was the cause of the CIE onset?

All Eocene hyperthermals initiated during maxima in orbital
eccentricity, but whether or not the PETM did is still under
debate (Cramer et al., 2003; Zachos et al., 2010; Zeebe and
Lourens, 2019; Li et al., 2022; Piedrahita et al., 2022). An or-
bital trigger superimposed on the long-term late Paleocene-
early Eocene warming trend might also be consistent with
the magnitude difference between the PETM and subsequent
smaller hyperthermals (e.g., Lunt et al., 2011), although the
PETM remains exceptionally large. Mathematical analyses
on deep-ocean foraminifer δ13C and δ18O records suggest a
loss of Earth system resilience in the run-up to the PETM,
ETM2, and ETM3, suggesting a carbon source that can be
perturbed with climate and carbon cycle variability at the
Earth’s surface (Setty et al., 2023). But which mechanisms
were in place and what was the potential role of North At-

lantic Igneous Province volcanisms and even impacts? If the
CIE onset occurred during an eccentricity maximum, this
may have enhanced the sensitivity of the system to green-
house gas forcing. The POE and other (biotic) precursors
to the CIE may be indicators of an unstable climate system,
characterized by a loss of resilience, with a subsequent larger
response (the PETM) to a lesser forcing (Setty et al., 2023;
Armstrong McKay and Lenton, 2018). We will test the hy-
pothesis that an impact triggered carbon release that, in con-
cert with a preconditioned system and possible astronomical
forcing, resulted in a large carbon cycle event. Widespread
wildfires associated with an impact would have been syn-
chronous throughout the region. We will test the relation-
ships among carbon release, impact, and wildfires by eval-
uating the relationships among δ13C, charcoal occurrences,
and microtektites.

6.3 What were the biotic effects of the CIEs on the
paleoshelf?

We will quantify the severity of the biotic effects of the
PETM, POE, and Eocene hyperthermals on the paleoshelf
and attempt to recognize ecological tipping points. We will
test the hypotheses that there was widespread deoxygena-
tion of the thermocline and bottom waters, an absence of
eukaryotes in surface waters due to excessive temperature,
and photic zone acidification and biotic stress. The debate
surrounding these hypotheses highlights a need for greater
community involvement through common study of a se-
ries of cores containing nannofossils, planktonic and ben-
thic foraminifera, and dinoflagellate cysts. The proposed
transects will allow for a comparison between the degree
of biotic effects latitudinally and across a range of water
depths. The Paleocene and Eocene shelf sections will pro-
vide a detailed and high-resolution baseline for paleoenviron-
mental conditions, placing POE, PETM, and Eocene hyper-
thermal excursions into geological context. Establishing the
background variability of paleoshelf environments (provid-
ing a baseline of the background) is essential to establishing
thresholds that cause a major biotic response. Though orbital
and other forcings cause hyperthermals, ecological tipping
points affect the biotic response, with smaller events causing
little disruption and major events like the PETM and ETM2
causing major disruptions.

6.4 How was the hydrological cycle affected by PETM
and other hyperthermal perturbations?

We will test whether the intensification of the hydrologic
cycle, particularly the increase in seasonality (Rush et
al., 2021), drove increased sedimentation or if increased sed-
iment input was due to impact and wildfires in the hinterland.
Our drilling will improve estimates of the volume of terres-
trial sediments deposited on the shelf, and analyses of hydro-
gen isotopes of leaf wax n-alkanes will help to reconstruct
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hydrological cycling. These estimates will be essential for
validating hydrologic cycle models of the PETM and testing
depositional models. Terrestrial PETM investigations will
also benefit from drilling in the coastal plain, as this shallow
marine environment provides direct linkages between marine
and terrestrial responses to the K–Pg, PETM, and Eocene
hyperthermals. Vimpere et al. (2023) provided evidence for
continental-scale paleodrainage changes in response to the
PETM. Their results from the Gulf of Mexico suggest a
strong sedimentary response to changes in the hydrologi-
cal cycle and also the tectonic regimes that propagated over
North America. Mineralogical and isotopic analyses sam-
pling different Marlboro Clay sediment lobes (depocenters)
will constrain the provenance of the Marlboro Clay. Did the
Potomac, Susquehanna, and Delaware paleorivers tap dif-
ferent Appalachian source regions? We will also consider
tectonic-focused studies that examine the potential for the re-
juvenation of relief in the Appalachians during the Neogene,
as recorded by proxies for chemical weathering in coastal
plain sediments.

6.5 How much did relative sea level rise across the
PETM?

Multiple lines of evidence argue for a large relative sea level
rise in this region across the PETM (Browning et al., 2006;
Stassen et al., 2015; Robinson and Spivey, 2019; Tian et
al., 2022). We assume that the fall line, the western bound-
ary of the Atlantic Coastal Plain, approximates the shore-
line during the late Paleocene and early Eocene, as this is
the extent of marine deposits, but the amount of relative sea
level rise in the southern (e.g., Virginia) and northern (e.g.,
New Jersey) regions is not well constrained nor is the re-
lationship between regional and global mean sea level rise
(Sluijs et al., 2008). We will use two-dimensional backstrip-
ping to reconstruct the paleoslope and place water-depth esti-
mates into a geological context using both inverse techniques
(Steckler et al., 1999) and the forward model of Schmelz et
al. (2024). We will test our forward model with reconstruc-
tions of paleowater depth based on lithofacies models, ben-
thic foraminiferal assemblages, ostracod eye size, and water
depth preferences of planktonic foraminifera. Our paleoslope
modeling, validating, and refining will be critical in evaluat-
ing the response across the paleoshelf to the major warm-
ing events of the POE, PETM, and Eocene hyperthermals.
Our modeling will also allow us to test the role of changes
in global mean sea level versus mantle dynamic topography
in controlling deposition during the largely ice-free world of
the Paleocene to early Eocene and subsequent development
of middle Eocene to Oligocene ice sheets (Miller et al., 2020;
Schmelz et al., 2021).

6.6 Can we detect K–Pg seiche influence or warming
due to Deccan volcanism?

Because most of the lower Paleocene is condensed or miss-
ing, our PETM drilling places us within 30 m of potentially
complete K–Pg marine records. By extending our drilling by
30 m, we will be able to test the hypothesis that K–Pg se-
iche/tsunami wave influence was restricted to paleodepths of
∼ 60 m or less and that deeper sites contain in situ deposits
with ballistic ejecta. Previous studies have established Bass
River, New Jersey, as a world-class location to sample bal-
listic ejecta from the K–Pg boundary (Olsson et al., 1997,
2002; Esmeray-Senlet et al., 2015, 2017), and we plan to
sample through the K–Pg boundary in our core holes. The
mid-Atlantic Coastal Plain offers sampling of intermediate
field response (e.g., Schulte et al., 2010) to the K–Pg im-
pact with evidence of seiche/swash back deposits. The most
downdip site (Bass River) provides a record of deposition of
undisturbed spherule ballistic ejecta immediately following
impact (Olsson et al., 1997). Intermediate sites (e.g., Ancora)
contain reworked spherules and evidence of seiche/swash
back deposits, whereas the most updip sites are either di-
astemic or have iridium at lower concentration over intervals
of tens of centimeters due to bioturbation (Esmeray-Senlet et
al., 2015, 2017). The proposed Atsion site is likely to recover
seiche/swash back deposits, and the proposed Batsto site
should provide a continuous record like Bass River. These
cores should recover evidence of the latest Maastrichtian
warming event associated with Deccan volcanism ∼ 300 kyr
before the K–Pg boundary (e.g., Barnet et al., 2018); this
warming was recorded and calibrated to magnetostratigra-
phy at Bass River (Olsson et al., 2002). A high-resolution
record from the uppermost Cretaceous could inform whether
this event caused significant ecosystem changes prior to the
asteroid impact. The K–Pg will not be sampled in Maryland
and Virginia sites where the upper Cretaceous and lower Da-
nian is truncated, and we suspect that it is similarly truncated
in Delaware.

6.7 What can we learn from post-Eocene climate
records?

Post-Eocene sediments will be of value to ongoing studies
focused on the Late Pliocene and Middle Miocene, inter-
vals of past global warmth that are similar to our modern
climate in terms of the rate of change and/or the magnitude
of atmospheric CO2 concentration and average global tem-
perature. The mid-Piacenzian warm period (∼ 3.3 to 3.0 Ma)
during the Late Pliocene represents a final warm pulse be-
fore Earth’s climate deteriorated into Pleistocene glacial–
interglacial cycles, and the Miocene Climatic Optimum
(∼ 17–15 Ma) was a warm period atop an already warm cli-
mate, similar to our current warming. Climate transitions
into the mid-Piacenzian warm period (rapid warming at
∼ 3.3–3.2 Ma) and out of the Miocene Climatic Optimum
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(slow cooling during the Middle Miocene Climate Transi-
tion; ∼ 15–13 Ma) are also valuable targets as they represent
rapid changes in global temperature, sea level, ice volume,
and oceanic circulation. Previous analyses from the mid-
Atlantic Coastal Plain indicate that various foraminifer and
biomarker-based proxies provide high-quality reconstruc-
tions for these time periods (de Bar et al., 2019; Dowsett et
al., 2021; Robinson et al., 2022).

7 Summary

The Paleocene–Eocene Thermal Maximum (PETM) is an es-
sential target of climate study because it is the closest geolog-
ical analog to modern anthropogenic CO2 emissions. Even
after decades of study, however, the cause(s) of and responses
to the PETM remain enigmatic and intriguing. Because the
rate of deposition of the PETM sediments on the US mid-
Atlantic shelf was at least an order of magnitude higher than
that of concurrent sediments in the deep sea, coastal plain
sediments have the potential to resolve centennial and up to
decadal climatic variability and to provide exceptional (sub-
millennial) temporal resolution. The discontinuous nature of
coastal sedimentation, however, requires numerous sites to
constrain events like the POE, PETM, and Eocene hyperther-
mals.

Workshop participants identified 10 sites for PETM
drill holes that target the POE, the CIE onset, the rapidly de-
posited Marlboro Clay, and other Eocene hyperthermals. To
reduce the uncertainty in recovering our target interval, we
used data from existing core holes and extensive well logs to
construct isopach maps and precisely target thick PETM sec-
tions in eight of the proposed core holes. Drilling two cores
where little data are available will provide an excellent op-
portunity to gain pioneering new information. In our post-
drilling research, we will not only address the PETM as the
most prominent carbon isotope excursion and carbon release
of the Cenozoic, but we will also address multiple examples
of rapid warming in the latest Paleocene to early Eocene.
Though the PETM is arguably the best analog to our rapidly
warming climate, the POE and early Eocene hyperthermals
provide additional points of comparison for other anthro-
pogenic carbon emission scenarios. Each provides valuable
insights into different Earth system responses and feedbacks.

Data availability. Well log data used to predict the pres-
ence of the Marlboro Clay in Maryland and Virginia can
be found in a U.S. Geological Survey Data Release at
https://doi.org/10.5066/P9AHP9BC (Crider et al., 2022). ODP Leg
150X and ODP Leg 174X data used to predict Marlboro Clay thick-
ness in New Jersey are available through the ODP website. Ad-
ditional well log data for New Jersey and Delaware are unpub-
lished and reside at Rutgers University and with the New Jersey
and Delaware state geological surveys.
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