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Abstract

Glycerol dialkyl glycerol tetraethers (GDGTSs) have been widely applied to coastal marine
sediments to reconstruct past temperature variability. However, coastal environments are
characterised by variability in the source, age and/or thermal maturity of different organic
carbon (OC) pools and may bias various GDGT-based proxies. Here we analyse TEXgs and
MBTsme values within a shallow marine sediment core (South Dover Bridge, Maryland) from
the Paleocene-Eocene Thermal Maximum (PETM; 56 million years ago (Ma)) to explore how
changes in OC reworking influence GDGT-derived sea surface and terrestrial temperature
estimates, respectively. We demonstrate that TEXsgs values are unaffected by an increase in
soil- and fossil organic carbon during the PETM. In contrast, we find large and unexpected
variations in MBTswme-derived temperature estimates (~6 to 25 °C) during the onset and core
of the PETM at some sites. This coincides with input of reworked terrestrial OC from the
Cenomanian-aged Raritan Formation. However, there is also an increase in the degree of
cyclisation of tetramethylated branched GDGTSs, suggesting that branched GDGTs are also
derived from marine in-situ production. These factors preclude terrestrial temperature
reconstructions at this site. We explored whether OC reworking is problematic in other PETM-
aged coastal environments. Using GDGT metrics and the Branched and Isoprenoid GDGT
Machine learning Classification algorithm (BIGMaC), we demonstrate that TEXgs values are
mostly unaffected by changes in OC sources. However, MBTswme values are affected by marine
and/or freshwater overprints, especially in environments with low terrestrial OC input. Taken
together, this study highlights the importance of constraining the provenance of different

GDGTs in marine and lacustrine environments.
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Highlights:

e We assess the impact of organic carbon reworking on GDGT proxies during the PETM
e TEXass values are unaffected by reworking and can be used to reconstruct SSTs
e MBTsme values can be highly variable and affected by multiple secondary inputs

e Discerning the provenance of GDGTSs in coastal settings is crucial for related proxies

Keywords: GDGTs, biomarkers, hyperthermals, reworking
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Introduction

The Paleocene-Eocene Thermal Maximum (PETM; 56 million years ago (Ma)) is the
most abrupt carbon cycle perturbation of the last 66 million years (i.e., the Cenozoic) and is
characterised by a negative carbon isotope excursion (~3-6%o; CIE) (Elling et al., 2019,
Mclnerney & Wing 2011). The CIE is accompanied by a ~4 to 6 °C increase in global mean
surface temperatures (Dunkley-Jones et al., 2013, Inglis et al., 2020, Tierney et al., 2022).
However, despite evidence for warming in different regions, especially the SW Pacific (Inglis
et al., 2021, Sluijs et al., 2011), mid-latitude Atlantic Ocean (Sluijs et al., 2007, Sluijs et al.,
2014, Zachos et al., 2006), and Arctic Ocean (Sluijs et al., 2006, Weijers et al., 2007a), the
spatial and temporal patterns of warming remain poorly constrained. This is mostly due to
sparse data coverage and/or proxy-related uncertainties (Hollis et al., 2019).

The TEXgs proxy (Schouten et al., 2002) is based on the distribution of isoprenoidal
glycerol dialkyl glycerol tetraethers (isoGDGTSs) and has been widely applied to coastal marine
sediments to reconstruct sea surface temperature (SST) change during the PETM (Frieling et
al., 2017, Sluijs et al., 2011, Sluijs et al., 2006, Sluijs et al., 2014, Stokke et al., 2020).
IsoGDGTs are synthesised by archaea and comprised of two isoprenoid side chains containing
up to eight cyclopentane moieties (although rarely more than 4 cyclopentane moieties;
Schouten et al., 2013 and ref. therein). The number of cyclopentane moieties increases at higher
temperatures (De Rosa et al., 1980, Uda et al., 2004) and yields a more densely packed
membrane. In the marine realm, isoGDGTs are mainly derived from marine Thaumarchaeota
living within the upper 50-300 m of the water column (Church et al., 2010,
Rattanasriampaipong et al., 2022). However, the input of isoGDGTs from the terrestrial
biosphere could complicate TEXgs values during the PETM. The input of soil-derived
iISoGDGTs into the marine realm (Weijers et al., 2006) can be assessed using the branched-to-

isoprenoidal tetraether (BIT) index (Hopmans et al., 2004). Previous work indicates that
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TEXass estimates with BIT values > 0.4 should not be used for SST reconstruction (Weijers et
al., 2006), but it is unclear whether this threshold is globally applicable in marine and lacustrine
sediments (Inglis et al., 2015). Erosion and lateral transport of isoGDGTs from exhumed
ancient sedimentary rocks (i.e. petrogenic OC; OCpetro) may also affect TEXge-based SST
estimates. Any potential impact will depend strongly on the distribution of GDGTSs in the
original source material. However, the impact of thermal maturation itself can also be
substantial. For example, in an artificial maturation experiment, TEXges values decrease from
~0.65 to 0.40 in response to increasing burial temperatures. Subsequently, input of OChpetro
could lead to lower-than-expected TEXge values (Schouten et al., 2004). Input of OCpetro Will
also influence the carbon isotopic composition (§*3C) of isoGDGTs (Pearson et al., 2016),
potentially impacting archaeal lipid-derived pCO2 proxy estimates (Hurley et al., 2019,
Pearson et al., 2019).

The MBTswve proxy (De Jonge et al., 2014a, Weijers et al., 2007b) is based on the
distribution of branched GDGTs and has been applied to coastal marine sediments to
reconstruct mean annual air temperature (MAAT) changes during the PETM (Bijl et al., 2013,
Inglis et al., 2021, Sluijs et al., 2020). Branched GDGTs are synthesised by (acido)bacteria
(Chen et al., 2022, Halamka et al., 2023) and comprised of two n-alkyl chains, each containing
4-6 methyl groups and 0-2 cyclopentane moieties (Schouten et al., 2013). The number of
methyl groups varies as a function of temperature and is the premise of the MBTswve mean air
temperature (MAT) proxy (De Jonge et al., 2014b). The MBTsme proxy assumes that brGDGTs
are sourced from soil OC. However, the input of brGDGTSs from rivers and/or alkaline soils
can lead to lower reconstructed MAAT estimates (Crampton-Flood et al., 2021, Warden et al.,
2016). A higher abundance of 6-methyl brGDGT isomers in alkaline environments and can
overprint MBTsme values, especially in areas with substantial fluvial discharge. Branched

GDGTs can also be produced in the marine water column (Liu et al,. 2014; Xie et al,. 2014;
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Xiao et al., 2016) and marine sediments (Crampton-Flood et al., 2019). The distribution of
marine-produced brGDGTSs is distinct from other environments and is characterised by: (i) a
higher relative proportion of cyclopentane rings in tetramethylated brGDGTs (Sinninghe
Damsté 2016) and (ii) a higher relative proportion of hexa- to pentamethylated GDGTSs (Xiao
etal,. 2016). Both are consistent with production in a relatively alkaline environment. Input of
marine-derived brGDGTs may impact MBTsve-temperature estimates in coastal environments
(Crampton-Flood et al., 2021, Sinninghe Damsté 2016) but can be partially resolved by
screening and excluding samples and/or correcting for possible marine/riverine overprints
(Crampton-Flood et al., 2018) using a mixing model approach based on global soil and coastal
marine calibration datasets (Crampton-Flood et al., 2018). However, the approach is not
suitable for sites with low terrestrial OC input (Crampton-Flood et al., 2018). The input of
brGDGTs from sedimentary rocks (e.g., paleosols, coal) may also affect MBTsve estimates,
although the impact is unclear (Schouten et al., 2013).

Here, we evaluate how changes in the source, age and/or thermal maturity of different
organic carbon (OC) pools affect GDGT-based proxies during the PETM. We focus on
sediments from a shallow marine (< 150 m water depth) sediment core on the Atlantic Coastal
Plain (South Dover Bridge, Maryland). The selected site features delivery of both biospheric
and petrogenic OC during the core of the PETM (Lyons et al., 2018) and is therefore an ideal
natural laboratory. We use various GDGT-based screening metrics alongside a new machine
learning-based approach to evaluate how changes in OC reworking affect MBTsmve and TEXgs
values at this site. Using a similar approach, we also assess the impact of OC reworking in
other PETM-aged shallow marine environments to understand the fidelity of GDGT-based

temperature estimates during abrupt climate change events.

Methods
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Site description

South Dover Bridge (SDB; Fig. 1) is located near the Salisbury Embayment on the Atlantic
Coastal Plain. The site was drilled by the United States Geological Survey (USGS) in Talbot
County, Maryland (Gonzélez et al., 2012). SDB captures the pre-onset excursion (POE; ~205
to 207 m), a short-lived warming event that precedes the onset of the PETM, and the onset and
core of the PETM (~188 to 204 m) (Babila et al., 2022, Self- Trail et al., 2017). High
sedimentation rates (from ~1 to 16 cm kyr™) in a shallow water (>150 m) setting characterize
the sample site (Doubrawa et al., 2022). Most PETM-aged sites exhibit a negative carbon
isotope excursion define the onset and core of the PETM (see Wing and Mclnenery 2013 and
ref. therein). At SDB, the carbon isotopic composition (8°C) of carbonate and bulk organic
matter initially decreases by 4%o and 3.5%o, respectively. However, bulk organic matter §*°C
values increase by ~6%o within the PETM core and recovery (Lyons et al., 2019). This is
associated with an increase in hopane thermal maturity ratios (i.e., Ts/Ts+Tm [up to 0.86], Ca1-
homohopane 22S/(22S5+22R) [up to 0.53], and norhopane/hopane [up to ~2.6]; Lyons et al.,
2018). This indicates the input of 3C-enriched recycled petrogenic OC, likely weathered from
Cenomanian deltaic sands and shales of the Raritan facies of the upper Potomac Formation
(Lyons et al, 2019). The core of the PETM also coincides with: i) an increase in total organic
carbon (TOC) content from ~0.15 to ~0.45 wt. % (Lyons et al., 2019; Supplementary
Information) and ii) input of terrestrial organic matter (inferred via an increase in the terrestrial-

aquatic ratio [TAR]) (Lyons et al., 2019).

Analytical methods
Approximately 15 g of sediment from 36 samples was extracted using accelerated solvent
extraction (ASE) at Pennsylvania State University (see Lyons et al., 2018). The total lipid

extract (TLE) was subsequently dried under a stream of nitrogen (N2) and separated into
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different compound classes (aliphatic, aromatic and polar) using silica column
chromatography and mobile phases of 100% hexane (aliphatic fraction), 90% hexane:10%
methylene chloride (aromatic fraction) and 70% methylene chloride:30% methanol (v/v)
(polar fraction). The polar fraction was dissolved in hexane:isopropanol (99:1 v/v), passed
through 0.45 um PTFE (polytetrafluoroethylene) filters and analysed by high-performance
liquid chromatography / atmospheric-pressure chemical ionization—mass spectrometry
(HPLC/APCI-MS) at the University of Bristol following the methods of Hopmans et al.

(2016).

GDGT proxies

The TEXge index is defined as follows (Schouten et al, 2002):

TEXss = GDGT-2 + GDGT-3 + Cren’ / GDGT-1 + GDGT-2 + GDGT-3 + Cren’ (eq. 1)

Where numbers refer to GDGT structures (Fig. S1). TEXgs is converted to sea surface
temperature (SST) using the Bayesian calibration model BAYSPAR (Tierney & Tingley, 2014)
with a prior mean of 25 °C and prior standard deviation of 15 °C.

The Ring Index (RI) represents the weighted average of cyclopentane moieties in

GDGT compounds (Zhang et al., 2016):

Ring Index = (GDGT-0 * 0) + (GDGT-1 * 1) + (GDGT-2 * 2) + (GDGT-3 * 3) + (Cren * 4) +

(Cren’ * 4) (eq.2)
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This metric helps to quantify the extent to which samples deviate from the modern
TEXss-RI relationship (ARI). Zhang et al. (2016) argue that samples with ARI values > 0.3
indicate potentially problematic TEXgs values.

The Methane Index (M) is used to constrain the impact of anaerobic methanotrophy

upon TEXge values (Zhang et al., 2011):

Methane Index = (GDGT-1 + GDGT-2 + GDGT-3) / (GDGT-1 + GDGT-2 + GDGT-3

+ Cren. + Cren’) (eq.3)

Low MI values (<0.3) indicate normal, marine conditions and high values (>0.5)
indicate high rates of AOM.

The MBTswme index is defined as follows (De Jonge et al., 2014):

MBTsme=Ia+Ib+1Ic/Ia+1Ib+ Ic+Ila+ IIa’ + IIb + IIb’ + IIc + II¢’ + Illa + Illa’

(€q. 4)

Numbers refer to GDGT structures (Fig. S2). MBTsve is converted to mean annual air
temperature (MAAT) using a Bayesian calibration model BAYMBT, (Crampton-Flood et al.,
2020) with a prior mean of 25 °C and prior standard deviation of 15 °C.

In addition to temperature, the distribution of brGDGTs can also be influenced by pH.
This is captured by a modified version of the cyclisation of branched tetraethers (CBT) index

(Weijers et al., 2007) and is defined as follows (De Jonge et al,. 2014):

CBT’ = ¥log (Ic + I’ + 1Ib> + IIc’ + Illa’ + I1Ib’ + I1Ic) / (Ia + lla + 111a) (eq. 5)
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pH=7.15+1.59 * CBT’ (eq. 6)

The Branched vs. Isoprenoidal Tetraether (BIT) index captures the relative input of terrestrial

versus marine OC matter and is defined as follows (Hopmans et al,. 2004):

BIT = (latla+lla'+1a+111a") / (la+1la+1la'+I1a+11la'+Crenarchaeol)

(€q.7)

This includes the 5-methyl (i.e. 11a) and 6-methyl (i.e. 11a") brGDGTs that were previously
analysed as co-eluting compounds by Hopmans et al, (2004). Weijers et al. (2006) argue that
TEXss values with BIT values > 0.4 should not be used for SST reconstruction.

The degree of cyclisation of tetramethylated brGDGTSs (#ringStetra) iS Used to assess
input of brGDGTs from marine environments and is defined as follows (Sinninghe Damsté

2016):

#ringseetra = (Ib + 2 * Ic) / (la + 1b + Ic) (eq.8)

High #ringstetra Values (> 0.7) are interpreted to represent in-situ marine production. The ratio

of 5- to 6-methyl brGDGTs is also used to detect input from alkaline marine environments.

This is represented by the isomer ratio (IR) (De Jonge et al., 2015, De Jonge et al., 2014c):

IR=(lla’ + IIb> + IIc’ + IIa’ + IIIb” + IIIc’) / (Ila + [Ia’ + IIb + IIb” + Ilc + IIc’ + Illa + I1la’

+1IIb + ITIb° + IMlc + ITIc’) ~ (eq. 9)
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Machine learning analysis

Samples are assigned into likely depositional environments using the Branched and Isoprenoid
Machine learning Classification (BIGMaC) algorithm. BIGMacC is a Random Forest algorithm
trained with branched and isoprenoidal GDGT data from 1153 samples from lake (162), marine
(215), peat (475), river (105), and soil samples (196) (Martinez-Sosa et al., 2023). Briefly, this
algorithm was developed by classifying the samples from the dataset into discrete clusters,
named Lake-type, Marine-type, Peat-type, and Soil-type (which contains both river and soil
samples). Four classification methods were compared (Random Forest, XGBoost, K-nearest
neighbour, and Naive Bayes), and the best performing one, Random Forest, was selected
according to its recall and precision metric (F1=0.95). The model was trained only on modern
samples, but has been shown to perform well in Eocene-aged sediments (Martinez-Sosa et al.,
2023).

In order to apply BIGMaC, the fractional abundance of each GDGT was calculated with
respect to the total sum of GDGTSs (branched + isoprenoidal) for all the samples (Fig. 2). The
trained algorithm was then applied to the modified dataset using the predict() function from the
stats R package (R core team, 2022). We assess the composition of each dataset using Principal
Component Analysis (PCA) using the prcomp from the stats package (R core team, 2022) and
the default parameters. The data analytical approach allowed us to compare and visualize the

complete GDGT profile of all samples.

Results

GDGT distributions

The isoprenoidal GDGT (isoGDGT) distribution during the latest Paleocene (~ 209 to 204 m)
is dominated by crenarchaeol (> 50% of the isoGDGT assemblage). The relative abundance of

iIS0OGDGT-0, -1 and -2 decreases during the core of the PETM (~204 to 188 m) whereas the
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relative abundance of crenarchaeol and its regioisomer increase. The branched GDGT
(brGDGT) distribution during the latest Paleocene (~ 209 to 204 m) is dominated by brGDGT-
la (~45% of the brGDGT assemblage). The relative abundance of brGDGT-Ila and —Illa is low
(~7 and 4% of the brGDGT assemblage, respectively). During the PETM, the relative
abundance of brGDGT-la exhibits a wide range (~30% to ~60% of the total brGDGT
assemblage) and there is a relative increase in brGDGT-Ic (up to ~25% of the total brGDGT
assemblage), brGDGT-Ila (up to ~30% of the total brGDGT assemblage) and brGDGT-llla
(up to ~15% of the total brGDGT assemblage).

The BIGMaC algorithm classifies the GDGT assemblage into either marine-type
distributions (n = 34) or soil-type distributions (n = 2) (Fig. 2a). The samples that are classified
as soil-type coincide with the lowest MBTswe values (Fig. 3) and contain a higher abundance
of brGDGTs versus isoGDGTs compared to other samples. PCA was performed to: (i)
elucidate differences in GDGT distributions, and (ii) determine the importance of individual
GDGTs in determining clustering (Fig. 2a). Our results indicate that the first two principal
components explain >90% of the variance in the data. The first principal component (PC1)
accounts for 66% of the variance, and the second component (PC2) accounts for 25%. PCA

separates the marine- and soil-type distributions into distinct clusters (Fig. 2a).

GDGT-based temperature and pH estimates

During the latest Paleocene (~ 209 to 204 m), TEXss values are stable (average 0.69 + 0.02; n
= 14). TEXss values do not vary throughout the pre-onset excursion (POE) (c.f. Babila et al.,
2022) and increase (up to 0.90) during the onset of the PETM (~ 204 m; Fig. 3a), corresponding
to ~10°C of surface ocean warming (Fig. 4c). TEXge values remain high during the PETM core
(0.87 + 0.04; ~ 204 to 188 m) and gradually return to pre-PETM values during the PETM

recovery (0.72) (Fig. 3a).



296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

For submission to Organic Geochemistry

During the latest Paleocene (~209 to 204 m), MBTsme values are relatively stable
(average 0.83 = 0.06) (Fig. 3b). MBTsme-derived MAAT estimates range from 16 to ~22°C
(Fig. 5¢). MBTsme values exhibit large fluctuations during the PETM (~204 to 188 m; Fig. 5b)
and MBTsve-derived MAAT estimates range from 9 to ~25°C (Fig. 5c¢). During the latest
Paleocene (209 to 204 m), the IR is stable and high (0.51 + 0.07) and declines during the PETM
(0.28 £ 0.11) (Fig. 5e). The #ringstetra Values increase between the latest Paleocene (~0.4) and
the PETM core (~0.6 to 0.7) with a gradual decline during the PETM recovery to pre-event
values (~0.4) (Fig. 5d). BIT values span a wide range (0.15 to 0.70) and suggest variable

terrestrial input during the latest Paleocene and PETM (Fig. 3d).

Discussion

Soil or peat input has minimal impact on TEXgs values during the PETM

The input of terrestrial-derived iSoGDGTs from soil and/or peat can complicate TEXgs
estimates in marine sediments (Weijers et al., 2006). Previous work indicates that
TEXGge estimates with BIT values > 0.4 should not be used for SST reconstruction (Weijers et
al., 2006). However, application of the suggested cut-off depends on the nature of the source
catchment (see Inglis et al, 2015 and discussion therein) and the threshold for excluding TEXsgs
values (i.e., BIT > 0.4; Weijers et al., 2006) is often higher in marine settings (Douglas et al.,
2014, Inglis & Tierney 2020). At SDB, there are multiple lines of evidence for enhanced
terrigenous input during the PETM (relative to the latest Paleocene), including: i) higher
sedimentation rates (an increase from ~2.4 to >20 cm/kyr) (Doubrawa et al., 2019, Robinson
& Spivey 2019), ii) an increase in contemporaneous and/or reworked terrestrial leaf wax
biomarkers (Lyons et al., 2019), and iii) an increase in biogenic magnetic particles (Kopp et
al., 2009). Subsequently, the input of terrestrial-derived isoGDGTs may affect TEXsgs

estimates.
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To explore whether input of terrestrial-derived iSoGDGTs affects TEXgs estimates
further, we use the BIT index to constrain the relative input of soil- and peat-derived OC into
the marine realm. Prior to the PETM, the BIT index is relatively constant and ranges between
0.2 and 0.3. These low values suggest minimal soil- or peat-derived OC input into the marine
realm. During the PETM, the BIT index exhibits considerable variability and fluctuates from
~0.15 (marine-dominated OC) to ~0.65 (soil- or peat-dominated OC). Fluctuating and highly
variable values indicate episodic delivery of soil- and/or peat-derived OC into the marine
realm, consistent with model evidence for an increase in extreme rainfall events during the
PETM within this region (Rush et al., 2021, Rush et al., 2023). We note that the BIT index has
previously been shown to be controlled strongly by crenarchaeol (rather than brGDGT)
concentrations (Smith et al., 2012). As such, brGDGT concentrations (rather than the BIT
index) may be a more robust tracer for soil OC (Fietz et al., 2011, Smith et al., 2012). Despite
this caveat, an increase in terrigenous OM (inferred via BIT indices) is consistent with elevated
terrestrial-aquatic ratios (TAR; Lyons et al., 2019), although it is unclear whether long-chain
n-alkanes are penecontemporaneous or reworked (Lyons et al., 2019).

Crucially, samples with high BIT values (>0.4) do not yield significantly different (<1.5
°C) TEXge-inferred temperature estimates than samples with lower BIT values (<0.4).
Therefore, the threshold for excluding TEXss values because of soil OC input is likely to be
higher than 0.4 at SDB. Indeed, the BIGMaC algorithm classifies only two samples as “soil”
derived (195.07 and 186.6 m). These samples have the highest BIT indices (0.61 and 0.65,
respectively). We note that PETM samples contain a higher abundance of crenarchaeol
compared to the pre-PETM and may bias classification towards a marine source. To explore
this further, we examined the sensitivity of the model to changes in crenarchaeol alone (Figure
S3) by setting the peak area of crenarchaeol to pre-onset levels (~0.55, compared with the >0.7

from PETM). The revised classification results show that most samples preserve the original
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classifications. The only exception are two additional samples that are now classified as “Soil-
type” (~11% of samples; Figure S3). These samples have a relatively high abundance of
brGDGT-IIa’ and a relatively low abundance of crenarcheol isomer. Thus, we conclude that
while samples are sensitive to the increase in crenarchaeol during the PETM, the classification
is not determined by this compound alone (see also Martinez-Sosa et al,. 2023) and argue that

samples with BIT indices up to 0.6 can be used to reconstruct SST at SDB.

We also (re)investigated the input of soil- and peat-derived OC into the marine realm
at other PETM-aged sites. Previous work from PETM-aged samples at IODP Site 302
(Lomonosov Ridge; ~390 to 368 mbsf) suggests that many samples are characterised by
enhanced input of soil- and peat-derived OC. For example, 38 out of 124 samples yield high
BIT indices (> 0.4) and 37 out of 124 samples yield high ARIs (>0.3) (Appendix). Yet,
BIGMaC classifies only two samples as “soil” derived (2% of total samples) (Fig. 2d) and only
three samples as “peat derived” (3% of samples). The “peat-type” samples are associated with
intermediate BIT indices (~0.4) and do not form a distinct cluster in our PCA (Fig. 2d). We
argue that these “peat” samples can be used to reconstruct SST at this site. However, PCA
classifies the “soil” samples into a distinct cluster (Fig. 2d), indicating that these samples are
overprinted by terrestrial input and should be excluded (c.f. South Dover Bridge). Crucially,
the “soil” impacted samples (371.2 and 371.4 m) are associated with very high BIT indices
(>0.7), again suggesting that the threshold for excluding TEXss values due to soil input is
higher than defined in previous studies (i.e., >0.4 for BIT and >0.3 for ARIs; see Weijers et al.,

2006; Zhang et al., 2015).

At Otaio River (New Zealand) (Inglis et al., 2021), BIGMaC classified sixteen samples
as “peat” derived (67% of total samples) and four samples as “soil” derived (17% of total
samples) (Fig. 2c). The “peat” and “soil” samples are characterised by very high BIT values

(>0.8) and high Methane Indices (average: 0.76), both of which are consistent with
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sedimentological evidence for deposition in a methane-rich wetland environment or low-
energy deltaic setting (Inglis et al., 2021). This finding highlights the utility of BIGMaC as a
tool to distinguish changes in the depositional environment (e.g., terrestrial versus marine).
Two samples with moderate BIT indices (0.62 and 0.56, respectively) are assigned as “marine-
type” distributions and form a distinct “marine” cluster (Fig. 2c). These samples are associated
with increasing marine influence at this site (Inglis et al., 2021) and are not associated with
other secondary overprints (e.g., MI < 0.2, ARI < 0.3). This implies that TEXgs values can be
used to reconstruct SST at this site for these two samples (c.f. Inglis et al., 2021).

Finally, at ODP Site 1172 (SW Pacific) (Bijl et al., 2021, Sluijs et al., 2011), BIGMaC
does not classify any samples as “soil” or “peat” derived (Fig. 2b). This is consistent with very
low-to-moderate BIT indices (0.16 to 0.40) (Bijl et al., 2021) and low ARIs (<0.3).
Subsequently, we conclude that TEXges values are unaffected by terrestrial input at ODP Site
1172. Taken together, our results suggest that TEXgs-derived SST estimates at these location
are unaffected by terrestrial input during the PETM, with the exception of samples with very
high BIT values (typically > 0.6 and as high as 0.7). The lack of terrestrial input could be
attributed to changes in sea level during the PETM. Rising sea levels have been documented
in several mid- to-high latitude continental shelf sections during the PETM (e.g., Speijer and
Morsi, 2002; Harding et al., 2011; Sluijs et al., 2014), including SDB (Doubrawa et al., 2022).
Sea level rise would shift terrigenous OC deposition landwards and yield lower BIT indices
(e.g., Sluijs et al., 2014). This may explain why TEXgs-derived SST estimates are largely

unaffected by terrestrial input during the PETM.

Petrogenic OC input has variable impact on GDGT proxies during the PETM
South Dover Bridge is characterised by a positive carbon isotope excursion (CIE; ~6%o) in bulk

OC (Lyons et al., 2019) and an increase in biomarker thermal maturity ratios (Lyons et al.,
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2019; Fig. 4e) during the core of the PETM (~192 to 202 m). This is attributed to enhanced
delivery of thermally mature, 3C-enriched OC into the marine shelf. The most likely source is
the terrestrial-dominated Cenomanian-aged Raritan Formation (Lyons et al., 2019). Artificial
maturation experiments (Schouten et al., 2004, Schouten et al., 2013) indicate that TEXge and
— to a lesser extent — MBTswe values decline at higher maturity. Therefore, the input of
iISo0GDGTs and/or brGDGTs from thermally mature sedimentary rocks may lead to lower-than-
expected TEXgs and MBTswme values during the core of the PETM. However, it will also be
highly dependent upon the GDGT assemblage within the original source rock.

Hopane thermal maturity indicators can provide insights into the presence (Farrimond
et al., 1998, Mackenzie et al., 1980) and/or proportion (Lyons et al, 2018) of OC derived from
ancient sedimentary rocks (OCyetro). However, to differentiate between different source rocks
(i.e., terrestrial vs marine), additional constraints are required (e.g., identification of reworked
terrestrial or marine palynomorphs). Schouten et al. (2004) recommend excluding TEXgs and
MBTsme values when 22S / (22S+22R) hopane ratios > 0.2 (Schouten et al., 2004). During the
core of the PETM, 22S/(22S+22R) hopane ratios increase from ~0.1 (relatively immature) to
~0.5 (relatively mature) (Lyons et al,. 2019). These values are approaching equilibrium (~0.55-
0.60; Farrimond et al., 1998) and correspond to an increase in the fraction of OC derived from
thermally mature fossil sources (frossit; Fig. 4f). Intriguingly, this also coincides with increasing
variability in MBTswme values (Fig. 5). Therefore, we suggest that brGDGTs could be derived
from weathering of the nearby Raritan Formation. Samples of the Raritan Formation contain
abundant leaves, pollen and amber deposits (Grimaldi et al., 2010) and were deposited in a
deltaic environment. Samples also yield low HI indices (14-22) and high Ol indices (48-79)
(Lyons et al., 2019) and are characteristic of terrestrial OM (Lyons et al, 2019). As such, the

input of pre-aged brGDGTs from the Raritan Formation could explain anomalous temperature



420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

For submission to Organic Geochemistry

estimates during the core of the PETM. It also implies that long-chain n-alkanes could be
reworked from the Raritan Formation and may bias TAR values.

The input of thermally mature OC is predicted to bias TEXgs values. However, TEXgs
values increase during the PETM as expected from other lines of evidence (Hollis et al., 2019).
This implies that input of thermally mature OC does not affect TEXges values in our setting. As
22S/(225+22R) hopane ratios are approaching equilibrium values (up to 0.5), it is plausible
that isoGDGTs in the original source rock have been completely degraded. This is consistent
with Tibbett et al. (2022) who found that isoGDGT and brGDGT distributions were unaffected
by reworking during the Eocene-Oligocene transition (~34 Ma), despite increased input of
petrogenic OC (inferred via a decrease in n-alkane odd-over-even predominance ratios)
(Tibbettetal., 2022). The impact of petrogenic OC in other PETM-aged sites is unclear because
few studies report biomarker thermal maturity ratios. Thermal maturity indicators available
from Otaio River indicate that the OC is thermally immature throughout the sample set (Inglis
et al., 2021). However, we stress that elevated thermal maturity ratios are not necessarily a
prerequisite for excluding TEXgs or MBTsme values. Instead, it will depend upon whether OC

is allochthonous (Tibbett et al., 2022) or autochthonous.

Marine and freshwater input overprints MBTswve values during the PETM

At SDB, brGDGT-derived MAAT estimates from the pre-PETM interval indicate warm and
stable terrestrial temperatures (ca. 20 to 22 °C; Fig. 5¢). However, brGDGT-derived MAAT
estimates exhibit a wide calculated temperature range (~6 to 25 °C) during the onset and core
of the PETM (Fig. 5c). However palynological evidence suggests a gradual increase in
terrestrial temperatures along the mid-Atlantic Coastal Plain (up to 4 °C) and limited variability
within the body of the PETM (Willard et al., 2019). The contrast in temperature variability

indicates additional controls on MBTswme values during the PETM.
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The input of petrogenic OC from the Raritan Formation could explain anomalous
temperatures during the core of the PETM (see above). However, the input of brGDGTs from
rivers can also yield anomalously cold and/or variable temperature estimates (Crampton-Flood
et al., 2018, Crampton-Flood et al., 2021, De Jonge et al., 2014c, Zell et al., 20144, Zell et al.,
2013). As rivers are typically characterised by a high relative proportion of 6-methyl brGDGTs
compared to 5-methyl brGDGTSs, riverine input can be recognised by higher IR ratios (typically
>0.5) (De Jonge et al., 2015). However, IR values decrease at SDB during the PETM from
~0.5 to ~0.2 (Fig. 5e). These values are similar to modern soils (~0.1 to 0.2) (Crampton-Flood
et al., 2020, De Jonge et al., 2014a) and suggest that brGDGTs are unlikely to be sourced from
fluvial environments. This occurs despite evidence for the development of a large, river-
dominated shelf during the PETM (i.e., the paleo-Potomac) (Kopp et al., 2009)

Branched GDGTs could be derived from older (i.e., pre-PETM) reworked soil deposits.
The core of the PETM coincides with input of plant-derived organic matter (inferred via an
order-of-magnitude increase in the terrestrial-aquatic ratio [TAR]). However, it is unclear
whether long-chain n-alkanes are derived from penecontemporaneous soils or terrestrial
organic carbon from the Cenomanian-aged Raritan Formation (Lyons et al., 2019). As
reworking is a common feature in other mid-latitude PETM settings, such as the Gulf Coastal
Plain (Sluijs et al., 2014), Austria (Hofmann et al., 2012), and northern Spain (Manners et al.,
2013), we argue that both options are plausible. As there are large fluctuations in the TAR
during the core of the PETM (ranging between ~10 to ~200; Fig. 4e), this implies major
changes in OM sources and may explain why MBTsve values are so variable.

However, there is also growing evidence that brGDGTSs are produced within the water
column (Liu et al., 2014, Xie et al., 2014) and/or marine sediments (Crampton-Flood et al.,
2019, Xiao et al., 2016). The source of branched GDGTs in the marine realm remains unknown,

but their abundance within anoxic oxygen minimum zones (e.g,. Liu et al., 2014) implies an
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anaerobic source organism. Marine production can be assessed using the degree of cyclisation
of tetramethylated brGDGTSs (#ringstetra), Where values >0.7 indicate a definitive marine origin
(Sinninghe Damsté 2016). At SDB, there is an increase in #ringsteta Values during the PETM
from ~0.3 to ~0.7 (Fig. 5d). These values are much higher than in modern soils (average 0.21
+ 0.19) and consistent with an increase in marine in-situ production. BIGMaC also classifies
the majority of samples at SDB as “marine” derived (Fig. 2a). Crampton-Flood et al (2018)
propose a method to remove the influence of marine production on MBTsve values. However,
the combination of low BIT values (0.1 to 0.3) and high #ringstetra Values (up to 0.7) prevents
any correction (see Crampton-Flood et al., 2018). In-situ marine production (inferred via high
#ringseetra Values) typically dominates within shallow water environments (~50 and 300 m
water depth) (Sinninghe Damsté 2016). This is consistent with shallow water depths (<300m)
at SDB during the PETM (Doubrawa et al., 2019, Self- Trail etal., 2017). Taken together, we
argue that in-situ marine production — perhaps alongside input of thermally mature OC -
explains variable MBTsme-derived temperature estimates during the core of the PETM.

We also assessed the potential impact of marine and/or fluvial overprints at other
PETM-aged sites (Otaio River, New Zealand; ODP Site 1172, East Tasman Plateau; IODP Site
302, Lomonosov Ridge). At all three sites, #ringsttra Values are consistently low (<0.3) and
imply that marine in-situ production is unlikely to impact MBTsme values. At Otaio River
(Inglis et al., 2021) and 10DP Site 302 (Sluijs et al., 2020), low IR values (0.1 to 0.3) indicate
that input of brGDGTs from rivers is also minimal. In contrast, ODP Site 1172 exhibits
relatively high IR values (average: 0.47; n = 26). This site notably lacks terrestrial warming
during the PETM (Bijl et al., 2021, Sluijs et al., 2011), which could possibly be explained by
the input of brGDGTSs derived from arid and/or alkaline soils or rivers.

Intriguingly, the two PETM-aged sites that contain abnormal brGDGT distributions

(ODRP Site 1172 and SDB) also contain relatively low TOC values during the core of the PETM
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(~0.5 and 0.6 wt. %, respectively. This is lower than Otaio River (> 1 to 60 wt. % TOC; Inglis
et al., 2021) and IODP Site 302 (~2 wt. % TOC; Sluijs et al., 2006; Sluijs et al., 2021). Taken
together, this implies that MBTswve values in coastal environments characterised by low
terrestrial OC input are more likely to be affected by marine or freshwater overprints than sites

with high terrestrial OC input (Zell et al., 2014a, Zell et al., 2014b).

Surface ocean warming in the Atlantic Coastal Plain during the PETM

Our results indicate that TEXgs values are unaffected by the input of reworked OC (see above)
during the PETM. There is also no evidence for other additional controls on TEXsgs values,
such as input from methanogenic and/or methanotrophic Euryarchaeota (Figure S4). As a
result, we can use TEXgs to reconstruct a continuous SST record in the Atlantic Coastal Plain
during the PETM. Our results show that SST estimates increased between the latest Paleocene
(average ~27 °C; 209 to 204 m depth) and PETM (average ~39 °C; 204-188 m depth) (Fig.
6b). The magnitude of warming between the pre-PETM and PETM (ASST = 12 °C) is similar
to or higher than SSTs reconstructed from other sites on the Atlantic Coastal Plain, including
Bass River (ASST =5 to 8 °C) (Sluijs et al., 2007) and Wilson Lake (ASST =9 to 11 °C)
(Sluijs et al., 2007, Zachos et al., 2006). Our new results are also broadly consistent with
TEXss-inferred SST estimates from other PETM-aged mid-to-high latitude marginal marine
sediments, including the East Tasman Plateau (~8 °C) (Sluijs et al., 2011), Western Siberian

Seaway (~11°C) (Frieling et al., 2014), and Denmark (~7-10 °C) (Stokke et al., 2020).

However, the magnitude of warming inferred via TEXse is far greater than that
calculated via the Mg/Ca-based SST proxy from the same sediments (~3-4 °C; Babila et al.,
2022; Fig. 6¢-e) and at nearby sites (Bass River; ASST: ~3 °C) (Babila et al., 2016). It remains
unclear why TEXgs yields a larger magnitude of warming compared to carbonate proxies during

the PETM and other past warm climate intervals (Hollis et al., 2019). Although TEXss
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correlates strongly to SST or temperatures between 0 to 200 m water depth (Tierney and
Tingley, 2014), Thaumarchaeota can live throughout the water column (Villanueva et al., 2015)
and export of isoGDGTSs from below the photic zone can influence TEXgs values, especially in
deep-water (>1000m) environments (Rattanasriampaipong et al., 2022, Taylor et al., 2013).
GDGT-2/GDGT-3 ratios can be used to evaluate deeper water column production; high values
(typically >5) are indicative of deep-water production (Taylor et al., 2013). Our values are
consistently low (ca. 2 to 3) and exhibit a thermal behaviour response (Rattanasriampaipong et
al., 2022). Moreover, as SDB was deposited under shallow water depths (<150m) (Doubrawa
et al., 2022), the impact of subsurface production is likely to be minor. Instead, some of these
discrepancies might be attributed to uncertainties in TEXsgs-derived SSTs in the upper
temperature range (> 30 °C) (Inglis & Tierney 2020). However, there are also uncertainties
regarding the depth habitat of surface-dwelling planktonic foraminifera during the PETM (e.g.,
Acarinina spp.) which may move deeper into the water column during the PETM, thus reducing
the magnitude of estimated warming (Tierney et al., 2022).

Our new TEXge-based SST estimates fail to capture the pre-onset excursion (POE)
inferred via planktonic foraminifera Mg/Ca values (Fig. 6). However, the latter is based upon
only two data points (Babila et al., 2022) and may not be representative. Our TEXgs record is
instead consistent with the absence of cooling inferred via planktonic foraminifera 520
records (Babilaetal., 2022). As Mg/Ca, §'80 and TEXgs data from the POE remain at relatively
coarse resolution (2, 5 and 4 samples within the POE, respectively), further work is required to

determine the magnitude of warming and whether this was regionally and globally widespread.

Conclusions
Here we use sediments from South Dover Bridge (Maryland) to constrain the impact of organic

carbon reworking on GDGT-based temperature estimates during the Paleocene-Eocene
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Thermal Maximum (PETM). GDGT-based metrics and a novel machine learning algorithm
indicates that TEXgs values are unaffected by input of biospheric and petrogenic OC during
PETM. Therefore, TEXgs can be used to reconstruct a continuous SST record in the Atlantic
Coastal Plain during the PETM. However, we find large and unexpected variations in MBTswve-
derived mean annual air temperature estimates (~6 to 25 °C) during the onset and core of the
PETM. This coincides with episodic delivery of biospheric and petrogenic terrestrial OC into
the marine realm. It also coincides with an increase in the degree of cyclisation of
tetramethylated branched GDGTSs (#ringSttra Up to 0.7) and implies that branched GDGTs
could also be derived from marine in-situ production. We find that marine and/or freshwater
overprinting can be problematic in other PETM-aged sites, especially those characterised by
low organic matter input. This suggests caution when applying brGDGT-based temperature

proxies in shallow marine sediment cores with low terrestrial input.

Open Research
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Figure captions:

Fig. 1: Site map showing the location of the South Dover Bridge core (yellow star). Dashed

line represents the border between different US states

Fig. 2. Principal Component Analysis (PCA) of Paleocene-Eocene Thermal Maximum
samples at (a) South Dover Bridge, (b) ODP Site 1172, (c) Otaio River, and (d) IODP Site
302 plotted in reduced dimensional space based on the fractional abundance of GDGTSs.
Black lines represented the loadings of the dominant GDGTs only. Coloured samples
represent their assignment determined via the BIGMAC algorithm. The larger symbols

represent the average value for a given depositional environment.

Fig. 3: (a) TEXss and (b) MBTswme values during the Paleocene-Eocene Thermal Maximum at

South Dover Bridge. Samples are colour coded based on curated groups.

Fig. 4: Impact of reworking on sea surface temperature estimates during the PETM. a) bulk
5180 carbonate values (Lyons et al,. 2019), b) TEXsgs values (this study), ¢) TEXss-derived
SST estimates calculated using the BAYSPAR calibration (Tierney and Tingley, 2015), d)
BIT values, where high values indicate enhanced input of organic carbon derived from (pre-
aged) soil and/or peat (this study), e) Terrestrial-aquatic ratio (TAR), where high values
indicate enhanced input of organic carbon from terrestrial higher plants (Lyons et al., 2019),
and f) frossil, the fraction of organic carbon derived from thermally mature fossil sources

(Lyons et al., 2019)
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Fig. 5: Impact of reworking on mean annual air temperature estimates during the PETM. a)
bulk 580 carbonate values (Lyons et al,. 2019), b) MBTswe values (this study), ¢) MBTsme-
derived MAAT estimates calculated using the BAYMBT calibration (Crampton-Flood et al.,
2020) (this study), d) BIT index, where high values indicating input of (pre-aged) soil and/or
peat organic matter (this study), e) #ringstetra, Where high values indicate a greater proportion
of brGDGTs derived from marine in-situ production (this study), and f) the Isomerisation
Ratio (IR), where high values indicate a greater proportion of brGDGTSs derived from rivers

and/or alkaline soils (Lyons et al., 2019) (this study).

Fig. 6: High-resolution, multi-proxy reconstructions of sea surface temperature (SST) during
the Paleocene-Eocene Thermal Maximum (PETM) at South Dover Bridge. a) Bulk §'80
carbonate values (Lyons et al,. 2019), b) TEXsgs-derived SST estimates calculated using the
BAYSPAR calibration (Tierney and Tingley, 2015), and c-e) pH-corrected, Mg/Ca-derived
SST estimates from (c-d) surface-dwelling photosymbiont-

bearing Acarinina and Morozovella spp., and (e) deeper-dwelling Subbotina spp. (Babila et

al,. 2022).
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Highlights:

e We assess the impact of organic carbon reworking on GDGT proxies during the PETM
e TEXass values are unaffected by reworking and can be used to reconstruct SSTs
e MBTsme values can be highly variable and affected by multiple secondary inputs

e Discerning the provenance of GDGTSs in coastal settings is crucial for related proxies

Keywords: GDGTs, biomarkers, hyperthermals, reworking
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