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Abstract The Paleocene—Eocene Thermal Maximum (PETM; ~55.9 Ma) was a rapid global warming event
marked by intensified hydrological cycling, enhanced continental weathering, and widespread ocean
deoxygenation. Although the extent of anoxic basins during the PETM is relatively well documented, the
contribution of high-latitude continental weathering to regional ocean redox dynamics remains unclear, leaving
the spatial impact of weathering on ocean biogeochemistry poorly constrained. Here, we use elemental
geochemical data from sediments recovered from the Vgring Basin, North Atlantic during International Ocean
Discovery Program (IODP) Expedition 396, to reconstruct variations in continental weathering intensity and
redox conditions across the PETM. Our results show that high accumulation rates during the PETM coincided
with low chemical weathering relative to underlying pre-PETM strata, indicating that rapid burial limited
chemical alteration, although accumulation rates in the pre-PETM interval are not well constrained. This pattern
likely reflects intensified rainfall, which primarily enhanced physical erosion and delivered large amounts of
detrital material to the basin while limiting chemical weathering. The influx of fresh, reactive detrital material
from the North Atlantic Igneous Province (NAIP) increased the supply of bioavailable nutrients, likely
stimulating elevated primary productivity and contributing to the development of euxinic bottom waters during
the onset of the PETM. On the boreal mid-Norwegian margin, our data suggest that enhanced physical erosion,
rather than chemical weathering, dominated continental responses to extreme greenhouse forcing, promoting
nutrient enrichment, transient euxinia, and organic carbon burial.

Plain Language Summary About 56 million years ago, the Earth experienced rapid global warming
during the Paleocene-Eocene Thermal Maximum (PETM). Increased rainfall caused intense physical erosion on
land, delivering large amounts of sediment to the Vgring Basin on the mid-Norwegian margin. Most erosion was
physical rather than chemical, and the influx of nutrient-rich material likely boosted ocean productivity. This led
to temporary oxygen-poor, sulfur-rich (euxinic) conditions on the seafloor. Our study shows that high-latitude
land erosion played a key role in shaping regional ocean chemistry and carbon burial during this extreme
warming event. These results highlight how continental processes can directly influence ocean conditions
during rapid climate change.

1. Introduction

The Paleocene-Eocene Thermal Maximum (PETM) was a rapid global warming event which commenced
55.93 + 0.1 million years ago (Ma) (Charles et al., 2011; Jones et al., 2025; Westerhold et al., 2007; Zeebe &
Lourens, 2019) and lasted for >200 ka (Rohl et al., 2007). It is characterized by the rapid and voluminous input of
8'2C depleted carbon into the atmosphere and ocean, causing a 2%o—7%o negative carbon isotope excursion (CIE)
(Mclnerney & Wing, 2011), and a rise in global sea surface temperature by ~5°C (Dunkley Jones et al., 2013;
Frieling et al., 2017; Tierney et al., 2022). The onset and main phase (also referred to as “body” or “plateau”) of
the PETM are commonly estimated at ~170 ka (Jones et al., 2025; Longman, Gernon, et al., 2021; Zeebe &
Lourens, 2019) whereas the full duration of the CIE, including the extended recovery, may have been substan-
tially longer up to ~269 ka (Piedrahita et al., 2025).
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The intrusion of igneous material associated with the North Atlantic Igneous Province (NAIP) into organic-rich
sedimentary basins, which lead to thermogenic methane and CO, release, is considered as a major carbon source
contributing to the PETM CIE (Berndt et al., 2023; Frieling et al., 2016; Jones et al., 2019; Svensen et al., 2004).
Geophysical observations have identified over 700 potential hydrothermal vent complexes (HTVCs) of early
Eocene age linked with this methane release along the mid-Norwegian margin alone (Planke et al., 2005). In-
ternational Ocean Discovery Program (IODP) Expedition 396 drilled into the sedimentary sequence of one such
HTVC, providing new constraints on the timing and evolution of magmatism and associated hydrothermal vent
systems across the Paleocene—Eocene transition (Planke et al., 2023). This work also indicated the (very) shallow
marine setting in which these HTVCs were active in the northern North Atlantic (Berndt et al., 2023).

The PETM is linked to various environmental and climatic changes including an enhanced hydrological cycle
(Carmichael et al., 2017; Handley et al., 2012). Enhanced moisture transport and increased precipitation during
the PETM led to both intensified silicate weathering and a significant rise in global sediment erosion rates
(Penman et al., 2019; Pogge von Strandmann et al., 2021). Furthermore, high concentrations of kaolinite, a
product of chemical weathering in warm, wet climate, have been observed during the PETM in many marginal
marine sites around the world (Bolle & Adatte, 2001; Chen et al., 2016; Robert & Kennett, 1994). However, much
of this kaolinite likely represents deposition of pre-existing, deeply weathered soils and bedrocks, emphasizing
the role of physical erosion and sediment transport (John et al., 2012; Pujalte et al., 2015; Rush et al., 2025; Stokke
etal., 2021). The changes in (hydro-)climate also appear to have had a profound large-scale impact on vegetation
(Korasidis et al., 2022) and a transient reduction in vegetation cover such as reconstructed for mid- and high-
latitudes (Nelissen et al., 2026) may have influenced erosion patterns. At a broader scale, these processes are
part of the silicate weathering continuum from mountains to the deep ocean that regulates global alkalinity and
atmospheric CO,, linking terrestrial weathering and erosion to changes in ocean chemistry and long-term climate
(Trapp-Miiller et al., 2025).

Ocean warming, higher nutrient input, increased water column stratification, and the oxidation of a large reservoir
of stored carbon are all thought to have played a role in affecting marine oxygen concentrations. The magnitude of
deoxygenation likely varied depending on local environmental factors in the southern Atlantic (Chang
et al.,, 2018; Remmelzwaal et al., 2019; Winguth et al., 2012), north-eastern Atlantic and northern Pacific
(Remmelzwaal et al., 2019), Peri-Tethys (Dickson et al., 2014), and the Arctic Ocean (Cohen & Coe, 2012).
Shallow shelf seas such as around the Tethys, semi-enclosed basins (Arctic, North Atlantic) and epicontinental
seaways recorded the most severe anoxia, including local to regional scale photic zone euxinia (Behrooz
et al., 2024; Kaya et al., 2022; Papadomanolaki et al., 2022; Schoon et al., 2015; Stokke et al., 2021).

Despite data from some PETM sites suggesting both high weathering rates and low oceanic oxygen levels, it
remains unclear how globally representative these patterns were or whether the drivers of deoxygenation varied
spatially. The high-resolution sedimentary archive recovered from the Norwegian Margin provides an oppor-
tunity to examine climatic and oceanographic changes during the PETM at unprecedented temporal detail. In this
study, we use a suite of geochemical proxies to investigate variations in weathering intensity and basin
oxygenation across the PETM, compare these to pre- and post-PETM conditions, and assess the relative roles of
chemical versus physical weathering in driving deoxygenation.

2. Materials and Methods
2.1. Site Description

The samples used for the study were collected during IODP Expedition 396 from the mid-Norwegian margin,
with core location and sampling details reported in Planke et al. (2023). Five boreholes were drilled through the
Modgunn HTVC crater, recovering infill sediments and sub-vent strata. The boreholes are listed here in order of
proximity to the vent center: Holes U1568A, U1568B, U1567B, U1567C, and U1567A (Figure 1)). From bottom
to top, the succession begins with greenish mudstones of Unit VI, late Paleocene in age, containing Alisocysta
margarita (Berndt et al., 2023). The vent infill comprises Units V and IV: Unit V is very dark, parallel-laminated
claystone with sub-millimeter diatomite laminae and no bioturbation, reflecting largely undisturbed deposition,
whereas Unit IV consists of dark greenish-gray to very dark gray claystone and siltstone with ash and minor
bioturbation, reflecting rapid, minimally reworked deposition (Planke et al., 2023). Ash layers distributed
throughout the vent infill indicate largely undisturbed accumulation of volcaniclastic material during sustained
surface or shallow-water explosive volcanism (Vickers et al., 2024). The PETM interval is marked by the
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Figure 1. Paleoceanographic plate reconstruction at 56 Ma illustrating the North Sea region with NAIP volcanism, modified
after Jones et al. (2023). The study area on the mid-Norwegian margin is highlighted by a yellow circle. Key sites of PETM
reconstructions discussed in this work are: E-8X from the North Sea (Mariani et al., 2024), outcrops on the island of Fur,
Denmark (Jones et al., 2019), and DSDP Site 550 in the North Atlantic (Knox, 1984).

occurrence of Apectodinium augustum and a sharp ~6%o negative 813C0rg shift near the base (Figure 3), followed
by a ~2%o negative excursion relative to pre-PETM strata up section. Overlying units are considerably younger,
indicating an unconformity above Unit IV of >5 Myr duration that postdates doming of the vent infill strata
(Planke et al., 2023).

We focus here on the stratigraphically most expanded Hole U1568A, while noting subtle differences across the
five-hole transect. At U1568A, the transition between lithostratigraphic Unit VI and Unit V coincides with the
onset of the CIE. However, near the vent center, the section is condensed or partly missing, likely due to vent-
related processes such as collapse or blow-out events. This local hiatus resulted in the absence of the latest
Paleocene part of Unit V at site U1568A. This is in contrast to its preservation at site U1567B, indicating a
localized stratigraphic hiatus at the vent center. We use the first occurrence of the dinocyst Apectodinium
augustum (at the Unit VI-V boundary) and corresponding negative 8'*Corg values (<—30%o) to mark the base of
the preserved PETM record at U1568A. This is further supported by the co-occurrence of the first occurrence of
A. augustum and CIE onset at U1567B. In contrast, at Holes U1567A-C, several meters of latest Paleocene
sediment separate the unit boundary from the CIE onset. Fewer carbon isotope data are available for the U1568B
record but combined with patterns in lithology (fine laminations) and magnetic susceptibility the onset of the
PETM interval in U1568B likely sits above the VI-V boundary, around ca. 96 m below seafloor (mbsf) with the
unit VI-V boundary at 103.87 mbsf, (Berndt et al., 2023; Planke et al., 2023). However, given the presence of the
unconformity at U1568A, part of the earliest PETM interval, including the CIE onset, may not be fully preserved
in Hole U1568A.
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Figure 2. Box plots show geochemical proxy distributions across pre-PETM, PETM, and post-PETM intervals. Weathering
proxies (Hole U1568A) include CIA, Rb/Sr, Rb/K, and K/Na. Redox-sensitive proxies (Hole U1568A) include Mo/Al, Re/
Al, Cd/Al, and U/AL Provenance proxies include La, Th, and Sc from Holes U1568 A-B and U1567B. The solid black line in
each box plot denotes the median. Boxes represent the interquartile range (25th—75th percentiles), with whiskers extending to
1.5 X IQR. Outliers beyond this range are not shown.

2.2. Geochemical Analyses

The elemental composition of all core samples was analyzed at the Institute for Chemistry and Biology of the

Marine Environment (ICBM), Oldenburg, Germany. Prior to analysis, all samples were freeze dried and ho-

mogenized using an agate ball mill.
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2.2.1. XRF Analysis

Major and trace elemental compositions were determined using a Wavelength Dispersive X-Ray Fluorescence
Spectrometer (WD-XRF, Panalytical Axios Plus) following published procedures (Boning et al., 2004). In brief,
about 700 mg of sample was mixed with 4,200 mg of dilithiumtetraborate and 1,000 mg of ammonium nitrate
before heating to 1,150°C. The samples melted and were cast into a mold with a flat bottom resulting in the
formation of a fused glass bead. Quality control of measurements was performed using the in-house reference
material PS-S (Posidonia-shale) and certified reference material SDO-1 (Devonian Ohio Shale), for analytical
trueness and precision. The RSD (relative standard deviation) is a measure of analytical precision, calculated as
(standard deviation/mean) X 100, while trueness represents the percentage deviation from certified reference
values. In general, trueness and RSD values of <5% are considered excellent for major elements while values
<10% are typically acceptable for minor and trace elements due to lower concentrations and higher analytical
uncertainty. For the major elements Al,O5, CaO, K,0, and Na,O, both trueness and RSD were below 5% for both
reference materials, except for K,O, which showed a trueness of 7%. For the minor oxide P,O5 and the trace
elements rubidium (Rb) and strontium (Sr), trueness and RSD were <7% (Figure 3).

2.2.2. TQ ICP-MS Analysis

The trace and rare earth element (REE) concentrations of the samples were determined using a Thermo Scien-
tific™ iCap Triple-Quadrupole Inductively-Coupled Plasma Mass Spectrometer (TQ-ICP-MS). Approximately
50 mg of freeze-dried sample was placed into a clean polytetrafluorethylene (PTFE) beaker. Based on XRF
measurements indicating elevated Al,O; contents (~13 wt%), magnesium (Mg) was added as magnesium oxide
(MgO) to the sample prior to digestion to increase the (Mg + Ca)/Al ratio to suppress the formation of insoluble
aluminum fluoride (AlF;) and thereby improve trace-element recoveries (Takei et al., 2001). Subsequently, 1 mL
of self-distilled concentrated nitric acid (HNO;) was added to oxidize organic matter, carbonates, and sulfides.
The mixture was then heated on a hotplate at 130°C for 2 hr. Subsequently, 3 mL of concentrated hydrofluoric
acid (HF) and 0.5 mL of perchloric acid (HCIO,) were added, both of commercially obtained suprapure grade
(Merck). The samples were capped and then heated in an oven at 180°C for at least 6 hours. After digestion, the
acids were evaporated on a hotplate at 180°C until near dryness. The remaining residues were dissolved three
times in 3 mL of 6 M hydrochloric acid (HCI), prepared from self-distillated of p.a grade acid, with each cycle
fumed to near dryness. Finally, the residues were re-dissolved in 6 mL of single-distilled concentrated HNO; and
diluted to a final volume of 25 mL using 2% HNO;, yielding a final solution matrix of 2% HNO; for analysis.
Certified reference materials SDO-1 and BE-N (basalt), in-house reference material DR-BS (black shale) and
procedural blanks were prepared in the same manner. The trueness and precision of elements molybdenum (Mo),
uranium (U), rhenium (Re) (Figure 3), lanthanum (La), thorium (Th), and scandium (Sc) (Figure 4) were <10%.
Cadmium (Cd) showed acceptable precision (RSD = 2.92%) for DR-BS, with trueness slightly greater than +10%
(11%), but larger deviations occurred in other reference materials; therefore, only qualitative information is re-
ported for this element. The procedural blanks for all elements were below 1% so no blank correction was applied.

2.2.3. Chemical Index of Alteration (CIA) Calculation

The Chemical Index of Alteration (CIA) was calculated following (McLennan et al., 1993; Nesbitt &
Young, 1984) using molar proportions of Al,05, CaO*, Na,O, and K,O. Cao* represents CaO in the silicate
fraction and not CaO present in apatite and carbonate (Fedo et al., 1995). The correction procedure for CaO*
follows McLennan et al. (1993): CaO is first corrected for apatite using P,O5 data (CaO’ = CaO — 10/3 X P,05),
and then CaO* is set equal to Na,O if CaO’ exceeds Na,O, or equal to CaO’ if CaO’ is less than Na,O. CIA was
calculated as:

_ AlLO;
" (ALL,O; + CaO* + Na,0 + K,0)

CIA

2.2.4. Rock-Eval Analysis

In addition to samples analyzed on-board for total organic carbon (TOC) content (Figure 3; Planke et al., 2023),
organic matter content for 112 samples from Hole U1568 A were obtained with a Vinci Technologies Rock-Eval 6
device at the University of Oxford. Each sample was oven-dried at low temperature (<40°C) and powdered.
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Figure 3. Variations in carbon isotopes, weathering intensity, redox conditions, and organic carbon content across the PETM (highlighted in grey) in Hole U1568A.
Organic stable Carbon isotope (613C0rg) data (Berndt et al., 2023; Vickers et al., 2024), weathering (Rb/Sr, CIA, K/Na, Rb/K) and redox proxies (U/Al, Mo/Al, Re/Al,
Cd/Al), and TOC of core U1568A across the PETM interval (Planke et al., 2023).

Aliquots (50-120 mg) were weighed into steel crucibles and analyzed following standard procedures (Behar
etal., 2001) to obtain TOC content. Reproducibility was estimated to be +5% of the measured value or better with
repeat analyses (n = 16) of an in-house standard (St Audries Bay shale with 2.7% TOC and ~50% carbonate).
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intervals were assessed using a suite of geochemical proxies (Figure 2.
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during the PETM and comparatively lower values in the pre- and post-PETM

100

intervals (Figure 3). Provenance proxies include 19 pre-PETM, 40 PETM,
and 6 post-PETM samples, while redox proxies include 9 pre-PETM, 18
PETM, and 2 post-PETM samples.
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Figure 4. La-Th-Sc ternary plot (Jahn & Condie, 1995), showing provenance The Vgring Basin is located within the NAIP and may therefore have been

variations for IODP 396 Site. Blue, red, and black symbols represent pre-
PETM, PETM, and post-PETM samples from Holes U1568A-B, U1567B,
respectively. Compositions of, granite, basalt (Condie, 1993), upper

influenced by local volcanic activity, sediment heating, and associated hy-
drothermal processes (Berndt et al., 2023; Planke et al., 2023). These pro-

continental crust (UCC), Post-Archean Australian Shale (PAAS) (Taylor & cesses can modify bulk geochemical compositions through the input of
McLennan, 1985) and Volcanic ash (Baumann et al., 2024) are plotted for volcanic material, sediment alteration, and redistribution of mobile elements,
reference. The geochemical data indicate that all samples from pre-PETM, and may potentially overprint primary environmental signals (Y. Zhang

PETM and post-PETM generally show a mixed source that falls between the

et al., 2014). In addition, the hydrographically restricted nature of the basin

basalt and granite end member compositions.

may have contributed to enhanced local variability in sedimentary and

geochemical records (Jones et al., 2023; Sgmme et al., 2026). These factors
need to be considered when interpreting geochemical proxies in this setting. Nevertheless, these records remain
valuable for reconstructing environmental change, particularly when evaluated in a comparative and multi-proxy
framework (Y. Zhang et al., 2014). Accordingly, we integrate weathering indicators (CIA and elemental ratios),
provenance-sensitive tracers (La—Th—Sc), and redox-sensitive trace metal enrichments (Mo, Re, U, Cd) to assess
the coherence and robustness of the recorded signals. This approach allows us to distinguish consistent regional
trends associated with PETM-driven environmental change from potential local overprinting effects, thereby
providing a reliable basis for interpreting weathering and redox evolution.

4.1. Intensity of Weathering During the PETM

An increase in chemical weathering intensity during the PETM has been reconstructed across the globe (Gibson
et al., 2000; Pogge von Strandmann et al., 2021; Tanaka et al., 2022) and is generally attributed to elevated at-
mospheric CO, levels, high temperatures, and an enhanced hydrological cycle (Walters et al., 2022). Chemical
weathering predominates in humid climates and significantly influences the major and trace element composition
of silicate rocks and sediments. That is, chemical weathering leads to the progressive loss of mobile alkali and
alkaline earth elements (e.g., sodium (Na), calcium (Ca), potassium(K)) relative to immobile aluminum (Al),
resulting in elevated CIA values (Middelburg et al., 1988; Nesbitt & Young, 1982). In addition to the CIA,
elemental ratios such as Rb/Sr, Rb/K and K/Na (Figure 3) are used to assess the degree of chemical weathering.
Na and Sr are preferentially removed from solid phase during chemical weathering, whilst Rb and K are retained
in the resultant clay minerals (Sawyer, 1986). K is typically preserved in clay minerals during moderate
weathering, but is gradually lost under intense weathering. In highly weathered samples, Rb is more readily
retained in clay minerals than K due to its larger ionic radius (Nesbitt et al., 1980).

However, the CIA and related elemental ratios can be influenced by changes in sediment provenance (Nesbitt &
Young, 1982). To evaluate this potential effect, we use La—Th—Sc ternary plot (Jahn & Condie, 1995), as these
elements are relatively immobile during chemical weathering and diagenesis. La and Th are enriched in felsic
rocks (granite), while Sc is enriched in mafic rocks (basalt), so changes in these elements reflect a shift in source
(Taylor & McLennan, 1985). Provenance analysis using La-Th-Sc ternary diagram show no distinct clustering
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between Pre-PETM and PETM samples, indicating contribution from two well-mixed sources with no evidence
for systematic change in provenance at the PETM onset (Figure 4). This suggests that the variations in CIA values
are controlled primarily by the intensity of silicate weathering in the study area. Higher values (80-100) indicate
intense chemical weathering, whereas lower values (50-70) suggest that physical weathering dominated in the
source area (Nesbitt & Young, 1984).

In contrast to these global patterns, the CIA values in Hole U1568A show a decrease from the early to the middle
part of the PETM vent infill (Figure 3), indicating a shift toward relatively low chemical weathering intensity.
Comparable trends are also observed in Figures S1 in Supporting Information S1 (U1568B), S2 (U1567B), S3
(U1567A), S4 (U1567C), although differences in age-control between sites may affect the exact alignment of
feature. This trend is supported by elemental ratios: Rb/Sr, Rb/K and K/Na are generally higher in pre-PETM
samples compared to the PETM, suggesting a relatively stronger chemical weathering intensity prior to the
PETM. Overall, the CIA values and elemental ratios suggest that chemical weathering intensity was less pro-
nounced during the PETM compared to the pre-PETM interval, although the magnitude and consistency of this
signal vary between individual proxies.

The PETM interval (Units IV-V in Hole U1568A) identified based on both biostratigraphic constraints and the
CIE (Berndt et al., 2023) has a thickness of 81.9 m (Planke et al., 2023), which corresponds to an accumulation
rate of ~315-356 m/Ma, calculated assuming a PETM duration of ~230-260 ka, following the chronology of
Murphy et al. (2010). Pre- and post-PETM sedimentation rates were not quantitatively determined due to limited
age control outside the PETM interval. This thick interval suggests a markedly elevated sedimentary input into the
basin during the PETM, which corresponds to low chemical weathering intensity. The shift in sediment delivery
and weathering regime may correspond to a number of factors. Regional evidence from the mid-Norwegian
margin indicates that transient uplift between 56.0 and 55.5 Ma steepened slopes and strengthened fluvial ac-
tivity, followed by rapid subsidence and burial of an incised landscape (Conway-Jones & White, 2022; Hartley
et al., 2011). Such uplift and increased runoff likely promoted strong erosional processes along the margin.
Consistent with this, observations from the nearby Froan Basin show that uplift-driven steep slopes and seasonal
runoff produced valley incision, erosional networks, and large mud-rich gravity flows (Sgmme et al., 2023),
similar conditions in the Vgring Basin likely enhanced sediment supply and physical erosion during the PETM.
This interpretation is supported by palynological vegetation reconstructions from the same core transect, which
reveal rapid collapse of mature forests, landscape destabilization, and increased physical disturbance which in-
cludes reoccurring episodes of flooding and wildfire, processes which amplified terrestrial surface exposure and
physical erosion (Nelissen et al., 2026). The loss of plant cover would have exposed soils and regolith to rainfall
and runoff, increasing susceptibility to physical erosion. The PETM interval, marked by a shift from predomi-
nantly marine organic matter in Unit VI (late Paleocene) to terrestrial-dominated compositions in Units IV-V
(earliest Eocene), provides independent evidence for enhanced physical erosion and the increased delivery of
land-derived material to the Vgring Basin during this hyperthermal event (Berndt et al., 2023; Planke et al., 2023).
Although fresh volcanic ash was intermittently supplied to the basin during the PETM (Vickers et al., 2024), its
contribution is insufficient to explain the overall weathering signal observed here.

Whereas global studies indicate strong chemical weathering during the PETM, lithium isotope data suggest this
reflects an increased input of older, eroded material (Pogge von Strandmann et al., 2021; Wei et al., 2025) rather
than coeval chemical weathering intensity. A similar variability is observed in North Atlantic basin records,
where the Fur Formation (Stokke et al., 2021) shows an opposing CIA response, whereas a record from the North
Sea (Mariani et al., 2024) exhibits a comparable decrease in CIA during the PETM. This highlight spatial
variability in weathering signal across connected but hydrographically and tectonically distinct depositional
settings within the North Atlantic realm (Figure 5), including the Norwegian margin record presented here, which
likewise shows consistently low CIA values.

These low CIA values are consistent with rapid delivery of fresh, newly eroded material from nearby uplift and
NAIP volcanism. This likely reflects the predominance of relatively un-weathered source rocks in the northeast
North Atlantic at the time. Overall, these observations indicate that physical erosion, rather than chemical
weathering intensity, was the primary control on sediment supply in the North Atlantic during the PETM.
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Figure 5. Comparison of Chemical Index of Alteration (CIA) values across pre-PETM, PETM, and post-PETM intervals
from the Norwegian margin (this study), the North Sea Basin (Mariani et al., 2024), and the Fur Island in Denmark (Stokke
et al., 2021). The solid black line in each box plot denotes the median. Boxes represent the interquartile range (25th—75th
percentiles), with whiskers extending to 1.5 X IQR. Outliers beyond this range are not shown.

4.2. Redox Dynamics of the Vgring Basin During the PETM

The pronounced changes in continental weathering input during the PETM may have influenced redox conditions
in the Vgring Basin. Against this backdrop, rapid PETM warming has been linked to changes in marine oxygen
availability, with an increasing body of evidence suggesting a decline in global oceanic oxygen levels during this
interval (Dickson et al., 2012). Many transition metals and redox-sensitive trace elements are valuable indicators
of changing redox conditions in marine sediments, as they behave differently under oxic and anoxic conditions,
allowing reconstruction of past environmental conditions (Calvert & Pedersen, 1993; Colodner et al., 1992;
Crusius & Thomson, 2003). The oxyanions of U, Re, and Mo show conservative behavior in seawater. Addi-
tionally, U exists as insoluble U** (fluoride complex) in strongly reducing environments, leading to its accu-
mulation in anoxic sediments, whereas under oxidizing conditions it is converted into soluble uranyl (U®*)
carbonate, thus causing anoxic sediments to contain higher uranium concentrations than oxic sediments (Wignall
& Twitchett, 1996). Rhenium is enriched in mildly reducing (suboxic) sediments by diffusion from seawater. This
process occurs at a redox potential that is marginally more reducing than that required for U, but prior to the
reduction of Mo in strongly reducing, sulfidic sediments (Anbar et al., 1992; Crusius et al., 1996). The differing
chemical behavior of Mo and U under similar reducing conditions provides insight into the extent of sulfide
presence in anoxic water columns (Algeo & Tribovillard, 2009; Tossell, 2005). Unlike other redox-sensitive
elements (e.g., U, Mo, Re), Cd has only one stable oxidation state (Cd2+). In anoxic environments, even in the
presence of micro quantities of free sulfide, Cd is effectively removed from the water through the formation of
insoluble CdS (Rosenthal et al., 1995).

Evidence suggests that oxygen depletion during the PETM was spatially variable, with low oxygen levels in open
ocean regions, while some continental shelves and enclosed basins—particularly across the Northern Hemisphere,
including the Tethys, Peri-Tethys, North Sea, and Arctic—developed fully anoxic or sulfidic conditions during this
interval (Behrooz et al., 2024; Clarkson et al., 2021; Dickson et al., 2012; Pilike et al., 2014; Sluijs et al., 2014).
Biomarker studies further reveal that euxinic conditions, characterized by the presence of free hydrogen sulfide in
the water column, extended into the photic zone in several regions, including the Arctic Ocean, the Gulf Coastal
Plains (Sluijs et al., 2014), the equatorial Atlantic (Frieling et al., 2017), the eastern North Sea (Schoon
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et al., 2015), the West Siberian Sea (Frieling et al., 2014), and the North Central Peri-Tethys (Behrooz
et al., 2024).

Consistent with this evidence, our results indicate marked increases in Mo/Al, Re/Al, U/Al, and Cd/Al at the Unit
VI-V boundary, reflecting intensifying anoxia and the development of more reducing, sulfidic conditions. At
Hole U1568A, the stratigraphic interval corresponding to the PETM onset is incompletely preserved, limiting the
resolution of redox changes relative to the onset of CIE. Redox sensitive proxies are available for Holes U1568A,
U1568B and U1567B; thus, relative temporal relationships can be assessed across these three records. In
U1568A, the increase broadly coincides with the PETM onset (Figure 3), whereas in U1568B (Figure S1 in
Supporting Information S1) the main redox transition occurs just prior to unit boundary (VI-V) than the exact
onset of the CIE. In U1567B (Figure S2 in Supporting Information S1), redox proxy increases are recorded within
the vent-infill succession corresponding to the PETM onset interval. Taken together, the records indicate a rapid
development of reducing conditions during the early PETM, although the precise timing relative to the CIE
remains uncertain owing to variable stratigraphic resolution across the boundary. These observations indicate that
redox changes were influenced both by PETM-driven environmental shifts and by pre-existing conditions, a
pattern also reflected in the weathering data across the unit boundary. It should be noted that redox-sensitive trace
metal enrichments may reflect not only changes in oxygenation but also variations in external metal supply such
as ash fall (K. Zhang et al., 2025), sedimentation rate, and local environmental and post-depositional processes. In
hydrographically restricted continental margin settings like the Vgring Basin (Jones et al., 2023) their concen-
trations and preservation can additionally be influenced by particulate shuttle effects and basin restriction,
resulting in highly variable enrichments that may not fully capture the extent of sulfidic conditions, in contrast to
the more consistent signals observed in open-ocean environments (Algeo & Li, 2020; Algeo & Lyons, 2006;
Algeo & Rowe, 2012; Bennett & Canfield, 2020; Hoogakker et al., 2025; Sweere et al., 2016). In restricted basins
even relatively, small variations in local circulation strength or seawater temperature may further influence
oxygen availability (Rakshit et al., 2023).

Redox sensitive element/Al ratios continue to rise from the onset until the middle of the syn-PETM vent infill
(Unit V), peaking before gradually declining towards levels comparable to the pre-PETM strata in Unit IV
(Figure 3). However, as the onset of the PETM interval may not be preserved (Berndt et al., 2023), it is unclear
whether this represents the actual middle of the PETM. The geochemical and sedimentological evidence from the
Vgring Basin indicates that deoxygenation was established during the earliest PETM, as supported by laminated,
non-bioturbated sediments and presence of tiny pyrite framboids (<20 pm) in Unit V (cores U1568A-B, U1567
A-C) (Planke et al., 2023), suggesting that the water column near the seabed became anoxic with possible
development of sulfidic conditions in the sediment pore waters. This aligns with global patterns of oceanic anoxia
including those in the North Sea (Mariani et al., 2024), South Atlantic (Chang et al., 2018), and the Bay of Biscay
in the eastern North Atlantic (Clarkson et al., 2021), which also experienced reducing conditions during the
earliest part of the PETM. U/Al and Re/Al ratios reveal that after the initial deoxygenation during the early PETM,
the middle portion of the vent infill returned to more oxic conditions. This pattern may reflect a combination of
factors, including the extremely shallow nature of the Vgring margin IODP Sites (~30-50 m water depth during
the PETM (Berndt et al., 2023; Planke et al., 2023)) and the high-resolution sampling that could capture short-
lived oxic intervals not recorded at many other sites. Toward the top of the syn-PETM vent infill, however, U/
Al and Re/Al display a secondary increase, indicating renewed oxygen depletion and the development of possible
suboxic conditions. In contrast, Mo/Al, Cd/AL do not show corresponding enrichments, suggesting that fully
euxinic conditions were not reached (Figure 3). These observations highlight that deoxygenation during the
PETM was dynamic and spatially variable: unlike basins with persistent anoxia or euxinia, the Vgring Basin
experienced oscillating redox conditions.

4.3. Drivers of Regional Euxinia in the Vgring Basin During the PETM

Previous studies suggest that the rapid onset of regional euxinia at the PETM was driven by multiple interrelated
factors including rising temperatures, enhanced continental nutrient inputs, restricted basin circulation, elevated
primary productivity, intensified oxygen consumption during organic matter degradation and methane oxidation
(Clarkson et al., 2021; Dickson et al., 2014; Remmelzwaal et al., 2019). Ongoing extensional tectonics along plate
boundaries likely enhanced nutrient delivery to surface waters (Gernon et al., 2016). Plume-based rifting likely
amplified this enrichment through uplift-driven erosion, hydrothermal activity, and volcanic ash deposition,
stimulating microbial and phytoplankton growth and triggering large-scale blooms that influenced
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biogeochemical and evolutionary cycles. In tectonically restricted basins like the Norwegian Sea, even minor
uplift and/or hydroclimatic changes could strongly amplify nutrient availability and primary productivity
(Mariani et al., 2024).

Diatoms, which represent the major group of phytoplankton in the PETM succession of our cores (Planke
et al., 2023) can efficiently utilize iron (Fe) from volcanic sources (Duggen et al., 2007). Sediment deposits
resulting from intense physical weathering provide bioavailable Fe from primary minerals (Shoenfelt
et al., 2019), while volcanic ash deposition enhances nutrient availability through dissolution of adsorbed metal
salts and aerosols (Jones & Gislason, 2008; Longman, Mills, et al., 2021; Longman et al., 2022). Bioassay ex-
periments show that phytoplankton growth is maximized when multiple nutrients are available simultaneously
rather than a single limiting element (Mills et al., 2004). Basaltic terrains, although covering only ~4.6% of the
continental surface, contribute 30%—-35% of the terrestrial silicate weathering flux due to their high reactivity
(Dessert et al., 2003). Due to ongoing emplacement of the NAIP, the continents surrounding the Vgring Basin
would have been comprised primarily of basalt, thereby providing a source of reactive material to the basin under
enhanced physical erosion conditions during the PETM. Although the CIA data (Figure 3) suggest low overall
chemical weathering intensity, enhanced physical erosion during the PETM likely increased the delivery of fresh
basaltic material, where rapid or localized water rock interactions could still facilitate nutrient release without
requiring sustained high-intensity chemical weathering (Jenckes et al., 2024). Indeed, the supply of unweathered,
and therefore reactive phase-rich material may act to enhance the amount of nutrients leached as they enter the
marine realm (Struve et al., 2026). As a result, nutrient availability in the basin was likely high, leading to elevated
productivity, evidenced by the high diatom accumulation rates during the PETM (Planke et al., 2023).

Total organic carbon (TOC) concentrations (Figure 3) reported from Core U1568A (Planke et al., 2023) increase
coincident with the onset of the PETM. However, without well-constrained mass accumulation rates, it is difficult
to determine whether this increase reflects enhanced organic carbon preservation or variations in sediment
dilution. Interpretation is further complicated by the unconformable Unit VI-V boundary at Site U1568A and the
relatively thin interval separating the latest Paleocene strata from the PETM succession, which introduces un-
certainty in the precise stratigraphic placement of these changes. Enhanced sedimentation rates, likely driven by
intensified continental weathering and erosion under a more active hydrological cycle, acted as key negative
feedback on the CIE and associated warming by promoting carbon burial (John et al., 2008).

The thickest and most abundant ash layers in Core U1568A occur between ~70 and ~110 mbsf (Vickers
et al., 2024), reflecting enhanced local ash deposition within the middle portion of the vent-infill PETM suc-
cession. In the earlier PETM interval (~133-110 mbsf), ash layers are either very thin or largely reworked,
making their contribution to nutrient supply more limited. Elevated productivity during this interval was likely
supported primarily by nutrients released through intensified physical weathering and erosion of freshly emplaced
igneous rocks, with possible minor contributions from the thin or reworked volcanic material.

Productivity interpretations are primarily informed by the exceptionally preserved diatom record from site
U1567, where laminated diatomites and high diatom abundances indicate elevated biogenic productivity
(Nelissen et al., 2026; Planke et al., 2023). In contrast, the utility of vent-proximal Site U1568A for reconstructing
productivity is limited, as its biosiliceous record is compromised by silica diagenesis and alteration within the
thicker, ash rich vent-infill succession. Conventional productivity proxies (e.g., Ba/Al and P/Al) are not
considered reliable in this interval due to strong dilution by volcanic and detrital inputs and potential post-
depositional redistribution under variable redox conditions, where P can be remobilized and Ba may be
affected by barite dissolution under sulfate-reducing conditions (Tribovillard et al., 2006).

Overall, nutrient availability throughout the PETM interval was likely maintained by multiple sources—including
enhanced physical erosion of basalt-rich catchments and inputs from volcanic ash—which together fuelled the
high primary productivity, as reflected in diatom rich sediments and blooms in Units IV and V of the PETM vent
infill succession (Planke et al., 2023). The resulting surge in productivity and organic matter remineralization is
potentially one of the primary mechanisms leading to the establishment of euxinia during the early PETM, a
pattern that is consistent with observations from the North Sea (Mariani et al., 2024). Towards the top of the
PETM vent infill, the Vgring Basin returned to suboxic conditions (Figure 3). Although oxygen depletion was less
intense than in the early PETM euxinia, the underlying mechanism was likely similar, with nutrient-rich,
minimally leached material delivered through physical erosion stimulating productivity and enhancing organic
matter degradation in the basin.
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Fluctuations in primary productivity, in addition to promoting euxinic conditions, can strongly influence atmo-
spheric CO, levels and thus climate over geological timescales (Falkowski et al., 1998). At the Paleocene-Eocene
boundary, elevated primary productivity and associated organic carbon burial acted as a local carbon sink drawing
down atmospheric CO, (Kaya et al., 2022; Papadomanolaki et al., 2022). Low-oxygen (anoxic) conditions likely
facilitated more efficient carbon burial in coastal and nearshore environments, with some high-latitude regions
likely acting as sites of additional carbon storage during portions of the ~200 kyr interval represented by the CIE
(Wieczorek et al., 2013). Marginal and epicontinental seas—including the North Sea and nearby
basins—probably functioned as important carbon sinks (Kaya et al., 2022), with additional burial during the early
recovery phase further contributing to carbon sequestration. The interplay between fluctuations in nutrient input,
productivity, oxygen levels, run-off and high sedimentation rates regulated carbon sequestration in the eastern
North Atlantic, contributing to the PETM recovery.

5. Conclusion

Our study demonstrates that physical erosion, rather than chemical weathering, played the primary role in
controlling nutrient fluxes to the Vgring Basin during the PETM. Pulses of enhanced sediment input fueled high
primary productivity and triggered transient anoxic-euxinic conditions, limited to the onset of the event and
largely subsiding by the middle of the PETM vent infill. These findings highlight the mechanistic role of sediment
dynamics in shaping carbon burial and ocean biogeochemistry under rapid warming, providing a clearer un-
derstanding of how continental processes influence marine responses during extreme greenhouse climates. Future
work integrating additional proxy records and regional comparisons will help constrain the spatial variability and
global relevance of these processes.
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