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ABSTRACT

This study investigates the ichnological characteristics of deep-sea cores recovered from site U1580 on the
southern Central Agulhas Plateau during International Ocean Discovery Program (IODP) Exp. 392, with a focus
on the Paleocene-Eocene Thermal Maximum (PETM) event. By comparing pre-, syn-, and post-PETM intervals,
this research applies trace fossil diversity, maximum trace diameter, and bioturbation patterns to assess benthic
community responses to extreme climate changes including temperature changes, fluctuating bottom water
oxygenation, nutrient availability, as well as changing deep sea circulation patterns. Trace fossil records such as
ichnogenera diversity and maximum trace fossil diameters across 10 cm intervals (bins), were extracted from
high-resolution photographs of cores U1580A and U1580B. Results reveal a reduction in maximum trace fossil
diameters during the PETM, reflecting potential environmental stressors like elevated temperatures and lower
oxygen (O3) levels, followed by a post-PETM recovery. Trace fossil diversity increased from the syn- to post-
PETM interval, ecological reorganization and potential recolonization of newly available niches. A compara-
tive analysis of the two cores highlights subtle differences, with core U1580B exhibiting larger average maximum
trace fossil diameters possibly due to localized variations in seafloor topography, food availability and/or bio-
logical factors. The deep-tier trace fossil Zoophycos is both included and excluded from the analysis to explore
how its burrow depth — which likely exceeds the 10 cm bin intervals used — impacts ichnological trends. Overall,
the ichnological patterns presented here provide new insights into how deep-sea macrobenthic communities
responded to PETM environmental stressors, complementing existing paleoenvironmental interpretations based
primarily on microfossil data.

1. Introduction

The PETM introduced several interconnected stressors that reshaped
marine ecosystems globally. Ocean stratification, driven by elevated

Approximately 55.9 million years ago, the PETM was marked by a
rapid global temperature increase between 5 °C and 8 °C (Westerhold
et al,, 2009, 2017). As a result, sea surface temperatures rose by
approximately 6 °C at high latitudes and 4 °C at low latitudes, while
deepwater temperatures increased by around 8 °C at high latitudes and
6 °C at low latitudes (Kennett and Stott, 1991; Zachos et al., 2005;
Jardine, 2011; Sluijs et al., 2011; Howard et al., 2025). This warming
was accompanied by a pronounced negative shift in 8'3C values of
approximately 3.5 %o—4.5 %o at the onset of the PETM, driven by a
geologically induced rapid release of carbon into the ocean-atmosphere
system referred to as the Carbon Isotope Excursion (CIE; Kennett and
Stott, 1991; Koch et al., 1992; Bralower et al., 1997; Zachos et al., 2005;
Mclnerney and Wing, 2011).
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temperatures, led to widespread anoxia in shallow- to intermediate-
depth waters (< 2000 m; Kennett and Stott, 1991; Speijer and Wag-
ner, 2002; Sluijs et al., 2008; Nicolo et al., 2010; Chun et al., 2010;
Rodriguez-Tovar et al., 2011; Palike et al., 2014; Sluijs et al., 2014; Zhou
et al., 2016; Remmelzwaal et al., 2019), while deeper waters experi-
enced only modest declines in seafloor Oy levels (Chun et al., 2010;
Palike et al., 2014). Elevated atmospheric carbon dioxide (CO2) levels
caused substantial ocean acidification, reducing carbonate anion (CO%’)
availability and impairing calcification of marine organisms (Thomas,
1998, 2007; Penman et al., 2014; Kawahata et al., 2015; Schmidt et al.,
2018). Concurrent alterations in the hydrological cycle— intensified
weathering, precipitation, storm activity, and runoff—altered nutrient
delivery to the oceans. Additionally, extreme temperatures imposed
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metabolic stress on marine life (Carmichael et al., 2017; Dossena et al.,
2012; Lindmark et al., 2018). Deep-sea sedimentary records preserve
these environmental perturbations. Through sedimentological,
geochemical, and ichnological analyses, several studies have interpreted
how elevated CO, levels, deoxygenation, and other stressors shaped
marine ecological responses during the PETM (for example: Lu and
Keller, 1993; Thomas and Shackleton, 1996; Alegret et al., 2009; Chun
et al., 2010; Nicolo et al., 2010; Winguth et al., 2012; Sluijs et al., 2014;
Nwojiji et al., 2023).

Among the many paleoenvironmental proxies available, ichnolo-
gy—the study of trace fossils—provides direct evidence of past animal
behaviors, including locomotion and feeding, as preserved in structures
such as tracks and burrows (e.g., Schafer, 1972; Ekdale et al., 1984;
Bromley, 1996; Gingras et al., 2007; Seilacher, 2007). These traces,
which record the effects of bioturbation, are extremely useful indicators
of sedimentary conditions and animal responses to environmental stress
(e.g., Bromley and Ekdale, 1984; Savrda and Bottjer, 1986, 1989, 1991;
Gingras et al., 2007, 2011; Dashtgard, 2011; Savrda, 2007). The degree
of bioturbation is commonly quantified using bioturbation index (BI)
with an assigned value of 0 to 6. BI 0 is equivalent to no bioturbation
observed and all original sedimentary structures preserved, whereas BI 6
means complete bioturbation with destruction of visible bedding
(adapted and modified from Reineck, 1963; Taylor and Goldring, 1993).
The presence, size and diversity of trace fossils, along with variations in
bioturbation index, can reflect benthic ecosystem dynamics, nutrient
cycling, and O, availability because trends in these data can be ascribed
to environmental stresses (Pemberton et al., 1982; Savrda and Bottjer,
1986, 1989, 1991; Wetzel, 1991; MacEachern and Pemberton, 1992;
Pemberton and Wightman, 1992; MacEachern et al., 2007; Wetzel,
2010; Rodriguez-Tovar, 2022). Despite the wealth of sediment core
material recovered through the International Ocean Discovery Program
(IODP)— over 98,000 m of core since 2013, with earlier programs
dating back to 1968 (IODP Canada, 2024)—relatively little focus has
been given to ichnological analyses of these archives. A missing piece of
the puzzle of inestimable value for the reconstruction of the paleo-
environment of shallow to deep marine areas.

This study examines ichnological data in core material collected
during IODP Expedition 392 (Uenzelmann-Neben et al., 2023), to
enhance our understanding of how temperature, ocean circulation, and
sedimentation patterns responded to fluctuations in CO: levels during
the Cretaceous and Paleogene.

The primary objectives of this study were to use marine sediment
core data as an archive to analyze ichnological characteristics across the
PETM interval and to assess changes in trace fossil assemblages before,
during, and after the event. By examining variations in trace fossil size
and diversity, our study aims to reconstruct biological responses to
environmental stress and infer shifts in bottom water and seafloor
conditions. Although relatively few studies have considered ichnological
responses to the PETM, notable studies by Nicolo et al. (2010), Rodri-
guez-Tovar et al. (2011), and Uchman et al. (2019) revealed a consistent
pattern: an abrupt disappearance of visible trace fossils coinciding with
the CIE, followed by the establishment of a low diversity assemblage
dominated by very small (<1 mm) traces. Over time, ichnofossil di-
versity gradually recovered as larger and deeper-tier tracemakers
reappeared. All three of these studies examined strata from paleowater
depths of approximately 1000 to 2000 m. In contrast, this study focuses
on a deeper marine setting (~2500 m paleodepth), providing a rare
opportunity to explore macro-benthic community responses to extreme
climate shifts in deeper ocean environments and to expand the currently
limited ichnological record of the PETM.

2. Methods
Cores from site U1580 (holes A and B) were recovered between

February 25th, 2022, and March 8th, 2022. Specific details on core re-
covery and handling can be found in the IODP Proceedings Volume 392
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(Uenzelmann-Neben et al., 2023) and the Site U1580 summary (Bohaty
et al., 2023). During this expedition, four drilling sites (U1579, U1580,
U1581, and U1582) aimed to recover sedimentary records of the
Paleocene-Eocene boundary. However, only site U1580 yielded suitable
core material for ichnological analyses. Site U1580 was double-cored
with U1580A  (40°47.1535'S, 26°36.4137E) and U1580B
(40°47.1542'S, 26°36.4282E) drilled ~20 m apart from each other.
Located off the southern coast of Africa on the southern central Agulhas
Plateau, this site lies at a modern water depth of 2560 m (Bohaty et al.,
2023; Fig. 1). The Paleocene-Eocene boundary section was recovered
from both cores and occurs at approximately 60 m below the seafloor.
Paleo-water depth was likely similar to modern values or slightly shal-
lower (Pérez-Diaz and Eagles, 2017).

For this study, high-resolution core photographs were obtained from
the IODP online database (https://web.iodp.tamu.edu/OVERVIEW/).
The downloaded images were enhanced using Affinity Designer 2 by
adjusting levels to optimize contrast, improving the visibility of the
sediment fabric and distinguishing trace fossils from the surrounding
massive-appearing nannofossil clayey chalk (Fig. 2). The measurement
tool in Affinity Designer 2 was calibrated using a 100 cm core section to
ensure accurate measurements of trace fossil diameters.

Specific focus was placed on the cored intervals that span the PETM.
This included 7.7 m of core from Hole U1580A (sections 7R1-7R6) and
4.9 m of core from Hole U1580B (sections 4R1-4R5) (Bohaty et al.,
2023). The studied sections were subdivided into pre-, syn-, and post-
PETM intervals (Table 1) with the syn-PETM interval being further
separated into two sections: a clay-dominated syn-PETM (clay) at the
onset of the PETM, followed by a slow recovery section syn-PETM (re-
covery). For cores U1580A and U1580B, pre-PETM values were ob-
tained from 63.4-65.9 m (2.5 m) and 62.1-63.3 m (1.3 m) below sea
floor, syn-PETM (clay) values were obtained from 62.7-63.3 m (0.6 m)
and 61.5-62.1 m (0.6 m), syn-PETM (recovery) values were obtained
from 61.3-62.6 m (1.3 m) and 60.1-61.4 m (1.3 m), and post-PETM
values were obtained from 58.2-61.2 m (3.0 m) and 58.4-60 m (1.6
m), respectively. The amount of core used for pre- and post-PETM in-
tervals was limited by missing core, while the syn-PETM (clay) intervals
were constrained by magnetic susceptibility (MS) and natural gamma

32° 34

32° 34

I0DP Expedition 392 Site Map

Fig. 1. IODP Expedition 392 site map from the southern coast of Africa (from
IODP Proceedings Volume 392).
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Fig. 2. U1580 core images. A) Core 1580A (~64 mbsf) showing the pre-PETM trace fossil assemblage. B) Core 1580A (~63.1 mbsf) showing the syn-PETM trace
fossil assemblage with the PETM boundary located 13 cm below this image. C) Core U1580A (~60.5 mbsf) showing the post-PETM trace fossil assemblage. D) Core
U1580B (~62.2 mbsf) showing the pre-PETM trace fossil assemblage. E) Core U1580B (~62 mbsf) showing the syn-PETM trace fossil assemblage with the PETM
boundary located 1 cm below this image. Core U1580B (~59.2 mbsf) showing the post-PETM trace fossil assemblage. Ichnospecies presents include Zoophycos (Zo),
Chondrites type 1 (Ch), Chondrites type 2 (Ch2), Palaeophycus sp. (Pa), Palaeophycus heberti (Pah), Planolites (P1), Taenidium (Ta), and Gyrolithes (Gy).

ray (NGR) log trends in each core. Syn-PETM (recovery) intervals were
constrained by MS along with statistical analyses on changing trace
fossil diameters.

The onset of the PETM is evidenced in core by increased clay content
with an abrupt change in sediment colour at a depth of ~63.3 m in
U1580A and ~ 62.1 m in U1580B as well as the appearance of

biohorizon base Rhombaster spp. (56.0 Ma) in core U1580A (63.38 m)
(Zachos et al., 2005; John et al., 2012; Carmichael et al., 2017, IODP
Proceedings Volume 392; Bohaty et al., 2023). For correlations, MS and
NGR were used as proxies in lieu of any published 8'3C or CaCO3 content
analyses. Previous studies have shown that magnetic susceptibility
correlates well with CaCOj3 trends, with a sharp increase at the start of
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Table 1

PETM depth intervals for site U1580.

1580A

1580B

Pre-PETM

Syn-PETM (clay)
Syn-PETM (recovery)
Post- PETM

63.4-65.9 m (2.5 m)
62.7-63.3 m (0.6 m)
61.3-62.6 m (1.3 m)
58.2-61.2 m (3.0 m)

62.1-63.3 m (1.3 m)
61.5-62.1 m (0.6 m)
60.1-61.4 m (1.3 m)
58.4-60 m (1.6 m)

the PETM event followed by a subsequent partial recovery that parallels
CaCOj3 content (Stap et al., 2009). Similarly, NGR values have a sharp
increase at the start of the PETM, followed by a gradual recovery to pre-
PETM values, reflecting high clay content. These patterns were used to
refine the placement of the syn-PETM interval in this study.

Core photos were divided into 10-cm bins, where the following
characteristics were recorded for each bin: (1) ichnogenus (where
possible) or trace fossil morphotype; (2) maximum diameter of trace
fossils (causative tube) observed within each bin regardless of ichno-
genera and specifically targeting the largest trace fossil observed within
the 10-cm bin); and (3) ichnogenera diversity, defined as the total
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number of unique trace fossils observed withing the 10-cm bin. The
diversity values were averaged within each PETM interval to emphasize
shifts through time. Bioturbation index (BI) was not recorded because
the studied core exhibits complete bioturbation (BI 6).

The average sedimentation rate of 1.79 cm/ka was calculated using
the biohorizon base Discoaster diastypus (54.89 Ma) at a core depth of
43.66 m and the biohorizon base Rhombaster spp. (56.00 Ma) at a depth
of 63.38 m in core U1580A, the same rate was also applied to core
U1580B (IODP Proceedings Volume 392). This estimate assumes
continuous and uniform sedimentation across the entire 19.72 m in-
terval between both biohorizons- an assumption that is likely unreal-
istic. Hydrological changes during the PETM likely impacted
sedimentation rates globally, and the presence of a 0.6 m clay layer at
the onset of the PETM suggests a significant reduction in sedimentation
rate—potentially <1 cm/ka—complicating PETM duration estimates
(Rohl et al., 2007; Westerhold et al., 2018). Nevertheless, more precise
constraints provided by micropaleontological data or cyclostratigraphic
analysis are required to refine these estimates.
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Fig. 3. Summary plot of ichnological data from core U1580A. From left to right: high-resolution core imagery, core depth in meters below the sea floor, magnetic
susceptibility, gamma ray, maximum trace fossil diameter in millimeters, ichnodiversity, and ichnospecies identification. Maximum trace fossil diameter, ichno-
diversity, and ichnospecies are recorded for each 10-cm interval. Maximum trace fossil diameter without Zoophycos is recorded by a vertical blue line for each 10-cm
interval. The presence of at least one trace fossil of a given ichnospecies within the 10-cm interval is indicated by a colored horizontal dash. Ichnospecies present from
left to right: Skolithos (Sk), Gyrolithes (Gy), Palaeophycus sp. (Pa), Palaeophycus heberti (Pah), Planolites (P1), Taenidium (Ta), Rhizocorallium (Rh), Zoophycos (Zo),
Chondrites Type 1 (Ch1), Chondrites Type 2 (Ch2), and Nereities (Ne). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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3. Results

Data analyses were subdivided into four intervals: pre-PETM, syn-
PETM (clay layer), syn-PETM (recovery), and post-PETM. Within each
interval maximum trace fossil diameter, trace fossil diversity, and ich-
nogenera types, were recorded for each 10-cm bin. Figs. 3-5 illustrate
these parameters for site U1580. Average maximum trace fossil di-
ameters are summarized in Table 2.

Prior to the PETM, mean trace fossil diameters were 2.3 mm in core
U1580A and 2.7 mm in core U1580B, with medians of 2.2 mm and 2.6
mm, maximum values of 4.1 mm and 4.0 mm, and minimum values of
1.0 mm and 1.3 mm, respectively. During the PETM clay interval, both
cores show a reduction in maximum trace fossil diameters. In core
U1580A, the mean diameter decreased to 1.5 mm, the median to 1.6
mm, the maximum to 1.8 mm, and the minimum to 2.6 mm. In core
U1580B, the mean decreased to 2.1 mm, the mean to 2.3 mm, the
maximum to 2.6 mm, and the minimum to 1.6 mm.

Following the clay interval, both cores show an increase in maximum
trace fossil diameters during the recovery interval. In core U1580A, the
mean and median diameters rise to 2.0 mm, with a maximum of 2.2 mm,
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and a minimum of 1.6 mm. In core U1580B, the mean and median in-
crease to 2.3 mm, with a maximum of 3.0 mm and a minimum of 2.0
mm. Post-PETM, maximum trace fossil diameters continue to increase.
In core U1580A, both the mean and median reach 2.3 mm, with a
maximum of 3.2 mm and a minimum of 1.5 mm. In core U1580B, the
mean and median reach 2.4 mm, with a maximum of 3.2 mm, and a
minimum of 1.8 mm.

The trace fossil diversity values vary substantially across intervals, as
summarized in Table 3. In the pre-PETM, the mean trace fossil diversity
values are 5.3 for core U1580A and 5.2 for core U1580B, with medians
of 5.0 in both cores. Maximum diversity reaches 7.0 in U1580A and 6.0
in U1580B, while minimum values are 3.0 and 4.0, respectively. During
the syn-PETM clay interval, diversity declines slightly in both cores.
Mean diversity decreases to 5.2 in U1580A and 5.0 in U1580B, while the
median increases slightly to 5.5 in both. Maximum values remain un-
changed at 7.0 and 6.0, and the minimum in both cores is 4.0.

In the syn-PETM recovery interval above the clay layer, average trace
fossil diversity increases in both cores. Mean diversity rises to 5.8 in core
U1580A and 6.0 in core U1580B, with median values of 6.0 in both.
Maximum diversity reaches 7.0 in both cores, while minimum values are
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Fig. 4. Summary plot of ichnological data from core U1580B. From left to right: high-resolution core imagery, core depth in meters below the sea floor, magnetic
susceptibility, gamma ray, maximum trace fossil diameter in millimeters, ichnodiversity, and ichnospecies identification. Maximum trace fossil diameter, ichno-
diversity, and ichnospecies are recorded for each 10-cm interval. Maximum trace fossil diameter without Zoophycos is recorded by a vertical blue line for each 10-cm
interval. The presence of at least one trace fossil of a given ichnospecies within the 10-cm interval is indicated by a colored horizontal dash. Ichnospecies present from
left to right: Skolithos (Sk), Gyrolithes (Gy), Palaeophycus sp. (Pa), Palaeophycus heberti (Pah), Planolites (P1), Taenidium (Ta), Rhizocorallium (Rh), Zoophycos (Zo),
Chondrites Type 1 (Ch1), Chondrites Type 2 (Ch2), and Nereities (Ne). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 5. Box plots showing maximum trace fossil diameter and ichnodiversity for cores U1580A and U1580B with Zoophycos categorized into the pre-PETM, syn-

PETM (clay), syn-PETM (recovery), and post-PETM intervals.

Table 2
Site U1580 summary statistics of maximum trace fossil diameter with Zoophycos separated into pre-PETM, syn-PETM (clay), syn-PETM (recovery), and post-PETM
intervals.
Phase 1580A 1580B
Mean Median Max Min Mean Median Max Min
Pre-PETM 2.3 2.2 4.1 1.0 2.7 2.6 4.0 1.3
Syn-PETM (Clay) 1.5 1.6 1.8 1.2 2.1 2.3 2.6 1.6
Syn-PETM (Recovery) 2.0 2.0 2.2 1.6 2.3 2.3 3.0 2.0
Post-PETM 2.3 2.3 3.2 1.5 2.4 2.4 3.2 1.8
Table 3
Site U1580 summary statistics for trace fossil diversity with Zoophycos separated into pre-PETM, syn-PETM (clay), syn-PETM (recovery), and post-PETM intervals.
Phase 1580A 1580B
Mean Median Max Min Mean Median Max Min
Pre-PETM 5.3 5.0 7.0 3.0 5.2 5.0 6.0 4.0
Syn-PETM (Clay) 5.2 5.0 7.0 4.0 5.0 5.5 6.0 4.0
Syn-PETM (Recovery) 5.8 6.0 7.0 4.0 6.0 6.0 7.0 5.0
Post-PETM 6.0 6.0 8.0 4.0 5.6 5.0 8.0 4.0

4.0 in core U1580A and 5.0 in core U1580B. In the post-PETM interval,
average diversity becomes more variable. In core U1580A, mean and
median diversity increase to 6.0, with a maximum of 8.0 and a minimum
of 4.0. In contrast, core U1580B shows a slight decrease in mean and
median diversity to 5.6, with the same maximum (8.0) and minimum
(4.0) values.

The most abundant trace fossils in both cores are Planolites (Pl),
Palaeophycus sp. (Pa), and Palaeophycus heberti (Pah) (Saporta, 1872).
Chondrites type 2 (Ch2) is also relatively common, followed by Zoophycos
(Zo), and Chondrites type 1 (Ch1). Less frequently observed trace fossils

include Taenidium (Ta), Skolithos (Sk), Nereites (Ne), Gyrolithes (Gy),
Phycosiphon (Ph), Spirophyton (Sp), Asterosoma (As), and Rhizocorallium
(Rh). Chondrites is classified into two types based on burrow diameter.
Type 1 (Ch1) consists of branching tubes with diameters exceeding 0.5
mm, while Type 2 (Ch2) is characterized by smaller tubes, typically 0.1
to 0.3 mm in diameter. This distinction is crucial for interpreting bio-
turbation intensity and associated environmental conditions recorded in
both cores. Zoophycos, which can extend to depths of up to 1 m, may
reflect environmental signals from well above the sampled 10 cm in-
tervals (Wetzel and Werner, 1980; Lowemark and Werner, 2001;
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Lowemark and Grootes, 2004; Lowemark et al., 2004; Lowemark, 2007).
Consequently, Zoophycos occurrences recorded may not accurately
represent local environmental conditions during the PETM. To account
for this, the adjusted dataset—excluding Zoophycos—is presented in
Tables 4 and 5, with the implications of this adjustment discussed in
detail later in this paper.

4. Interpretation and discussion
4.1. Trends in ichnological patterns

The analysis of ichnofossil abundance, maximum trace diameter, and
diversity across the pre-, syn-, and post-PETM intervals reveals distinct
patterns that shed light on past environmental conditions and biological
responses. Prior to the PETM, average maximum trace fossil diameter
were relatively large, reaching 2.3 mm in core U1580A and 2.6 mm in
core U1580B. These values declined during the initial PETM clay in-
terval to 1.5 mm and 2.1 mm, respectively—representing a 34.8 %
decrease in U1580A and a 19.2 % decrease in U1580B. Diameters
gradually increased during the recovery interval to 2.0 mm (U1580A)
and 2.3 mm (U1580B), with further increases post-PETM to 2.3 mm and
2.4 mm, respectively. This represents a total increase of 53.3 % in
U1580A and 14.3 % in U1580B relative to syn-PETM (clay) values.

Diminution in trace fossil size is a characteristic consequence of
changing environmental stressors such as rising temperatures (Smith
et al., 2009; Gingras et al., 2011; Rodriguez-Tovar, 2021), lowering Oq
levels (Savrda and Bottjer, 1986; Ekdale and Mason, 1988; Wignall and
Hallam, 1991; Gingras et al., 1999; Savrda, 2007; Gingras et al., 2011)
and changing salinity (Remane and Schlieper, 1972; Pemberton et al.,
1982; Taylor and Goldring, 1993; Gingras et al., 1999; Gingras et al.,
2011). Among these, the most likely stressor affecting deep-sea macro-
benthic communities during the PETM was rising temperatures, which
can directly influence animal body size by increasing metabolic de-
mands. Dwarfing is a common physiological adaptation under such
thermal stress (Smith et al., 2009; Garilli et al., 2015; Searing et al.,
2023). Furthermore, as O levels in the water column are reduced, an-
imals will favor higher surface area-to-volume ratios, which is accom-
plished through body size reduction (Giere, 1993; Wetzel et al., 2001;
Savrda, 2007).

Although changing salinity and ocean acidification are associated
with the PETM, their direct impact on the macrobenthic community at
site U1580 was likely minimal. Changing salinity levels can have a direct
negative impact on trace fossil size and diversity in brackish water en-
vironments (Pemberton et al., 1982; MacEachern et al., 2007; Gingras
et al.,, 2011) where salinity levels are significantly less than marine
settings. However, estimates for PETM salinity changes are in the range
of only 1-2 ppt (Harper et al., 2018), insufficient to drive significant
ecological stress in deep-marine settings. Similarly, ocean acidification
would have a large impact on organisms that require CaCOs to function
(for instance corals, foraminifera, and any carbonate shell-producing
organisms). However, these trace makers are largely confined to
shallow- and intermediate-depth environments, whereas site U1580 was
situated in deep water (~2500 m). Most tracemakers in this setting were
likely soft-bodied vermiform invertebrates, which are not dependent on
CaCOs structures and therefore less vulnerable to acidification. Thus,
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the observed reduction in trace fossil size at site U1580 during the PETM
is best explained by elevated temperatures and resulting hypoxia, rather
than salinity or pH changes.

The ichnodiversity exhibits notable temporal variation, with the
lowest values recorded during the syn-PETM (clay) interval—5.2 in core
U1580A and 5.0 in core U1580B. Diversity increases in the syn-PETM
(recovery) interval to 5.8 and 6.0, respectively, and continues to rise
post-PETM in core U1580A (6.0), while slightly decreasing in core
U1580B (5.6). From the syn-PETM (clay) to post-PETM interval, this
represents a total increase in ichnodiversity of 15.4 % in U1580A and
12.0 % in U1580B. Notably, both the recovery and post-PETM values
surpass the pre-PETM diversity levels of 5.3 and 5.2, respectively. Trace
fossil abundance also shift across the PETM interval. Skolithos and
Chondrites, decline during the syn-PETM interval, and Zoophycos is ab-
sent for a 40 cm interval in U1580A and a 30 cm interval in U1580B
beginning at the PETM onset. Conversely, the abundance of Palae-
ophycus sp., Palaeophycus huberti, and Taenidium increases. Notably, the
post-PETM interval reveals a subsequent increase in Skolithos, Chon-
drites, and Zoophycos while the abundance of Palaeophycus sp., and
Taenidium remains steady. This trend results in a rise in the trace fossil
diversity during recovery and after the PETM event. The relatively stable
ichnodiversity during the syn-PETM contrasts with previous ichno-
logical studies, which typically report diversity loss associated with
PETM conditions (Nicolo et al., 2010; Rodriguez-Tovar et al., 2011;
Uchman et al., 2019). However, similar resilience has been observed in
other benthic communities. For example, molluscan faunas and the
shallow benthic communities in the Gulf Coastal Plain (USA) exhibited
minimal PETM-related diversity loss and size reduction due to the
warming event (Ivany et al., 2018; Foster et al., 2020). Ivany et al.
(2018) specifically documented a temporary decrease in body size, fol-
lowed by a rapid recovery and a slight increase in diversity during and
after the PETM, consistent with the findings presented here.

The rise in trace fossil diversity may reflect the opportunistic colo-
nization of new ecological niches in response to changing environmental
conditions, such as global warming. It may also indicate a shift in
behavioral strategies employed by the benthos (Nagelkerken and Mun-
day, 2016; Buatois and Mangano, 2013, 2016; Buatois and Mangano,
2018). Given this context, trace fossil size may be a more diagnostic
metric of environmental stress than ichnodiversity during times of
warming.

Alternatively, changes in the direction and intensity of upwelling and
downwelling currents during the PETM—discussed in more detail lat-
er—may have affected larval transport across the ocean floor, promoting
opportunistic colonization (Bice and Marotzke, 2002; Tripati and Eld-
erfield, 2005; Nunes and Norris, 2006). Many benthic invertebrates rely
on specific current patterns for larval dispersal (Young et al., 2012;
Cetina-Heredia et al., 2015; Hildrio et al., 2015; Gary et al., 2020), and
disruptions to these patterns could have altered dispersal trajectories,
leading to settlement in novel habitats. The process of species migrating
or expanding during warming events is well established in studies of
foraminifera, plant species, and animals (Pross et al., 2012; Speijer et al.,
2012; Giusberti et al., 2015).

It is also possible that the observed pattern of decreasing maximum
trace fossil diameter coupled with increasing ichnofossil diversity re-
flects a scenario of reduced O, availability without a significant a

Table 4
Site U1580 summary statistics of maximum trace fossil diameter without Zoophycos separated into pre-PETM, syn-PETM (clay), syn-PETM (recovery), and post-PETM
intervals.
Phase 1580A 1580B
Mean Median Max Min Mean Median Max Min
Pre-PETM 1.9 1.7 3.2 1.0 2.2 2.3 3.5 1.3
Syn-PETM (Clay) 1.4 1.4 1.7 1.2 1.7 1.6 2.0 1.2
Syn-PETM (Recovery) 1.6 1.5 2.0 1.0 1.7 1.8 2.2 1.3
Post-PETM 2.0 1.8 3.0 1.2 2.3 2.2 3.2 1.6
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Table 5

Site U1580 summary statistics for trace fossil diversity without Zoophycos separated into pre-PETM, syn-PETM (clay), syn-PETM (recovery), and post-PETM intervals.
Phase 1580A 1580B

Mean Median Max Min Mean Median Max Min

Pre-PETM 4.9 5.0 7.0 3.0 4.4 4.0 5.0 3.0
Syn-PETM (Clay) 4.8 5.0 6.0 4.0 4.6 5.0 5.0 4.0
Syn-PETM (Recovery) 4.8 5.0 6.0 3.0 5.1 5.0 6.0 4.0
Post-PETM 5.1 5.0 7.0 3.0 5.0 5.0 7.0 4.0

corresponding decline in organic matter availability. This combination
may account for the unexpected rise in trace fossil diversity despite
dysoxic (i.e. low O3) conditions. (Savrda and Bottjer, 1991; Wetzel and
Uchman, 1998; Martin, 2003; Gingras et al., 2011). A decrease in
oxygenation has been well established during the PETM (Lu and Keller,
1993; Thomas and Shackleton, 1996; Chun et al., 2010; Nicolo et al.,
2010; Palike et al., 2014; Remmelzwaal et al., 2019), yet the impact on
nutrient dynamics and organic matter flux appears spatially variable and
complex (Thomas et al., 2003; Alegret et al., 2009, 2021; Speijer et al.,
2012; Winguth et al., 2012; Ma et al., 2014; Sluijs et al., 2014; Nwojiji
et al., 2023). Evidence from other Southern Atlantic and Southern Ocean
ODP sites (689, 690, 1262, 1263, 1265, 1267; Proceedings Volume 113
and 208) have reached similar conclusions. For instance, Alegret et al.
(2021) investigated multiple ODP sites worldwide and reported that the
absence of foraminiferal oligotrophic species Nuttallides truempyi might
be linked to greater food supply in the Southern Ocean during the PETM.
Similarly, Nwojiji et al. (2023) examined foraminifera from ODP site
1265A in the SE Atlantic Ocean (Walvis Ridge) and concluded that
during the recovery interval of the CIE, the site experienced reduced Oy
stress and sustained nutrient/food supply, as indicated by the domi-
nance of heavily calcified taxa.

Alegret et al. (2009) examined foraminiferal distribution and abun-
dance in the Zumaya section (Spain) and found evidence of slightly
lower Og levels but higher nutrient (and food) availability during the
recovery interval of the CIE. However, these findings should not be
interpreted as evidence that organic matter content and food availability
remained constant everywhere during the PETM. On the contrary,
multiple studies have documented reduced nutrient availability in other
locations and at various oceanic depths (Rodriguez-Tovar et al., 2011;
Winguth et al., 2012; Ma et al., 2014). Together, these examples un-
derscore the complexity and variability of nutrient dispersal and accu-
mulation during the PETM.

Given that our study area shows an increase in trace fossil diversity
from the pre- to post-PETM intervals, and previous studies in the region
indicate stable or high nutrient availability (Thomas et al., 2003; Alegret
et al., 2009, 2021; Speijer et al., 2012; Nwojiji et al., 2023), we hy-
pothesize that the observed reduction in trace fossil size represents an
adaptive strategy to minimize O, demands, thus allowing organisms to
conserve energy. Concurrently, steady nutrient availability allowed di-
versity to remain relatively stable.

4.1.1. Removal of Zoophycos from the dataset

Although ichnodiversity remains relatively stable throughout the
PETM, suggesting a level of ecological resilience, a key consideration in
interpreting the ichnological trends is the influence of large, deep-tier,
trace fossils, such as Zoophycos. To ensure the accuracy of our ichno-
logical interpretations, we examine the impact of Zoophycos on trace
fossil size and diversity trends by comparing adjusted and unadjusted
datasets.

Excluding Zoophycos notably reduces the maximum trace fossil
diameter across all PETM intervals. Importantly, this adjustment im-
proves the consistency between cores U1580A and U1580B, both of
which then show a 0.5 mm decrease in maximum trace fossil diameter
during the PETM, followed by a 0.6 mm increase by the post-PETM in-
terval, ultimately surpassing pre-PETM averages (Tables 4 and 5). This
convergence between cores, and the return to or exceeding of pre-PETM

diameters in the post-event interval is significant, as it suggests a re-
covery of environmental conditions suitable for larger-bodied
macrofauna.

4.2. Comparative analysis between cores

A comparative analysis of cores U1580A and U1580B provides
valuable insight into the variability of benthic community responses
during the PETM. Although the cores were collected from locations only
~20 m apart, they exhibit notable differences. For instance, core
U1580A exhibits a noticeable increase in maximum trace fossil diameter
from syn-PETM (clay) to the post-PETM, whereas core U1580B shows a
more modest increase (+0.8 mm compared to +0.3 mm). Moreover,
core U1580B exhibits a higher maximum trace fossil diameter across all
intervals, averaging +0.35 mm greater than those observed in the cor-
responding intervals in U1580A. Trace fossil diversity is comparable
between both cores, with a slight decline in diversity at the onset of the
PETM, followed by a recovery in diversity that exceeds pre-PETM levels
during the post-PETM interval. However, core U1580A displays a
gradual change in trace fossil diversity across the intervals, whereas core
U1580B reaches its peak diversity during the syn-PETM (recovery) in-
terval. The recorded differences reflect spatial heterogeneity in deep-sea
ichnofauna related to localized substrate conditions found on the
Agulhas Plateau, such as ocean floor topography (e.g. sloped vs flat
surfaces) and/or food availability. Notably, even minor changes in
abyssal elevation changes—as little as 10 m—have been shown to in-
fluence megabenthic community structure, with reported variations of
up to 10 % in community density and 59 % in biomass (Durden et al.,
2020). Such fine-scale bathymetric variation may help explain the subtle
but distinct differences in trace fossil size and diversity trends between
the two closely spaced cores. Besides physical factors, biological factors
may also have contributed to spatial heterogeneity, where ecological
pressures are applied to minimize species competition, resulting in
faunal segregation on the sea floor and patchiness on the substrate
(Newell, 1979; Mangano et al., 2002; Veenma et al., 2025).

It is worth emphasizing that the observed patterns at site
U1580—namely, a modest reduction in trace fossil size but an increase
in ichnodiversity—are somewhat unexpected in light of previous PETM
studies. Previous ichnological studies (e.g., Nicolo et al., 2010; Rodri-
guez-Tovar et al., 2011; Uchman et al., 2019) have generally reported a
dramatic decline in trace fossil size and diversity, often approaching
near-extinction levels, at the onset of the PETM. These reductions have
typically been attributed to localized anoxia, followed by a protracted
recovery interval.

In contrast, the ichnological record at site U1580 suggests a more
resilient response to the PETM, or that PETM conditions were not as
pronounced here as in other locations. While the moderate decrease in
trace fossil size indicates environmental stress, the persistence of rela-
tively high ichnodiversity implies sustained deep-sea oxygenation and
that conditions never reached levels of severe anoxia. This raises
important questions about the role of ocean circulation during the PETM
and its influence on O and organic matter delivery to Site U1580. These
dynamics are further explored in the following section.
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4.3. Ocean circulation and O availability

Essential components for sustaining benthic life include the transport
of food (organic matter) and oxygen from shallow/surface waters to
deep ocean, primarily via processes such as oceanic downwelling and
deep-water convection (Williams and Follows, 2003). In the absence of
such transport, deep-sea O levels can decline significantly, potentially
leading to anoxic (i.e. absence of O,) conditions that threaten the sur-
vival of benthic communities. At site U1580, both trace fossil diversity
and maximum diameter decrease at the onset of the PETM, signaling
environmental stress. However, the decline in diversity is modest, and
there is no ichnological evidence for a significant reduction in the
macrobenthic biomass. This pattern strongly suggests that, despite
elevated temperatures and potential O stress, the seafloor in the vicinity
of the Agulhas Plateau continued to receive a steady supply of oxygen-
ated and nutrient-rich waters throughout the PETM.

Several studies suggest that the PETM was marked by a major reor-
ganization of deep-sea circulation, including a latitudinal shift in sites of
oceanic downwelling—from Southern Ocean and South Atlantic to re-
gions north of the equator in the Atlantic Ocean (Bice and Marotzke,
2002; Tripati and Elderfield, 2005; Nunes and Norris, 2006; Xue et al.,
2023). This shift was likely driven by a reduced temperature gradient
between the equator and poles, causing the ocean’s overturning circu-
lation to transition from primarily temperature-driven to salinity-driven
processes (Kennett and Stott, 1991; Pak and Miller, 1992). Such a
transition would be expected to weaken global overturning circulation,
leading to stagnation of deep waters in the Southern Atlantic and pro-
moting anoxic conditions. However, our ichnological data from Site
U1580 show no evidence of such anoxia.

As deep waters age, they accumulate nutrients and isotopically light
carbon (IZC), resulting in progressively more negative 513C values. This
relationship allows the use of benthic foraminiferal carbon isotope re-
cords to trace deep-water formation and circulation patterns (Nunes and
Norris, 2006). More negative 5!3C values indicate older, more nutrient-
enriched waters, whereas more positive 8'°C values indicate younger
waters near sites of deep-water formation (Nunes and Norris, 2006).
During the PETM’s CIE, evidence from &'2C records indicates that deep-
water formation occurred in the Atlantic Ocean north of the equator. At
the same time, isotopically heavier (more positive) 5'3C values in the
ancient Indian Ocean suggest that it also acted as a site of deep-water
formation (Nunes and Norris, 2006). These younger, relatively
well-oxygenated Indian Ocean deep waters appear to have flowed
southward toward the tip of Africa—near the location of the present
study—where they mixed with older, more 5'2-enriched waters, pro-
ducing the intermediate 5'3C signatures observed in the region.

Despite proposed shifts in deep-water formation to the North Atlantic
and Indian Ocean, some deep-water formation and associated O:
transport likely continued within the Southern and South Atlantic ba-
sins, as supported by the similar neodymium (Nd) isotope signatures
recorded from fossilized fish teeth across the North and South Atlantic,
Southern Ocean, and ancient Indian Ocean (Thomas et al., 2003).

Consequently, site U1580 may have been uniquely positioned to
receive contributions from multiple deep-water formation regions. In
contrast, data from other Southern Ocean and South Atlantic Ocean ODP
sites (e.g., Sites 689, 690, 738, 1262, 1263, and 1266; Proceedings
Volumes 113, 119, and 208) show evidence of reduced oxygenation
during the PETM, supported by elevated concentrations of redox-
sensitive elements such as manganese (Mn) and uranium (U) in ma-
rine sediments and significant faunal turnover in benthic and planktonic
foraminiferal assemblages that supports widespread ecological disrup-
tion (Lu and Keller, 1993; Thomas and Shackleton, 1996; Chun et al.,
2010; Palike et al., 2014).

However, detailed analyses of these sites indicate that suboxic con-
ditions were generally confined to the CIE peak. At sites located below
approximately 2500 m paleo-water depth (e.g., IODP sites 1262 and
1266 on the Walvis Ridge), oxic conditions appear to have resumed
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during the recovery phase of the CIE. This pattern suggests that while
deep-ocean settings did experience some deoxygenation, they generally
remained at least modestly oxygenated (i.e., suboxic) and were likely
less affected by PETM-driven deoxygenation than shallower or
intermediate-depth environments. In contrast, more severe anoxic con-
ditions have been reported at shallower settings (Speijer and Wagner,
2002; Sluijs et al., 2008, 2014; Nicolo et al., 2010; Chun et al., 2010;
Rodriguez-Tovar et al., 2011; Palike et al., 2014).

The results of this study suggest that the sea floor at site U1580 was
relatively unperturbed by the PETM warming event, with only a subtle
decrease in maximum trace fossil diameters during the syn-PETM in-
terval. Several scenarios may explain this limited response: (1) present
downwelling models are likely too general in resolution to capture
conditions at a single, geographically complex location on the sea floor,
particularly one situated at the convergence of multiple oceanographic
systems. Addressing this limitation would require additional ichnodi-
versity analyses from deep-sea cores across a broader range of global
sites; (2) the macrobenthic community at U1580 may have experienced
smaller shifts in O, availability than previously assumed, possibly due to
a less extreme deoxygenation event on the sea floor; and (3) the site’s
position at the junction of the Southern Ocean, South Atlantic, and the
ancient Indian Ocean likely exposed it to a dynamic mix of water masses
and thermohaline circulation patterns. This complex setting may have
enabled multiple Oz delivery pathways, buffering the benthic commu-
nity from more extreme conditions (a similar scenario from Uchman
et al., 2019). Additionally, while circulation shifts likely influenced O4
transport, the potential release of methane hydrates during the
PETM—and their contribution to hypoxia—may also have played a role
in shaping benthic ecosystem responses.

A major driver of PETM warming and the CIE was the relatively rapid
release of large quantities of carbon into the atmosphere from various
sources. These include the destabilization of methane hydrates on the
seafloor (Dickens et al., 1995; Zachos et al., 2005), the thawing of
permafrost (DeConto et al., 2012), and the release of thermogenic CHy
and CO5 from shallow marine volcanism in the North Atlantic (Svensen
et al., 2004; Frieling et al., 2016; Berndt et al., 2023). Among these, the
destabilization of methane hydrates is considered one of the most sig-
nificant contributors, with estimates suggesting the release of approxi-
mately 2000-3000 Gt of isotopically light carbon (5'3C ~ —60 %o),
consistent with the magnitude and rapid onset of the CIE (Dickens et al.,
1995; Dickens, 2011; Zachos et al., 2005).

The oxidation of methane (CH,4) in the water column consumes O,
and produces CO». A rapid and large-scale release of methane hydrate
would therefore have resulted in O,-depleted waters. It is then plausible
that these Oy-depleted waters could then have been transported via
ocean currents and downwelling, allowing them to circulate along the
seafloor and potentially impact benthic ecosystems far from the original
methane release sites.

The decline in O, availability in seawater may partly account for the
development of suboxic conditions at site U1580—as well as other
Southern Ocean and Southern Atlantic sites— and contributed to the
observed reduction in maximum trace fossil size during the syn-PETM
interval. The substantial release of CH4 into the oceans would have
had a profound impact on ocean O, levels, with potentially profound
consequences for the macrobenthic community. These findings under-
score the need for further research into the role of CH4 oxidation in
shaping benthic ecosystem responses during the PETM. It is plausible
that regions showing more extreme deoxygenation at the seafloor during
the PETM may coincide with regions experiencing significant methane
hydrate release (Nicolo et al., 2010; Palike et al., 2014). As an example,
Nicolo et al. (2010) studied a PETM-aged outcrop in New Zealand,
originally deposited along the continental slope at upper to middle
bathyal depths, and found a sharp decline in trace fossil abundance at
the onset of the CIE, followed by a rapid recovery within ~50 ka. Using
an O3 box model, they demonstrated that the oxidation of a significant
amount of released CH4 could significantly amplify hypoxia: while
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warming alone would have driven hypoxic conditions in ~23 % of in-
termediate waters, the addition of CHy4 oxidation increased this extent to
~59 %. These results strongly suggest that the oxidation of released CH4
could have been a major contributor to mid-depth ocean hypoxia and
the associated decline in macrobenthic activity, providing a compelling
context to the patterns observed at Site U1580 (Nicolo et al., 2010).
Accordingly, while these patterns remain inferential, we view the CHa-
oxidation—driven hypoxia mechanism as a working hypothesis;
resolving the extent to which methane oxidation intensified deep ocean
PETM deoxygenation will require targeted, cross-site, multi-proxy tests
across basins before any firm causal claims can be made.

5. Conclusion

This study provides a comprehensive ichnological analysis, including
trace fossil identification at the ichnogenera and ichnospecies levels,
ichnodiversity, and maximum trace fossil diameter, in cores U1580A
and U1580B. The cores were recovered during IODP Exp. 392, with a
focus on the PETM. By evaluating trace fossil assemblages at both the
ichnogenera and ichnospecies levels, as well as quantifying ichnodi-
versity and maximum trace fossil diameter, the study offers new insights
into seafloor ecological dynamics during a period of rapid environ-
mental change.

Key findings reveal a reduction in maximum trace fossil diameter
during the syn-PETM interval, followed by a recovery in the post-PETM
interval. Importantly, trace fossils did not disappear during the peak of
the PETM, indicating that while benthic organisms were stressed, they
remained active and capable of adapting. The post-PETM increase in
ichnodiversity—exceeding pre-PETM levels in both cores—may reflect
ecological niche expansion, adaptive behavioral shifts, and/or the
persistence of organic matter availability that mitigated the effects of
lowered oxygen levels and increased temperatures.

Comparative analysis between the two cores U1580A and U1580B,
located ~20 m apart, highlights subtle but significant local varia-
bility—particularly a higher average maximum trace diameter in core
U1580B, likely reflecting small-scale differences in seafloor topography,
food supply and/or biological factors. The study also addresses the
interpretive impact of deep-tier trace fossils, especially Zoophycos,
whose exclusion from the dataset refines the signal of environmental
change and clarifies the benthic response.

Overall, the ichnological stability observed at Site U1580 contrasts
with more dramatic disruptions reported from other PETM records,
underscoring the importance of regional context. The observed changes
in trace fossil assemblages provide valuable insights into changing
bottom water conditions, including water temperature, oxygenation,
thermohaline circulation patterns, and nutrient availability. Unlike
many prior studies that rely primarily on foraminiferal data, this study
offers a macrofaunal perspective that broadens our understanding of
marine ecosystem responses during the PETM. The findings emphasize
the need for further ichnological studies from additional deep-sea sites
to determine whether the patterns observed here are exceptional or
more widespread. Ultimately, this research contributes critical palae-
oecological data that enhances our understanding of deep-sea resilience
and adaptation during one of Earth’s most significant climate
perturbations.
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