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Carbon releases into the climate system produce global warming and ocean acidification events that can 
be reversed eventually by carbon sequestration. However, the underlying controls on the timescales of 
carbon removal, and their dependence on the amplitude of the initial perturbation, are poorly understood. 
Here, we assess a series of late Paleocene-early Eocene (LPEE) carbon cycle perturbations (∼56-52 Ma) 
of different amplitudes to constrain carbon removal timescales. Carbon isotope excursions (CIEs) and 
sedimentation patterns for the largest event, the Paleocene-Eocene Thermal Maximum (PETM), allow 
identification of a light carbon injection that appeared ∼85 kyr after the PETM onset. This CIE may have 
been triggered by orbital forcing of long (∼400 kyr) and short (∼100 kyr) eccentricity maxima. The 
various LPEE light carbon injections were followed by exponential carbon removal trends with half-life 
(t1/2) estimates of ∼6-26 kyr. These values are smaller than background estimates for the modern carbon 
cycle (t1/2 > 100 kyr), which reveals accelerated light carbon sequestration. We find that one estimated 
t1/2 period coincided temporally with ocean acidification recovery in different locations with contrasting 
paleo-water depths. This pattern indicates enhanced chemical weathering following LPEE CIEs; however, 
chemical weathering timescales are an order of magnitude longer than the observed t1/2 estimates. This 
reveals that several carbon processes were optimized during LPEE CIE recovery. Similar t1/2 estimates are 
obtained for light carbon injections of different sizes, which suggests that carbon removal was optimized 
to conditions induced by the initial perturbation. Temperature controls on oxygen solubility may have 
accelerated the oceanic biological pump in proportion to each LPEE carbon injection. This process may 
have caused accelerated carbon sequestration during LPEE CIE recovery and produced the short carbon 
removal timescales identified by t1/2 estimates of LPEE carbon cycle perturbations.

© 2023 Elsevier B.V. All rights reserved.
1. Introduction

Future social and economic impacts of anthropogenic CO2 emis-
sions are partially identified through shared socio-economic path-
ways (SSPs). SSPs are related to possible greenhouse gas concen-
tration scenarios that define upcoming climate conditions (Mein-
shausen et al., 2020). SSP 8.5 is associated with a fourfold at-
mospheric CO2 concentration increase to ∼1500 ppm in the next 
∼100-300 years, which may dramatically strengthen global warm-

* Corresponding author.
E-mail address: victor.piedrahitavelez@anu.edu.au (V.A. Piedrahita).
https://doi.org/10.1016/j.epsl.2023.117992
0012-821X/© 2023 Elsevier B.V. All rights reserved.
ing and ocean acidification (Rae et al., 2021). Adverse impacts 
of a SSP 8.5-like carbon concentration scenario can be eventu-
ally reversed by carbon sequestration; however, carbon sequestra-
tion timescales, and time constraints for negative environmental 
impacts, remain elusive for SSP 8.5-like carbon cycle perturba-
tions. Late Paleocene-early Eocene (LPEE; ∼56-52 Ma) sedimentary 
archives contain records of a series of light carbon injections that 
produced global warming/ocean acidification events with different 
magnitudes (Cramer et al., 2003). These events can be compared 
to a future SSP 8.5-like global warming state in terms of tem-
perature and atmospheric CO2 concentrations (Burke et al., 2018; 
Westerhold et al., 2020; Rae et al., 2021). Hence, LPEE carbon cycle 
perturbations offer opportunities to gauge poorly known carbon 
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sequestration timescales and may be useful for identifying rela-
tionships between emission amplitudes, carbon removal, and ocean 
acidification recovery.

LPEE climates were characterized by a long-term trend of in-
creasing temperature that was punctuated by short-lived (≤200 
kyr-long) carbon cycle perturbations. These events include hyper-
thermals such as the Paleocene-Eocene Thermal Maximum (PETM, 
∼56 Ma), the Eocene Thermal Maximum (ETM) 2 (∼54 Ma), and 
ETM 3 (∼52.8 Ma), and other smaller carbon cycle perturbations 
that are labelled with letters (Cramer et al., 2003). LPEE carbon cy-
cle perturbations have been identified close to both orbital long 
(∼400 kyr) and short eccentricity (∼100 kyr) maxima (Lourens et 
al., 2005; Galeotti et al., 2010; Zeebe and Lourens, 2019; Piedrahita 
et al., 2022). This orbital configuration produced insolation and 
temperature changes that, under long-term global warming, desta-
bilized biospheric carbon stocks and/or methane hydrates, which 
caused massive carbon releases to the ocean-atmosphere and trig-
gered LPEE short-lived carbon cycle perturbations (Lunt et al., 
2011; DeConto et al., 2012). In contrast to other early Eocene car-
bon cycle perturbations, the PETM, which was the largest LPEE car-
bon cycle perturbation, has been interpreted to be associated with 
several carbon releases from diverse reservoirs. Orbitally controlled 
thermal destabilization of carbon reservoirs was likely accompa-
nied by carbon emission from the North Atlantic Igneous Province 
(NAIP) at the PETM onset, which may have contributed to the large 
magnitude of this event (Gutjahr et al., 2017; Kender et al., 2021).

LPEE carbon cycle perturbations are identified in stable car-
bon isotope (δ13C) records by negative carbon isotope excursions 
(CIEs) and can be divided into single or paired events (Galeotti 
et al., 2010; Zachos et al., 2010; Littler et al., 2014; Lauretano 
et al., 2018). Paired CIEs–i.e., ETM 2 and H2, and the I1 and I2 
events–reflect two separate orbitally controlled carbon injections 
(Cramer et al., 2003; Barnet et al., 2019). These CIE events are gen-
erally associated with orbitally paced CaCO3 dissolution horizons 
that coincide with ascending flanks of short eccentricity cycles, 
which reveals lysocline shoaling related to ocean acidification (Ga-
leotti et al., 2010; Zachos et al., 2010). CaCO3 dissolution horizons 
of paired CIEs are separated by CaCO3-rich layers that were de-
posited during short eccentricity minima, and indicate lysocline 
deepening (Galeotti et al., 2010; Zachos et al., 2010). In contrast to 
early Eocene records, PETM sections commonly contain exception-
ally long (≥120 kyr) lysocline shoaling conditions and sustained 
low δ13C values that have not been recognized to similar extents 
in other LPEE carbon cycle perturbations (van der Meulen et al., 
2020; Zeebe and Lourens, 2019). These PETM features have been 
interpreted to result from ongoing light carbon injections following 
the event onset (Bowen, 2013; Zeebe, 2013; Frieling et al., 2016). 
PETM secondary light carbon releases have been suggested to be 
produced by NAIP activity and/or thermal destabilization of bio-
spheric carbon stocks and/or methane hydrates (Zeebe et al., 2009; 
Bowen, 2013; Frieling et al., 2016). However, it is unknown if car-
bon releases following the PETM onset had any relationship with 
the same orbitally controlled driving mechanisms that have been 
hypothesized to trigger succeeding early Eocene carbon cycle per-
turbations (Lourens et al., 2005; Lunt et al., 2011; DeConto et al., 
2012).

LPEE light carbon releases are interpreted to have been fol-
lowed by recovery periods in which carbon sequestration mecha-
nisms reestablished the Earth-surface carbon cycle (ocean/ atmo-
sphere/ biosphere) to pre-event-like conditions (Bowen and Za-
chos, 2010; Yasukawa et al., 2017; Tanaka et al., 2022). Carbon 
removal timescales, and their relationship with the magnitude of 
the initial carbon cycle perturbation, are poorly understood for 
most LPEE carbon cycle perturbations. PETM carbon sequestration 
timescales have been assessed using exponential decay functions 
in δ13C records, which are defined through a gradual transition 
2

from light to heavy δ13C values after PETM light carbon injections 
(e.g., Bowen and Zachos, 2010). Half-life (t1/2) estimates of these 
processes explain the rate at which a carbon mass in the Earth-
surface carbon cycle is removed through carbonate and organic 
carbon burial (Bowen and Zachos, 2010); therefore, t1/2 estimates 
are interpreted to depend directly on the total carbon mass in the 
Earth-surface carbon cycle, and to be inversely proportional to car-
bon flux rates to the lithosphere (carbonate and organic carbon 
burial). PETM t1/2 values for Ocean Drilling Program (ODP) Site 690 
(t1/2 = 16.7) from the Southern Ocean and for North American ter-
restrial sediments from the Polecat Bench section (t1/2 = 13.9) are 
an order of magnitude smaller than background estimates for the 
modern carbon cycle (t1/2 ≥100 kyr; Bowen and Zachos, 2010). 
These estimates have been interpreted to reveal either different 
carbon masses and chemical weathering rates between the PETM 
and the modern carbon cycle, and/or notably accelerated light car-
bon removal during the PETM CIE recovery (Bowen and Zachos, 
2010; Komar and Zeebe, 2017).

Proxy data and numerical approaches have been used to sug-
gest that the carbon mass of the Paleogene Earth-surface carbon 
cycle may have been smaller than that of the modern carbon 
cycle (Bowen and Zachos, 2010). Furthermore, chemical weath-
ering feedbacks may have been accelerated due to exceptionally 
high PETM temperatures (Pogge von Strandmann et al., 2021). 
Reduced carbon masses and higher carbon flux rates associated 
with chemical weathering may explain the relatively small t1/2
estimates of the PETM recovery (Bowen and Zachos, 2010). Alter-
natively, modelling results have been used to indicate that small 
CIE recovery t1/2 estimates reveal massive drawdown of PETM 
light carbon through organic carbon sequestration (Bowen and Za-
chos, 2010; Komar and Zeebe, 2017). Development of new carbon 
stocks and/or refueling of pre-existing terrestrial carbon reservoirs 
after PETM light carbon injections have been argued to have in-
duced a transient period of accelerated organic carbon sequestra-
tion (Bowen and Zachos, 2010); however, observational evidence 
for this carbon sequestration mechanism is scarce. In contrast, 
proxy data and other modelling results suggest that rapid car-
bon uptake during the PETM recovery depended on an optimized 
oceanic biological pump, shifts in the style of calcification of CaCO3
organisms, and/or marine tephra diagenesis (Ma et al., 2014; Ko-
mar and Zeebe, 2017; Boudreau et al., 2018; Kitch et al., 2021; 
Longman et al., 2021).

Carbon sequestration mechanisms following early Eocene car-
bon cycle perturbations have been interpreted to depend on ma-
rine productivity feedbacks and chemical weathering (Ma et al., 
2014; Yasukawa et al., 2017). However, the underlying controls 
of these processes and their associated timescales remain poorly 
identified for early Eocene carbon cycle perturbations. Here, we 
constrain carbon sequestration timescales of LPEE carbon cycle 
perturbations using new probabilistic-based astrochronological age 
models and statistical assessments for a new high resolution δ13C 
record from the Contessa Road section, Italy (∼1,000-1,500 m 
paleo-water depth; Giusberti et al., 2009) and for available δ13C 
data from ODP Site 1262, South Atlantic Ocean (Fig. 1a; ∼3600 m 
paleo-water depth; Zachos et al., 2005; Westerhold et al., 2007). 
We also study PETM recovery timescales and compare them to 
carbon removal timescales of other LPEE CIE events, to clarify the 
origins of the small PETM t1/2 estimates. Furthermore, we assess 
temporal patterns of LPEE light carbon injections and ocean acidi-
fication recovery using new CaCO3 data from Contessa Road and a 
pre-existing ODP Site 1262 Fe record. The contrasting paleo-water 
depths and paleogeographic positions of Contessa Road and ODP 
Site 1262 ensure that our numerical carbon removal estimates do 
not depend on a single local process. Sedimentation and lysocline 
depth variations of these different locations also provide a wider 
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Fig. 1. (a) Paleogeographic reconstruction at ∼56 Ma (Pogge von Strandmann et al., 2021) with locations of Contessa Road and ODP Site 1262. (b) χ record of Contessa Road 
outcrop A. (c) Contessa Road δ13C record. Schematic stratigraphic summary of the studied outcrops at Contessa Road with (d) lithology, (e) magnetostratigraphy (black/white 
= normal/reversal polarity), and (f) biostratigraphy (calcareous nannofossil zones; Giusberti et al., 2009; Galeotti et al., 2010). χ and δ13C records are presented in terms of 
the mean and 2SE. Orange bands represent hyperthermals. Smaller CIEs are also indicated.
perspective on the relationships between light carbon injections, 
carbon sequestration and ocean acidification recovery.

2. Materials and methods

2.1. Contessa road section

The Cretaceous-Paleogene Contessa Road section has records of 
LPEE carbon cycle perturbations in limestones and marls of the 
Scaglia Rossa Formation (Giusberti et al., 2009; Galeotti et al., 
2010). This unit contains well-developed CaCO3 dissolution cy-
cles that have been identified by decreased CaCO3 contents that 
correlate well with increased magnetic susceptibility (χ ) values 
(Francescone et al., 2019). Foraminiferal assemblages and magnetic 
mineral variations across Contessa Road reveal that this section 
was affected by CaCO3 dissolution, and that CaCO3 dilution re-
lated to terrigenous material inputs was either minimal or did 
not affect sedimentation patterns of LPEE carbon cycle perturba-
tions (Giusberti et al., 2009; Coccioni et al., 2019). Age constraints 
allow identification of two outcrops that contain LPEE carbon cy-
cle perturbation records (Fig. 1b-f; see Supplementary information). 
So-called outcrop A contains PETM records in the 30-33 m depth 
interval at Contessa Road. Other early Eocene CIEs are contained 
in outcrop B, which spans the 33-48.8 m depth interval at Con-
tessa Road (Giusberti et al., 2009; Galeotti et al., 2010). Although 
stratigraphic depths indicate that outcrops A and B are continu-
ous, it is unknown if there are stratigraphic gaps between the two 
outcrops (see Supplementary information); therefore, we studied the 
3

outcrops independently. LPEE carbon cycle perturbations at out-
crops A and B are associated with marly layers (Galeotti et al., 
2010) that indicate the PETM, ETM 2 and ETM 3 hyperthermals 
at depths of ∼31.30 m, ∼40 m and ∼46 m, respectively (Giusberti 
et al., 2009; Galeotti et al., 2010). The PETM interval is character-
ized by two marly layers separated by a limestone layer, which is a 
similar sedimentation pattern to that of the ETM 2 and H2 events. 
In contrast, ETM 3 is identified by a single marly layer (Fig. 1d-f; 
see Supplementary information).

2.2. Sampling and laboratory analyses

Outcrop A was sampled at 1-cm resolution and outcrop B was 
sampled in continuous ∼2-cm stratigraphic intervals, with 1-cm 
sample resolution across hyperthermals. Samples were used for 
X-ray fluorescence (XRF), χ , δ13C, and wt.% CaCO3 measurements 
(see Supplementary information). High-resolution CaCO3 records for 
Contessa Road are already available (e.g., Galeotti et al., 2010); 
however, we did not use those data to avoid depth mismatches 
between our records and those of Galeotti et al. (2010). χ , XRF, 
and δ13C measurements were carried out at the Australian Na-
tional University, and wt.% CaCO3 experiments were performed on 
the same samples at the Università degli Studi di Urbino.

2.3. Age model

Previous Contessa Road chronologies have been developed us-
ing precession-based and orbital tuning-based astrochronological 
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age models (Galeotti et al., 2010; Piedrahita et al., 2022). To avoid 
age mismatches between our new records and those of previ-
ous studies, we carried out new spectral analyses and generated 
probabilistic-based age models that provide ages with errors, a 
new feature with respect to older Contessa Road chronologies. 
For age model development of outcrop A, we used our new χ
record to identify orbitally controlled CaCO3 dissolution cycles. Or-
bitally controlled dissolution cycles have been recognized at Con-
tessa Road and interpreted to indicate lysocline depth fluctuations 
(Galeotti et al., 2010; Francescone et al., 2019; Piedrahita et al., 
2022; see Supplementary information). Alternatively, for age model 
development of outcrop B, we use our new δ13C record to as-
sess orbitally controlled carbon cycle variations. Orbital forcing of 
the early Eocene carbon cycle has been indicated for several early 
Eocene records worldwide (i.e., Westerhold et al., 2007; Zachos et 
al., 2010; Littler et al., 2014; Barnet et al., 2019). However, these 
conditions have not been recognized clearly across the PETM in-
terval (i.e., Westerhold et al., 2007; Zachos et al., 2010); therefore, 
age model development using δ13C records is limited to outcrop B.

Probabilistic assessments to produce Contessa Road age models 
were made using a Monte Carlo approach (see Supplementary in-
formation). Individual data points were sampled randomly within 
depth and experimental uncertainties. Monte Carlo iterations were 
then interpolated to fixed depth points and tuned to the ZB18a as-
tronomical solution (Zeebe and Lourens, 2019) to generate empir-
ical distributions from which mean ages with respective standard 
errors (SEs) were estimated (see Supplementary information). This 
protocol produces probabilistic-based astrochronological age mod-
els that were used to transfer Contessa Road δ13C and wt.% CaCO3
records from depth to time domains (see Supplementary informa-
tion).

2.4. Exponential decay functions

Exponential decay functions were used to fit CIE recovery inter-
vals of multiple LPEE carbon cycle perturbations. This method has 
been interpreted to provide carbon sequestration timescales fol-
lowing light carbon injections (Bowen and Zachos, 2010). Age and 
experimental errors (see Supplementary information) were used to 
develop a probabilistic approach that generates 10,000 fits across 
tuned δ13C records from Contessa Road and ODP Site 1262. Empir-
ical distributions were produced at each age, and the median (50th

percentile) and 95% confidence interval (2.5th to 97.5th percentile) 
were estimated to have probabilistic-based δ13C recovery fits (see 
Supplementary information).

3. Results

3.1. Orbital signals of Contessa road records

Spectral analysis (see Supplementary information) allows recog-
nition of orbitally controlled periodicities in the Contessa Road 
records. Spectral component durations were assigned using average 
sedimentation rates from the Contessa Road outcrops (see Supple-
mentary information). A spectral peak at ∼2.79 cycles m−1 in the 
χ power spectrum can be associated with short eccentricity us-
ing the average sedimentation rate (∼0.4 cm kyr−1) of outcrop 
A (Fig. 2a). A Gaussian bandpass filter with a bandwidth of 2.79 
± 1.0 (1σ ) cycles m−1 was used to isolate this signal. The av-
erage sedimentation rate for outcrop A indicates that this filter 
has a range between ∼65 and ∼140 kyr, which would include all 
short eccentricity components. Outcrop A contains sedimentation 
rate variations due to CaCO3 dissolution across the PETM marly 
horizons (Piedrahita et al., 2022). PETM marly horizons indicate 
two lysocline shoaling events with lysocline depths above ∼1,000-
1,500 m. Lysocline shoaling at Contessa Road was punctuated by 
4

Fig. 2. Contessa Road probabilistic power spectra of (a) χ and (b) δ13C. (c) Lomb-
Scargle power spectrum of non-interpolated δ13C data. Dashed lines in (a) and (b) 
represent Gaussian bandpass filters used for our age models. The 99% confidence 
level is indicated by green lines in (a) and (b). The green line in (c) indicates the 
probability of false alarm (Pfa) = 0.0001. Power spectra of (a) and (b) are presented 
in terms of the mean and 2SE.

a lysocline deepening period that is represented by a PETM lime-
stone layer (Fig. 1b-f). This pattern confirms that Contessa Road 
was less affected by PETM CaCO3 dissolution than other deep-
ocean sites (Piedrahita et al., 2022), which is also indicated by 
model results that reveal less pronounced PETM lysocline shoaling 
in the western Tethyan Ocean compared to other regions-i.e., the 
South Atlantic Ocean (Zeebe et al., 2009). To avoid a filtering se-
lection that depends exclusively on marl-limestone variations, we 
performed additional filter selection assessments across Contessa 
Road outcrop A (see Supplementary information).

The probabilistic-based δ13C power spectrum for outcrop B 
has spectral peaks at ∼0.51 cycles m−1 and ∼1.96 cycles m−1

(Fig. 2b). According to the average sedimentation rate of outcrop B 
(∼0.47 cm kyr−1; see Supplementary information), these peaks can 
be associated with long and short eccentricity, respectively. Spec-
tral peaks at these frequencies are also recognized in the δ13C 
Lomb-Scargle spectrum for non-interpolated δ13C data (Fig. 2c; see 
Supplementary information). This reveals that δ13C periodicity is in-
dicated by our original measurement resolution, which validates 
the reliability of our probabilistic-based power spectrum.

Gaussian bandpass filters with bandwidths of 0.51 ± 0.1 cy-
cles m−1 and 1.96 ± 0.5 cycles m−1 were used to isolate short 
and long eccentricity components of the δ13C record. Considering 
the average sedimentation rate at Contessa Road outcrop B, these 
filters have a ∼350-518 kyr range for long eccentricity, and a ∼86-
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Fig. 3. Monte Carlo simulations of the filtered (a) χ short eccentricity signal, (b) δ13C long eccentricity signal, and (c) δ13C short eccentricity signal for Contessa Road. All 
records were tuned to the ZB18a orbital solution (Zeebe and Lourens, 2019). Schematic peak-trough detection windows and dashed red lines indicate tuning points. Short 
and long eccentricity signals of the ZB18a orbital solution (Zeebe and Lourens, 2019) are represented by orange and black lines, respectively. Green dots: PETM and ETM 2.
146 kyr range for short eccentricity. These wide intervals ensure 
that all components of these orbital frequencies are included in 
our filters. We do not discuss filter selection further for outcrop B 
because early Eocene orbital signals in δ13C records are relatively 
homogeneous among sections (Zachos et al., 2010; Littler et al., 
2014; Zeebe et al., 2017).

3.2. Orbital tuning of Contessa road records

Our new high-resolution δ13C record allows recognition of CIEs 
associated with LPEE carbon cycle perturbations. We identify the 
PETM, ETM 2, and ETM 3 events at the same depths as indicated by 
previous magnetostratigraphic and biostratigraphic age constraints 
(Fig. 1b-d; Galeotti et al., 2010). We recognize CIEs such as H2, 
5

I1, I2, L1 and L2, which were not identified in a low-resolution 
δ13C record from Contessa Road (∼14 cm measurement resolu-
tion; Galeotti et al., 2010). LPEE CIEs are used as age tie points 
for tuning of χ and δ13C orbital signals. The PETM onset coincides 
with an abrupt χ increase at ∼31.30 m (Fig. 1b-c). This event was 
used as the main tie point for the short eccentricity signal iden-
tified in the outcrop A χ record. Only 5 short eccentricity cycles 
in the χ record follow the same amplitude patterns as the ZB18a 
astronomical solution (Fig. 3a; Zeebe and Lourens, 2019). These cy-
cles appear between 30.36 m and 32.33 m depths, which restricts 
our χ -based age model to the age interval between ∼56.3 Ma and 
∼55.8 Ma.

Based on biostratigraphic and magnetostratigraphic data, CIEs 
at ∼40 m and ∼46 m correspond to the ETM 2 and ETM 3 events, 
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Fig. 4. (a) Short eccentricity (black) and long eccentricity (red) signals from the ZB18a orbital solution (Zeebe and Lourens, 2019). (b) Contessa Road tuned short eccentricity 
signals of χ (grey tones) and δ13C (red tones). Contessa Road tuned long eccentricity signal of δ13C is also indicated (green tones). Detrended records of mean χ and δ13C are 
presented in blue and grey, respectively. Tuned Contessa Road (c) δ13C and (d) CaCO3 records. Hyperthermals (PETM, ETM 2, and ETM 3) and studied CIE events (H2, I1, and 
L1) are indicated by yellow bands. Smaller CIE events are labelled with letters (Lourens et al., 2005; Galeotti et al., 2010; Zachos et al., 2010). All records with probabilistic 
assessments are presented in terms of mean and 2SE.
respectively (Fig. 1c). This interpretation agrees with previous as-
trochronological age models from Contessa Road (e.g., Galeotti et 
al., 2010). Long and short eccentricity signals of the outcrop B δ13C 
record were tuned independently to the ZB18a astronomical solu-
tion (Fig. 3b-c; Zeebe and Lourens, 2019). Importantly, LPEE δ13C 
orbital signals have been interpreted to follow contrasting patterns 
with respect to astronomical solutions. These indicate that long 
and short eccentricity minima in δ13C records coincide with long 
and short eccentricity maxima in astronomical solutions (Zachos 
et al., 2010; Littler et al., 2014; Zeebe et al., 2017). We followed 
this interpretation to tune δ13C orbital signals from Contessa Road 
outcrop B (see Discussion).

Long eccentricity signals in the δ13C record have well devel-
oped cycles that can be tuned to the long eccentricity signal of the 
ZB18a astronomical solution (Fig. 3b; Zeebe and Lourens, 2019). 
Short eccentricity cycles also modulate in accordance with the 
ZB18a orbital solution (Zeebe and Lourens, 2019) and were used 
for age model construction (Fig. 3c). The 54.4-54.8 Ma interval 
lacks well-developed short eccentricity cycles. During this age in-
terval, the ZB18a astronomical solution (Zeebe and Lourens, 2019) 
also has poorly-developed short eccentricity cycles with unclear 
peaks compared to the rest of the astronomical solution, which 
hinders tuning of our short eccentricity signals (Fig. 3c). Therefore, 
our age model for that ∼400 kyr period was developed using long 
eccentricity δ13C cycles (Fig. 3b). This interval does not contain 
CIEs that are of interest here for paleoenvironmental interpreta-
tions.

Orbital tuning of Contessa Road records to the ZB18a astronom-
ical solution (Zeebe and Lourens, 2019) indicates that all recog-
6

nized LPEE carbon cycle perturbations correlate with long eccen-
tricity maxima (Fig. 4a-c). This is consistent with most LPEE age 
models that reveal early Eocene carbon cycle perturbations close 
to long eccentricity maxima (Cramer et al., 2003; Zachos et al., 
2010). Recent studies also indicate that the PETM appeared close 
to a long eccentricity maximum (e.g., Zeebe and Lourens, 2019; 
Piedrahita et al., 2022), which coincides with our orbital tuning. 
Most LPEE CIEs coincide with marly horizons associated with lyso-
cline shoaling (Fig. 4d; Giusberti et al., 2009; Galeotti et al., 2010). 
Our CaCO3 record is visually similar to a previous high-resolution 
CaCO3 record from the Contessa Road section (Galeotti et al., 2010) 
for which the lowest CaCO3 contents are above ∼30-40% (Fig. 4d). 
This confirms that Contessa Road was less affected by CaCO3 dis-
solution than other locations, where CIEs are related to sediments 
with CaCO3 contents below ∼5%-e.g., Sites 1262 and 1263 from 
ODP Leg 208 (Zachos et al., 2005).

CIEs for globally recognized paired events such as ETM 2/H2 
and I1/I2 coincide with ascending flanks of successive short ec-
centricity cycles (Fig. 4a-c). At Contessa Road, the PETM follows a 
similar pattern with two CIEs that appear in consecutive ascending 
flanks of short eccentricity cycles (Fig. 4a-c). PETM CIEs are related 
to marly horizons separated by a CaCO3-rich interval (Figs. 1b-d, 
4c-d). These patterns are also identified in the carbon cycle per-
turbations that appear ∼400 kyr after the ETM 3 hyperthermal, 
which had been recognized as the L event (e.g., Lauretano et al., 
2018). We identify here a paired L1/L2 carbon cycle perturbation 
with a double spike in the Contessa Road δ13C record (Fig. 4c).

Our tuning-based Contessa Road age model indicates a ∼350 
kyr gap between outcrops A and B (Fig. 4). Discontinuous tuning 
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Fig. 5. Contessa Road CaCO3-based (grey line, Galeotti et al., 2010) and δ13C-based 
(black line) cyclostratigraphic frameworks for Contessa Road outcrop B. Long eccen-
tricity cycles of δ13C are presented in terms of mean from the probabilistic-based 
age model of outcrop B. CIEs are indicated in grey for filtered long eccentricity cy-
cles of the CaCO3 record of Galeotti et al. (2010), and in black for the filtered long 
eccentricity cycles of the δ13C record of this study.

of filtered short eccentricity cycles at the end of outcrop A (inter-
val 32.33-33.00 m; Fig. 3a), interrupted sedimentation across the 
age interval of the gap, and/or a depth mismatch between these 
two outcrops may explain the duration of the gap. An alterna-
tive CaCO3-based cyclostratigraphic framework from Contessa Road 
was used to indicate the so-called E event in outcrop B (Fig. 5a; 
Cramer et al., 2003; Galeotti et al., 2010). This small carbon cycle 
perturbation has been interpreted to occur four long eccentricity 
cycles before ETM 2 (Zachos et al., 2010). The ETM 2 hyperther-
mal is identified at Contessa Road at ∼40 m depth, and the E 
event is assigned at ∼34 m from long eccentricity cycles in the 
CaCO3 record of Galeotti et al. (2010) (Fig. 5a). However, filtered 
long eccentricity cycles are poorly developed in the 35-37 m inter-
val of that CaCO3 record (Fig. 5a), which contains several periods 
with marked CaCO3 reductions that do not correlate well with 
CIE events (Fig. 4d). This pattern may reflect CaCO3 dissolution by 
non-orbitally controlled processes (Fig. 5a). Our probabilistic-based 
cyclostratigraphic framework reveals only three long eccentricity 
cycles in the ∼34-40 m interval at Contessa Road (Fig. 5b). Well-
developed long eccentricity cycles across this interval indicate that 
the E event did not occur at ∼34 m at Contessa Road. In contrast, 
the long eccentricity maximum at ∼34 m is associated here with 
the F event (Fig. 5b; Cramer et al., 2003). This difference represents 
the only major variation between our updated chronology and pre-
vious age models for Contessa Road (Fig. 5). The events identified 
in our paleoclimatic interpretations (PETM, ETM 2, H2, I1, ETM 3, 
and L1) coincide in depth with the CaCO3-based cyclostratigraphic 
framework of Galeotti et al. (2010). Some age differences between 
the CaCO3-based astrochronological age model of Galeotti et al. 
(2010) and our δ13C-based chronology may be related to the as-
tronomical solution used in each study.

3.3. Exponential δ13C recovery

We fit exponential decay functions through the CIE recovery in-
tervals of the PETM, ETM 2, H2, and I1 events at both Contessa 
Road and ODP Site 1262 (Fig. 6; Table S1). Further CIE recovery 
exponential decay functions for ETM 3 and L1 were produced only 
for Contessa Road. Events F, I2, and L2 were excluded here due to 
their poorly defined CIEs in the Contessa Road δ13C record (Fig. 4c-
d). We use our own δ13C data and tuning-based age model for 
Contessa Road, and independent δ13C data and precession-based 
age models for ODP Site 1262 (Zachos et al., 2005; Westerhold 
et al., 2007; Littler et al., 2014). Orbital tuning to astronomical 
solutions and precession cycle counting are used widely to gener-
ate reliable age models (e.g., Westerhold et al., 2007; Littler et al., 
2014; Zeebe and Lourens, 2019). These approaches produce differ-
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ent floating chronologies, which ensures that our interpretations 
do not depend exclusively on a single age model or on the abso-
lute age of LPEE CIEs.

At Contessa Road, the initial PETM CIE peak is followed by an 
immediate transition to heavier δ13C values. An exponential de-
cay function can be fitted roughly following the PETM CIE peak 
(Fig. 6a, grey; Table S1) with t1/2 = 138+24/−19 kyr (95% confi-
dence interval). However, a second smaller CIE ∼85 kyr after the 
PETM onset (Fig. 4c, 6a) disrupts the trend to more positive val-
ues after the initial PETM CIE peak. This suggests that different 
exponential decay functions can provide better assessment of the 
Contessa Road PETM δ13C record. The initial CIE peak was fitted to 
an exponential decay function with t1/2 = 18+26/−8 kyr (Fig. 6a, 
blue; Table S1), while the second PETM CIE has t1/2 = 26+5/−3 kyr 
(Fig. 6a, magenta; Table S1). The ODP Site 1262 PETM δ13C record 
does not have two clear CIEs (Zachos et al., 2005). The PETM re-
covery there is indicated by a single exponential fit with t1/2 =
13+3/−2 kyr (Fig. 6b; Table S1). The t1/2 values for fits through the 
δ13C recovery intervals of ETM 2, H2, and I1 at Contessa Road and 
ODP Site 1262 range from 6+6/−4 kyr to 14+16/−9 kyr (Fig. 6c-h), 
while t1/2 for ETM 3 and L1 at Contessa Road are 6+2/−2 kyr and 
16.6+31/−10 kyr, respectively (Fig. 6i-j).

4. Discussion

4.1. Paleocene-Eocene orbital cycles and PETM light carbon releases

Orbital forcing of the early Eocene carbon cycle has been in-
ferred from several δ13C records (Cramer et al., 2003; Littler et al., 
2014; Zeebe et al., 2017). This process has been associated with 
light carbon releases triggered by thermal destabilization of car-
bon reservoirs during long and short eccentricity maxima (Lunt et 
al., 2011; DeConto et al., 2012). Light carbon releases are reflected 
in more negative δ13C values, which confirms that orbital signals of 
δ13C records have contrasting patterns with respect to astronomi-
cal solutions–i.e., eccentricity maxima coincide with more negative 
δ13C values (Fig. 5b-c; Zeebe et al., 2017). Early Eocene long and 
short eccentricity cycles in the Contessa Road δ13C record reveal 
that this section also contains evidence of orbital controls on the 
carbon cycle.

Orbitally controlled LPEE carbon cycle conditions promoted 
CaCO3 dissolution associated with lysocline shoaling and ocean 
acidification (Galeotti et al., 2010; Zachos et al., 2010). Lysocline 
depth variations generally produced partial CaCO3 dissolution, as 
indicated by slight detrital element concentration increases and 
small CaCO3 reductions in diverse marine sedimentary sections 
(Westerhold et al., 2007; Zachos et al., 2010; Francescone et al., 
2019). In contrast, major ocean acidification events are related 
to marked detrital element concentration increases that correlate 
with significant CaCO3 reductions (Westerhold et al., 2007; Zachos 
et al., 2010; Francescone et al., 2019). These sedimentation pat-
terns have been identified previously at Contessa Road outcrop A 
(Piedrahita et al., 2022), and are confirmed here by short eccen-
tricity cycles of the χ record (Fig. 4b).

Orbitally controlled CaCO3 dissolution cycles are not recorded 
in numerous PETM sections. PETM sedimentation is generally char-
acterized by sustained CaCO3 dissolution and low-δ13C values 
(Fig. 7a-f; Bains et al., 1999; Zachos et al., 2005; Zeebe et al., 
2009; Bowen, 2013; Kelly et al., 2012; Bowen et al., 2015; Friel-
ing et al., 2016). Several PETM δ13C records with protracted CIEs 
contain weak evidence of a second CIE (Fig. 7a-f). We find that 
the Western Tethyan Contessa Road, Forada (Tipple et al., 2011), 
and Zumaia (Dunkley Jones et al., 2018) sections record a well-
developed second CIE (Fig. 7g-i). This second CIE is also identified 
at ODP Site 1267; however, evidence of sustained low-δ13C and 
low-CaCO3 values at adjacent South Atlantic ODP Sites 1262, 1263, 



V.A. Piedrahita, X. Zhao, A.P. Roberts et al. Earth and Planetary Science Letters 604 (2023) 117992

Fig. 6. (a) Contessa Road PETM exponential decay function. The δ13C data are not well fitted by a single exponential decay function (grey tones). A more appropriate fit is 
obtained by treating two carbon pulses separately with an initial (blue tones) and a second carbon recovery (fuchsia tones). t1/2 estimates for each exponential function are 
indicated by coloured bands. Green bands are used to represent t1/2 estimates of exponential decay functions for (b) ODP Site 1262 PETM, (c) Contessa Road ETM 2, (d) ODP 
Site 1262 ETM 2, (e) Contessa Road H2, (f) ODP Site 1262 H2, (g) Contessa Road I1, (h) ODP Site 1262 I1, (i) Contessa Road ETM 3, and (j) Contessa Road L1. All probabilistic 
assessments are presented in terms of median (darker tones) and 95% confidence interval (lighter tones).
8
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Fig. 7. PETM δ13C (red tones) and CaCO3 (blue tones) records. (a) South Atlantic ODP Site 1262 (Zachos et al., 2005). (b) Southern Ocean ODP Site 690 (Bains et al., 1999; 
Kelly et al., 2012). (c) North American terrestrial Polecat Bench (Bowen et al., 2015). (d) South Atlantic ODP Site 1263 (Zachos et al., 2005). (e) South Atlantic ODP Site 1266 
(Zachos et al., 2005). (f) North Atlantic IODP Site U1409 (Penman et al., 2016). (g) Western Tethyan Contessa Road. (h) Forada section (Tipple et al., 2011). (i) Zumaia section 
(Dunkley Jones et al., 2018). (j) South Atlantic ODP Site 1267 (Zachos et al., 2005). CR δ13C and CaCO3 records are presented with mean and 2SE. Second PETM CIE events 
are indicated by orange bands. Question marks in (a), (c), (d), (e), and (f) indicate weak development of this feature. The yellow bar in (c) represents a pre-PETM CIE (Bowen 
et al., 2015).
9
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and 1266 (Fig. 7a, d, e) may indicate that the PETM record at ODP 
Site 1267 was affected by bioturbation (e.g., Hupp and Kelly, 2020).

Western Tethyan sections have contrasting sedimentation pat-
terns despite being deposited at similar paleo-water depths (600-
1500 m; Giusberti et al., 2009; Galeotti et al., 2010; Tipple et al., 
2011; Dunkley Jones et al., 2018). The Zumaia section has sus-
tained low-CaCO3 after the PETM (Fig. 7i), which has been asso-
ciated with terrigenous inputs and CaCO3 dilution (Dunkley Jones 
et al., 2018). Alternatively, Contessa Road and Forada have two 
well-defined CaCO3 reductions that coincide with the two PETM 
CIEs (Fig. 7g-h). Sedimentation patterns at Forada may have been 
influenced by both CaCO3 dissolution and dilution (Tipple et al., 
2011; Dunkley Jones et al., 2018); therefore, a clear relationship 
between the second CIE and its associated CaCO3 content reduc-
tion cannot be attributed to a single process. In contrast, PETM 
CaCO3 dissolution horizons at Contessa Road are interpreted to be 
exclusively associated with lysocline shoaling because minimal ter-
rigenous sedimentation is recorded there (Giusberti et al., 2009; 
Coccioni et al., 2019). Considering the common LPEE ocean acid-
ification controls on lysocline depth variations (e.g., Zachos et al., 
2005), the second PETM marly horizon at Contessa Road can be 
interpreted as a marker of a second ocean acidification event that 
affected the western Tethys Ocean.

The PETM interval at Contessa Road contains orbital signals 
that reflect the occurrence of CIEs and CaCO3 dissolution during 
short eccentricity maxima, while the limestone layer that sepa-
rates these marls was deposited during short eccentricity min-
ima (Fig. 4b-c). These PETM δ13C/CaCO3 patterns are similar to 
those for other globally recognized early Eocene paired carbon re-
lease events (Cramer et al., 2003; Galeotti et al., 2010; Zachos 
et al., 2010). Triggering of early Eocene carbon cycle perturba-
tions has been associated with high seasonal contrast of both long 
and short eccentricity maxima. Enhanced expression of short ec-
centricity cycles across long eccentricity maxima produced paired 
CIEs (Cramer et al., 2003; Zachos et al., 2010; Lunt et al., 2011; 
DeConto et al., 2012; Barnet et al., 2019). This mechanism may 
explain CIE patterns across western Tethyan sections, and sug-
gests that Contessa Road contains evidence of a second, orbitally 
controlled, light carbon injection. This interpretation is confirmed 
by PETM foraminiferal assemblages. Foraminiferal assemblages at 
Contessa Road reveal that the PETM onset coincided with a benthic 
foraminiferal extinction event. This event was followed by gradual 
recovery of benthic faunas and CaCO3-rich sedimentation; how-
ever, this recovery period was interrupted in the second PETM 
marly horizon, which records similar foraminiferal assemblages to 
those identified at the PETM onset (Giusberti et al., 2009). This 
pattern indicates that benthic foraminiferal changes in both PETM 
marly layers responded to the same drivers, which also provides 
evidence that the second PETM CIE corresponds to a second light 
carbon injection. Orbital signals identified at Contessa Road suggest 
that orbital forcing may have played an important role in CIE trig-
gering of both initial and secondary PETM light carbon injections 
(Piedrahita et al., 2022). However, this process does not exclude the 
possibility that the long PETM duration was also associated with 
volcanic-related carbon emissions (Frieling et al., 2016; Kender et 
al., 2021).

A second PETM light carbon injection supports the notion that 
there may have been several discrete PETM light carbon releases. 
For example, a pre-PETM CIE in North American terrestrial sed-
iments has been used to suggest that repeated light carbon in-
jections occurred across the Paleocene/Eocene boundary (Fig. 7c; 
Bowen et al., 2015). Volcanic-related carbon emissions, and/or 
thermal destabilization of carbon reservoirs may have caused sus-
tained low-CIE conditions in several PETM sections after the event 
onset (Zeebe et al., 2009; Bowen, 2013; Zeebe, 2013; Frieling et al., 
2016). Orbitally forced thermal destabilization of organic carbon 
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reservoirs and/or methane hydrates may have produced a second 
CIE during the PETM, as is also observed in some later early Eocene 
hyperthemals (Lunt et al., 2011; DeConto et al., 2012). Diverse δ13C 
patterns among PETM sections indicate regionally variable δ13C lo-
cal responses to light carbon injections (Fig. 7), which reveals that 
the influence of secondary PETM carbon releases was not global. 
This effect may be related to smaller secondary PETM light car-
bon releases, such as the second orbitally controlled carbon release 
represented by a small CIE in the Contessa Road δ13C record. Al-
ternatively, the carbon source origin and location, and/or changing 
ocean circulation patterns may have limited the light carbon dis-
tribution across oceanic basins (Dickens, 2000; Zeebe et al., 2009; 
Bowen et al., 2015).

4.2. Light carbon sequestration and ocean acidification recovery

δ13C recovery t1/2 estimates of LPEE carbon cycle perturbations 
at Contessa Road and at ODP Site 1262 are similar to published 
t1/2 values for Southern Ocean and North American PETM records 
(Fig. 8; Bowen and Zachos, 2010). These values contrast with typi-
cal background t1/2 estimates for the modern Earth-surface carbon 
cycle (>100 kyr; Bowen and Zachos, 2010), and confirm the exis-
tence of significant differences between the LPEE and the modern 
carbon cycle (Bowen and Zachos, 2010). LPEE CIEs had markedly 
different injected carbon masses (e.g., emissions are estimated at 
2,000-20,000 Pg for the PETM and 2,600-3,800 Pg for ETM 2; McIn-
erney and Wing, 2011; Gutjahr et al., 2017; Harper et al., 2020). 
These CIEs were triggered under similar topographic, paleogeo-
graphic, and climatic conditions that are verified by overlapping 
climate sensitivity estimates for diverse LPEE age intervals (McIn-
erney and Wing, 2011; Inglis et al., 2020). Therefore, t1/2 estimates 
for different LPEE CIEs may represent similar carbon sequestra-
tion mechanisms. Higher t1/2 values are expected for larger events 
if carbon flux rates remain constant (Bowen and Zachos, 2010); 
however, LPEE CIEs have similar t1/2 estimates for light carbon in-
jections with contrasting magnitudes. This reveals that small t1/2
recovery estimates mainly depended on accelerated carbon flux 
rates associated with enhanced light carbon sequestration (Bowen 
and Zachos, 2010; Komar and Zeebe, 2017).

For well-defined events at Contessa Road and ODP Site 1262, 
abrupt CaCO3 increases and Fe reductions coincided temporally 
with one estimated t1/2 period (Fig. 9). These CaCO3/Fe varia-
tions indicate ocean acidification recovery and lysocline deepen-
ing; therefore, a strong relationship between carbon sequestration 
and lysocline depth adjustments can be inferred. Lysocline deep-
ening and ocean acidification recovery are consequences of accel-
erated chemical weathering produced by intensified hydrological 
cycle conditions under global warming (Hönisch et al., 2012; Pen-
man et al., 2016; Pogge von Strandmann et al., 2021). Chemical 
weathering causes long-term carbon sequestration, and increases 
alkalinity and dissolved inorganic carbon delivery to the oceans. 
These processes eventually increase seawater carbonate saturation, 
which is reduced dramatically during ocean acidification (Hönisch 
et al., 2012; Penman et al., 2016; Kitch et al., 2021). High dissolved 
cation supplies promote CaCO3 production and burial, which drive 
lysocline depth variations and balance ocean alkalinity (Hönisch 
et al., 2012; Penman et al., 2016; Komar and Zeebe, 2017). Lyso-
cline deepening at Contessa Road and ODP Site 1262 during CIE 
recovery reveal enhanced chemical weathering. Chemical weather-
ing feedbacks should have been large enough to reestablish ocean 
chemistry at sites with different paleogeographic positions and 
paleo-water depths. Considering that LPEE CIE recovery coincided 
globally with lysocline deepening (e.g., Littler et al., 2014; Penman 
et al., 2016; Barnet et al., 2019), ocean circulation may have played 
a critical role in the dissolved cation distribution and alkalinity 
reestablishment across different ocean basins. Chemical weathering 
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Fig. 8. Contessa Road and ODP Site 1262 t1/2 estimates for LPEE carbon cycle perturbations. These values are presented in terms of median and 95% confidence interval. The 
green bar represents the range of t1/2 values obtained for Southern Ocean and North American PETM records (Bowen and Zachos, 2010).

Fig. 9. Contessa Road (a) δ13C and (b) CaCO3 records of LPEE carbon cycle perturbations. ODP Site 1262 (c) δ13C and (d) Fe records of LPEE carbon cycle perturbations (Zachos 
et al., 2005; Westerhold et al., 2007; Zachos et al., 2010; Littler et al., 2014). t1/2 estimates (orange bands) for each event at both sites are expressed in terms of median and 
95% confidence interval. These coincide with times over which CaCO3 contents increase at Contessa Road and Fe values decrease at ODP Site 1262. Contessa Road δ13C and 
CaCO3 records are presented in terms of mean and standard error (SE).
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may also have been important in reestablishing the Earth-surface 
carbon cycle during LPEE CIE recovery; however, chemical weath-
ering timescales can be an order of magnitude larger than t1/2
estimates for LPEE carbon cycle perturbations (Bowen and Zachos, 
2010). Therefore, carbon removal by other processes is required to 
produce the relatively short LPEE t1/2 values (Bowen and Zachos, 
2010). Marine tephra diagenesis has been interpreted to promote 
CaCO3 cement precipitation within NAIP tephra layers. This pro-
cess has been suggested to have removed a quarter of released 
PETM light carbon from the ocean-atmosphere (Longman et al., 
2021) and may explain small PETM t1/2 values; however, marine 
tephra diagenesis controls on carbon sequestration of succeeding 
LPEE carbon cycle perturbations is unclear. Although NAIP activ-
ity has been documented following the PETM, early Eocene light 
carbon injections may have not been triggered by NAIP eruptions. 
Consequently, negative carbon cycle feedbacks associated with ma-
rine tephra diagenesis may have not played a significant role in 
carbon removal of early Eocene carbon cycle perturbations.

Overlapping t1/2 estimates for different LPEE carbon cycle per-
turbations (Fig. 8) reveal that light carbon removal was optimized 
to the conditions induced by the initial perturbation. Enhanced 
chemical weathering during LPEE CIE recovery may have increased 
ocean nutrient availability, which is compatible with carbon uptake 
through a redox-controlled carbon-phosphorus feedback identified 
for the PETM recovery (Komar and Zeebe, 2017). This mechanism 
is partially regulated by temperature increases that control oxygen 
solubility and reduce seawater oxygen levels (Weiss, 1970). Similar 
climate sensitivity estimates for different LPEE age intervals (Inglis 
et al., 2020) indicate that larger light carbon injections produced 
higher temperatures (Littler et al., 2014). Therefore, oxygen solu-
bility in seawater, and associated oxygen levels, may have changed 
according to the size of the initial light carbon release. LPEE light 
carbon injections should have decreased organic matter reminer-
alization and increased organic matter preservation/burial, due to 
the induced temperature influence on oxygen levels (Komar and 
Zeebe, 2017). This process may have modified carbon sequestration 
rates for each LPEE carbon cycle perturbation, which can explain 
the small and overlapping t1/2 estimates for LPEE CIE recovery. 
This suggests that the temporal relationship between t1/2 esti-
mates and ocean acidification recovery also depended on marine 
carbon sequestration (Ma et al., 2014; Komar and Zeebe, 2017). Ad-
ditional carbon removal by growth of terrestrial biosphere stocks 
and/or shifts in calcification style following LPEE light carbon in-
jections may have also been possible (Bowen and Zachos, 2010; 
Boudreau et al., 2018). However, our data are insufficient to cor-
roborate these mechanisms.

There are slight variations between Contessa Road and ODP 
1262 t1/2 estimates (Fig. 8). These may be related to age model 
differences and/or biological/sedimentary effects on δ13C record-
ing (Bowen, 2013; Hupp and Kelly, 2020). Possible disturbances 
induced by these factors did not affect greatly our t1/2 estimates, 
which are validated by their similarities to values from other local-
ities (Fig. 8; Bowen and Zachos, 2010). t1/2 estimates at both sites 
reveal that LPEE carbon sequestration was accelerated in response 
to light carbon injections; however, carbon sequestration appears 
to have remained slow enough that t1/2 estimates ranged from 
6+2/−2 kyr to 26+2/−2 kyr. These t1/2 estimates imply that car-
bon sequestration feedbacks cannot be accelerated endlessly, and 
that SSP 8.5-like temperatures and CO2 concentrations may induce 
negative environmental impacts for thousands of years (Burke et 
al., 2018; Meinshausen et al., 2020; Rae et al., 2021).

5. Conclusions

LPEE carbon cycle perturbations were associated with light car-
bon injections that produced ocean acidification and CaCO3 disso-
12
lution horizons. δ13C and sedimentation patterns at Contessa Road 
indicate a second PETM CIE that is a result of a second orbitally 
controlled light carbon injection following the PETM onset. Con-
trasting δ13C records of western Tethyan sections with respect to 
those from other locations indicate that secondary PETM light car-
bon injections did not have global impacts.

LPEE light carbon injections were followed by periods of ac-
celerated carbon sequestration. Similar CIE recovery estimates be-
tween LPEE carbon cycle perturbations suggest that light carbon 
sequestration was accelerated in proportion to the magnitude of 
initial carbon release. Temperature controls on oxygen solubility 
may have optimized the biological pump in proportion to the mass 
of each light carbon injection. This process would have modified 
productivity feedbacks and shifted carbon sequestration rates.
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