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1.  Introduction
Biogenic calcium carbonate (CaCO3) is formed widely in the upper open ocean, and incorporated into the shells 
and liths of living marine plankton, but post-mortem settling through the water column leads to its dissolution at 
depth so that CaCO3 eventually disappears from marine sediments at some level marking the calcite compensa-
tion depth (CCD). The CCD is controlled by the balance between carbonate input to the oceans down rivers and 
output through burial in marine sediments. On geological timescales, these fluxes are controlled by volcanic and 
metamorphic outgassing and continental weathering, which in turn govern atmospheric carbon dioxide concen-
trations (Broecker & Peng, 1987; Dutkiewicz et al., 2018; Müller et al., 2022; Ridgewell & Zeebe, 2005; van 
Andel et al., 1975). Records of CCD change in the equatorial Pacific Ocean document two distinct CCD regimes 
for the Cenozoic era: a shallow (∼3.5 km) regime with pronounced transient fluctuations during the early Ceno-
zoic and a deeper (∼4.5  km) more stable regime during the later Cenozoic (Lyle et  al.,  2005,  2019; Pälike 
et al., 2012; van Andel, 1975). The shift between these two regimes occurs at the Eocene-Oligocene Transition 
(EOT; ∼34 Ma) when the CCD in the equatorial Pacific Ocean deepened by ∼ 1 km (Coxall et al., 2005; Pälike 
et al., 2012; Rea & Lyle, 2005). Detailed records for the EOT from one site in the deep equatorial Pacific (Ocean 
Drilling Program [ODP], Site 1218) are characterized by two abrupt, near-synchronous increases in both CaCO3 
content and benthic foraminiferal δ 18O and δ 13C (δ 18Ob and δ 13Cb, respectively), suggesting intimate coupling 
between the carbon cycle, accelerated cooling of the high latitudes, and the inception of sustained large-scale 
glaciation of Antarctica (Coxall et al., 2005).

Abstract  The major Cenozoic shift from a shallow (∼3–4 km) to deep (∼4.5 km) calcite compensation 
depth (CCD) occurred at the Eocene-Oligocene Transition (∼34 Ma), suggesting a strong relationship between 
calcium carbonate (CaCO3) cycling and Antarctic glaciation. However, the linkages between these two 
events are debated. Here we present new records of bulk sediment stable isotope and carbonate composition 
from a depth transect of sites in the low-latitude Pacific Ocean and one site from the South Atlantic Ocean, 
together with a new benthic foraminiferal stable isotope record (δ 13Cb and δ 18Ob) from the Pacific where the 
sedimentary sequence is most expanded. Our records reveal a short-lived (∼3,000 Kyr) CCD shoaling event 
closely associated with a negative carbon isotope excursion in the latest Eocene. This event is immediately 
followed by CCD deepening which occurs in two rapid (∼40 Kyr-long) steps. Our data show that the first of 
these deepening steps represents recovery from the latest Eocene shoaling event while the second was closely 
associated with a rapid increase in δ 18Ob and shows a distinctive over-deepening and settling pattern to >5 
and 4.4 km, respectively. These results, together with good agreement between Pacific and South Atlantic 
records, strongly suggest that the carbon cycle was perturbed globally shortly before the inception of Antarctic 
glaciation. Once large-scale Antarctic glaciation was initiated, rapid further change in global seawater chemistry 
triggered transitory deep ocean carbonate burial fluxes far exceeding their early Oligocene steady state values.
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To explain the apparent teleconnection between Antarctic glaciation and carbonate chemistry in the deep equa-
torial Pacific Ocean, Coxall et al. (2005) favored a shift in the locus of global carbonate burial away from the 
shelves to the ocean basins in response to glacioeustatic sea level fall, that is, “shelf–basin fractionation” (Berger 
& Winterer, 1975; Opdyke & Wilkinson, 1988). Armstrong McKay et al. (2016) and Merico et al. (2008) tested 
this suggestion against competing hypotheses using biogeochemical box models with nutrient cycling capability 
and found that, of all the hypotheses tested, shelf–basin fractionation provided the best match to the available 
data. In this shelf–basin fractionation explanation, CCD deepening is driven by (a) a temporary spike in carbonate 
weathering from newly exposed shelf limestones and (b) a sustained increase in carbonate burial in the basins 
attributable to decreased shelf area and thus decreased carbonate burial on the shelves. Yet, shelf–basin fractiona-
tion has been called into question for two principal reasons. First, the initial increase in δ 18Ob of the EOT is inter-
preted to be primarily driven by cooling rather than Antarctic glaciation (Lear et al., 2008; Miller et al., 2008). 
Second, the EOT CCD deepening is suggested to be too large to be explained solely by shelf–basin fractionation 
(Rea & Lyle, 2005). Many other mechanisms have, therefore, been considered to help explain the link between 
carbon cycling, CCD deepening, and climate change at the EOT. Some of these mechanisms (e.g., increased input 
of Ca to the oceans; drawdown of CO2 from the atmosphere and input of alkalinity to the ocean through increased 
silicate weathering; increased organic carbon burial in marine sediments) are untenable based on the box model 
results (Merico et al., 2008), while two others (increased net sequestration of carbon into  12C-rich capacitors such 
as terrestrial peat deposits, and increased ocean ventilation), when combined with shelf-basin fractionation, are 
more plausible (Armstrong McKay et al., 2016).

Despite these model-based advances in understanding EOT deep-sea records, a major obstacle to further progress 
is our continued reliance on data from a single site (ODP Leg 199 Site 1218) to assess the detailed relationship 
between CaCO3 burial and climate at the EOT. This weakness is exacerbated by the occurrence of a stratigraph-
ically condensed interval of non-CaCO3 deposition immediately prior to CCD deepening in the latest Eocene at 
Site 1218 that prevents a close examination of the initiation of EOT climate and CCD changes. Records from 
different water depths and ocean basins are therefore needed. Here we present new detailed records of bulk sedi-
ment stable isotopes and carbonate content from a depth-transect of sites in the low-latitude Pacific Ocean, which 
allow us to determine the magnitude and sequence of CCD changes across the EOT and a new benthic stable 
isotope stratigraphy from the shallowest of these sites where the sequence is most expanded. We also present a 
carbonate content record from subantarctic South Atlantic ODP Leg 177 Site 1090 to test whether the carbonate 
burial history documented in the equatorial Pacific is a regional feature or more globally representative.

1.1.  EOT Chemostratigraphy

Based on previous analysis of ODP Leg 199 cores, the benthic foraminiferal stable isotope record from Site 1218 
(8°53.378′N, 135°22.00′W; ∼3,750 m paleodepth; Figure 1) has provided a benchmark chemostratigraphy for 
the EOT. That record is defined by two rapid (≤40 Kyr estimated duration) pronounced δ 18Ob and δ 13Cb “steps” 
to higher values, both closely associated with abrupt increases in the CaCO3 content of sediments at Site 1218 
(Coxall et al., 2005; Coxall & Wilson, 2011). At Site 1218, the first of these δ 18Ob increases, Step 1, has an 
amplitude of ∼0.6‰, but its duration is poorly constrained because of a stratigraphically condensed interval of 
non-CaCO3 deposition in the latest Eocene at this site (Coxall et al., 2005; Coxall & Wilson, 2011). Temperature 
reconstructions from sites situated elsewhere and in shallower water suggest this initial δ 18Ob increase is largely 
driven by cooling of the surface and deep ocean, with a minor increase in continental ice volume (Katz et al., 2008; 
Lear et al., 2004, 2008, 2010; Pusz et al., 2011; Wade et al., 2012). The second step increase in δ 18Ob, Step 2, 
is larger (at least 0.9‰) and occurs during the earliest Oligocene (Coxall et al., 2005; Coxall & Wilson, 2011). 
These two step-increases in the δ 18Ob record are separated by an intervening ∼300 Kyr-long “plateau” interval 
of minimal change. The Site 1218 δ 18Ob record resembles the output from coupled climate‒ice sheet model 
experiments in which Antarctic glaciation is triggered by a threshold response to slowly declining atmospheric 
carbon dioxide levels (DeConto & Pollard, 2003). Analysis of Southern Ocean drill cores indicates an abrupt 
appearance of ice-rafted debris (IRD) and chemically immature clay minerals (Ehrmann & Mackensen, 1992; 
Hambrey et al., 1991; Zachos et al., 1992) correlative with Step 2 (Scher et al., 2011) (earliest Oligocene oxygen 
isotope step [EOIS], in the terminology of Hutchinson et al., 2021), suggesting this rapid δ 18Ob increase marks 
the onset of sustained large-scale Antarctic glaciation. The early Oligocene glacial maximum (EOGM, ∼33.65 
to ∼33.16 Ma; after Liu et al., 2004) immediately follows Step 2 (EOIS) and is interpreted to represent a near 
500 Kyr-long interval of peak glacial conditions (Liu et al., 2004).
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While the benthic foraminiferal stable isotope record from Site 1218 is well defined for the earliest Oligocene 
(Coxall et al., 2005; Coxall & Wilson, 2011), low CaCO3 contents, slow sedimentation rates and variable benthic 
foraminiferal assemblages and preservation in sediments of latest Eocene age make this part of the record more 
challenging to interpret. These issues are most acute at the base of the EOT where an extremely condensed inter-
val of non-carbonate burial occurs limiting information on the sequence of events leading up to the initiation of 
large-scale sustained Antarctic glaciation. Low sedimentation rates and temporal resolution are also a feature in 
the record from St. Stephen's Quarry, (Gulf Coast USA) where at least three δ 18O increases, including a “failed” 
late Eocene glaciation event, are inferred (Katz et al., 2008).

2.  Materials and Methods
2.1.  Study Sites

Integrated Ocean Drilling Program (IODP) Expedition 320, the “Pacific Equatorial Age Transect” (PEAT), 
recovered continuous sedimentary sequences from a depth transect of sites in the eastern equatorial Pacific (EEP) 
(Figure 1). New sedimentary sections spanning the EOT were recovered at four sites (IODP Sites U1331–U1334). 
Together with sections from ODP Leg 199 (ODP Sites 1217–1220), these archives form a palaeo-water depth 
transect spanning ∼3,500 to 4,500 m in the EEP (Pälike et al., 2012) (Figure 1, inset). Site U1334 was strategically 
positioned to target the EOT from a shallower palaeo-water depth than Site 1218 to recover a more carbonate-
rich and expanded late Eocene sequence. For all sites we use the revised composite depth scales (m, rmcd) 
of Westerhold et al. (2012). Decimeter-scale site-to-site correlations in the depth domain were achieved using 
physical properties and x-ray fluorescence (XRF) core scanning datasets, constrained by magnetostratigraphic 

Figure 1.  Location of sites studied. Main panel shows sites from the eastern equatorial Pacific Ocean (EEP) including those 
used for our palaeowater depth transect (see inset bottom right). Inset (top left) shows site studied in the South Atlantic 
Ocean (ODP 1090) together with other sites referred to in the text. Sites are shown in their palaeo-locations at 34 Ma and 
span a palaeo-water depth of ∼3,500 to 4,500 m (inset). (SSQ, St. Stephen's Quarry; PWB, Port Willunga Beach). Inset map 
(paleogeographic reconstruction for 34 Ma) generated using http://www.odsn.de. Palaeo-locations of sites in the eastern 
equatorial Pacific taken from Pälike et al. (2012) and calculated using Koppers et al. (2001). Palaeo-water depth estimates at 
34 Ma for sites in the eastern equatorial Pacific taken from Pälike et al. (2012).
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reversal positions and biostratigraphic datum levels (Westerhold et al., 2012, 2014). A common stratigraphy for 
the PEAT sites was achieved by transferring the astronomically calibrated age model for Sites U1334, 1218, and 
U1333, based on the tuning of calibrated Si, Fe, and Ca XRF core scanning data to the stable long (405-kyr) 
eccentricity cycle (Westerhold et al., 2014), to Sites 1217, 1219, 1220, U1331 and U1332. The tuning strategy did 
not use stable isotope records (Westerhold et al., 2012, 2014), and so these correlations can now be independently 
assessed using our bulk sediment stable isotope records (see below). Bulk sediment  187Os/ 188Os records are also 
available for Sites 1218 and 1219 (Dalai et al., 2006) and provide an additional useful independent check on 
correlations between the shallow sites and deeper more condensed ones where CaCO3 is absent in the uppermost 
Eocene (Figure S1 in Supporting Information S1).

South Atlantic ODP Leg 177 Site 1090 (42°58.8′S, 8°53.9′E) is located on the southern flank of the Agul-
has Ridge (Figure  1) with a present-day water depth of ∼3,700  m (Gersonde et  al.,  1999) and an estimated 
palaeo-water depth of ∼3,000–3,300 m at 34 Ma (Pusz et al., 2011). We updated the Site 1090 magnetostrati-
graphic age model (Channell et al., 2003) using magnetochron boundary ages calculated from the astronomically 
tuned age model of equatorial Pacific Sites U1334, 1218, and U1333 (Westerhold et al., 2014). We also rein-
terpreted the normal polarity interval identified as “Subchron C13r.1n” (Channell et al., 2003) as C15n, which 
yields a sedimentation rate history consistent with the high biogenic silica contents in lowermost C13r. We then 
correlated Site 1090 to the sites in the equatorial Pacific using the benthic foraminiferal δ 13C records from Site 
U1334 (this study) and Site 1090 (Pusz et al., 2011).

2.2.  Benthic Foraminiferal Stable Isotopes

To construct the benthic foraminiferal stable isotope stratigraphy for Site U1334 (present day: 7°59.998′N, 
131°58.408′W; ∼3,500 m paleodepth at 34 Ma; Figure 1), approximately 20 cc samples were taken at 2-cm to 4-cm 
intervals between 286.94 and 304.75 m rmcd following the revised composite splice of Westerhold et al. (2012). 
The samples were oven-dried at 50°C, soaked in a 0.2% sodium hexametaphosphate solution until disaggregated, 
washed over 63 μm sieves with deionized (DI) water, and then oven-dried overnight at 50°C. Sample weights 
were recorded before and after all sample processing steps. Coarse fraction residues were dry sieved and Cibic-
idoides grimsdalei specimens were picked from the 250–355 μm sieve fraction. Benthic foraminifera of Eocene 
and Oligocene age at Site U1334 appear to robustly record primary isotopic signals (Edgar et al., 2013). The 
best preserved 5–10 specimens picked from each sample were gently broken open between glass slides, ultrason-
ically cleaned in pure methanol, and rinsed in DI water to remove adhering clays and calcareous infilling. The 
cleaned foraminiferal fragments were oven dried at 50°C and 30–70 μg sub-samples were weighed into reaction 
vials. Analyses were conducted in the Stable Isotope Ratio Mass Spectrometry Laboratory at the University of 
Southampton's Waterfront Campus, National Oceanography Centre (NOCS) using a Thermo Scientific Kiel IV 
Carbonate Device coupled to a Thermo Scientific MAT-253 isotope ratio mass spectrometer. Isotope ratios were 
calibrated to the Vienna Pee Dee Belemnite (VPDB) scale through a two-point calibration using NBS-19 and 
NBS-18. Repeat analysis of an in-house consistency standard (GS1) measured alongside samples indicates an 
inter-run analytical precision that is better than 0.03 and 0.08‰ for δ 13C and δ 18O, respectively.

2.3.  Bulk Sediment Stable Isotope Series

To independently verify the site-to-site correlations of Westerhold et  al.  (2012,  2014), bulk sediment stable 
isotope data were generated for Sites U1331‒U1334, 1217, and 1219–1220. For these analyses, small (∼0.5 g) 
samples of bulk sediment were taken at 1- to 5-cm intervals, oven-dried at 50°C, and ground into a fine homog-
enized powder using an agate pestle and mortar. The data for Sites U1331, U1334, 1217, and 1220 were gener-
ated in the Stable Isotope Ratio Mass Spectrometry Laboratory at the University of Southampton's Waterfront 
Campus, NOCS. These analyses were conducted using a Europa GEO 20-20 mass spectrometer equipped with an 
automated carbonate preparation system. The data for Site U1332 were generated at the University of California 
Santa Cruz (UCSC) using a Kiel Carbonate Device coupled to a MAT-253 isotope ratio mass spectrometer. At 
both laboratories, external analytical precision, based on repeated analysis of in-house standards calibrated to 
NBS-19, is better than 0.1‰ for both δ 13C and δ 18O. Site U1333 bulk sediment stable isotope data were produced 
at MARUM, University of Bremen, following the approach detailed in Westerhold et al. (2014). Data for Site 
1219 were generated at Stockholm University using a Kiel II Carbonate Device coupled to a Finnegan MAT-252 
mass spectrometer. Repeated measurements of NBS-19 alongside samples returns a standard deviation of 0.04 
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and 0.10‰ for δ 13C and δ 18O, respectively. Bulk sediment stable isotope data for Site 1218 are from Coxall 
et al. (2005). All results are reported relative to VPDB.

2.4.  Carbonate Content and Accumulation

To generate records of carbonate content and accumulation across the equatorial Pacific depth transect, discrete 
bulk sediment samples (∼0.5  g) were taken at 1- to 5-cm intervals from Sites U1331–U1334, 1217, and 
1219–1220, oven-dried at 50°C, and ground into a fine homogenized powder using an agate pestle and mortar. 
High precision wt% CaCO3 data (Sites U1331, U1332, U1333 and U1334) were then generated in the Stable 
Isotope Ratio Mass Spectrometry Laboratory at the University of Southampton using an AutoMate automated 
preparation device coupled to a UIC CM5015 CO2 coulometer. Samples weighing 1–8 mg were individually 
reacted in phosphoric acid, and carbonate content was calibrated using powdered Carrera marble standards of 
known wt% CaCO3 measured throughout the run and at varying weights to bracket the carbonate mass ranges for 
the samples. A consistency standard of pure CaCO3 and blanks were measured alongside the samples to monitor 
instrument performance and analytical precision, facilitate drift correction, and normalize all values to 100 wt% 
CaCO3. The limit of detection was 0.05% CaCO3. CaCO3 content data for Site 1218 are from Coxall et al. (2005) 
and Lyle et al. (2005). Carbonate content data for Sites 1217, 1219, and 1220 were generated using the same 
methods as in Coxall et al. (2005).

These data were then used to calibrate the normalized median scaled (NMS) XRF core scanning datasets to 
provide highly resolved records of carbonate content. XRF core scanning data for Sites U1334, U1333, and 1218 
are from Westerhold et al. (2014). XRF core scanning data for Sites 1219, 1220, U1331, and U1332 were gener-
ated at MARUM, University of Bremen, using the AVAATECH XRF Core Scanner III. XRF core scanning data 
for Site 1217 were generated at the IODP Gulf Coast Repository (GCR), using the AVAATECH Core Scanner. 
All data were generated at 2-cm resolution following the revised composite splice of Westerhold et al. (2012). The 
1.2 cm 2 measurement area was defined with a 10 mm down-core slit size using optimized generator settings of 
10 kV, a 0.12 mA current, and 20 s count time. Split core surfaces were leveled with a glass slide prior to appli-
cation of a 4-micron-thin Ultralene film to minimize sediment desiccation and prevent down-core contamination 
of the XRF measurement unit. Raw data spectra were generated by a Canberra X-PIPS Detector and an Oxford 
Instruments 100W Neptune rhodium (Rh) X-ray tube and subsequently processed by the Canberra Eurisys iter-
ative least square software (WIN AXIL) package. Carbonate content for the EOT interval at Site 1090 was esti-
mated using Ca counts from XRF core scanning data of Hole 1090B cores, generated at MARUM, University of 
Bremen, using the AVAATECH XRF Core Scanner I, and calibrated using discrete sample CaCO3 measurements 
reported by Anderson and Delaney (2005) and Diekmann et al. (2004). CaCO3 estimates spanning Hole 1090B 
core gaps in the composite sequence were made using calibrated spectrophometric data from Holes 1090D and 
1090E (L*; Gersonde et al., 1999).

Bulk sediment mass accumulation rates (MARs) for the Pacific Ocean sites were calculated using estimates of 
dry bulk density derived from moisture-corrected gamma-ray attenuation (GRA) density data (Lyle et al., 2002; 
Pälike et al., 2010) and linear sedimentation rates calculated between tie points in the common astronomically 
tuned age model (Westerhold et al., 2014). Calcium carbonate mass accumulation rates (CaCO3 MARs) were 
then calculated by multiplying MARs and the calibrated NMS XRF CaCO3 content records. CaCO3 MAR records 
were evenly sampled and smoothed using a Gaussian-weighted filter (filter width: 50 Kyr). To calculate the depth 
of the CCD, we used the CaCO3 MAR gradient method of Lyle et al. (2005, 2019) whereby the depth at which 
CaCO3 MAR reaches zero is estimated by dividing CaCO3 MAR at the deepest site by the gradient of CaCO3 
MAR with water depth (Figure S2 in Supporting Information S1). Our calculations do not account for variability 
in export productivity or sediment focusing, however, our method provides a reasonable first order estimate of 
CCD depth because our data record very large changes in carbonate content over time (0–95 wt% CaCO3) which 
greatly exceed the spatial variability observed in modern core-tops from the equatorial Pacific (Broecker & 
Peng, 1982).

3.  Results and Discussion
3.1.  A New Isotope Stratigraphy for the EOT in the Equatorial Pacific

Our new benthic foraminiferal stable isotope stratigraphy from Site U1334 provides a more detailed and complete 
record of latest Eocene climate than previously available and calls for a reappraisal of the sequence of events in the 
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run up to sustained Antarctic glaciation. First, our record shows no evidence for a late Eocene transient glaciation 
(Figure 2, “Late Eocene Event”) as interpreted at St. Stephen's Quarry (Katz et al., 2008) and, tentatively, at Site 
1218 (Coxall & Wilson, 2011). At Site 1218, the Late Eocene Event falls within a pronounced carbonate content 
minimum (Coxall et al., 2005; Coxall & Wilson, 2011). It is, therefore, possible that the transient δ 18Ob increase 
interpreted at Site 1218 is accentuated by stratigraphic condensation. Second, and most notably, the first of the 
two rapid increases to higher δ 18Ob, Step 1, identified at Site 1218 (Coxall et al., 2005; Coxall & Wilson, 2011) 
and elsewhere (e.g., Bohaty et al., 2012; Pearson et al., 2008; Zachos et al., 1996), is not rapid or step-like in form 
in the stratigraphically more complete and carbonate-rich section at Site U1334 (Figure 2). Instead, our new δ 18Ob 
record increases gradually from about 1.2 to ∼1.7‰ over about 300 Kyr between ∼34.0 and ∼33.7 Ma (Figure 2) 
before increasing abruptly by ∼0.8‰ within ∼40 Kyr (Step-2 or “EOIS”) to an earliest Oligocene maximum 
(∼2.6‰) that persisted for ∼80 Kyr (Figure 2). Thus, our new benthic oxygen isotope record for the EOT is 
broadly consistent with the record from Site 1218 except for one important distinction: our new data strongly 
suggest that the rapid δ 18Ob increase in the latest Eocene (Step 1) was a distortion introduced into the Site 1218 
record by stratigraphic condensation associated with the approximately 1 m-thick, ∼300 Kyr-long, interval of 
non-CaCO3 deposition (Figure 2).

Figure 2.  New stable isotope stratigraphy for the Eocene-Oligocene Transition (EOT) in the equatorial Pacific Ocean. Panels 
(a) and (b) show oxygen isotope series in bulk sediments (a) and benthic foraminifera (b). Panels (c) and (d) show carbon 
isotope series in bulk sediments (c) and benthic foraminifera (d). Bulk sediment data are from Sites U1331–U1334 and 
1219–1220 (this study) and Site 1218 (Coxall et al., 2005). Data for benthic foraminiferal are from Sites U1334 (dark blue, 
this study; Cibicidoides grimsdalei) and 1218 (light blue, Cibicidoides spp.; Coxall et al., 2005; Coxall & Wilson, 2011). 
Benthic foraminiferal stable isotope data are shown together with a smoothed line fit using a Gaussian-weighted filter (filter 
width: 20 Kyr).
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Our new carbon isotope record is also highly consistent with the record from Site 1218 with one major excep-
tion (Figure 2). Our new data spanning the interval correlative to the condensed carbonate-free layer in Site 
1218 reveal a pronounced transient negative carbon isotope excursion (nCIE; ∼0.7‰) between ∼34.35 and 
∼34.10 Ma (Figure 2). The late Eocene nCIE takes an asymmetric form in our record because, while the overall 
decrease to lower δ 13Cb occurs gradually (over ∼200 Kyr), the recovery is faster (within ∼50 Kyr) and reaches 
a post-excursion baseline that is ∼0.2‰ higher than prior to the excursion (Figure 2). Deep-sea records from 
the Southern Ocean (ODP Leg 113, Site 689, and ODP Leg 119 Site 744; Diester-Haass & Zahn, 1996; Zachos 
et al., 1996), and South Atlantic (DSDP Leg 73, Site 522 and ODP Leg 177, Site 1090; Pusz et al., 2011; Zachos 
et al., 1996) and possibly the Labrador Sea (ODP Leg 105, Site 647; Coxall et al., 2018) show low δ 13C values 
in this interval and a late Eocene negative δ 13C excursion is also reported from a shallow marine section on the 
southern Australia margin (Port Willunga Beach; Haiblen et al., 2019). These observations suggest that the late 
Eocene nCIE event documented by our records represents a perturbation to the δ 13C composition of the dissolved 
inorganic carbon pool of the oceans globally thus making it both stratigraphically useful and interesting from a 
carbon cycling perspective.

3.2.  Site-To-Site Correlation Along the Pacific Ocean Depth Transect

Our bulk sediment stable isotope series verify the site-to-site correlations of Westerhold et al. (2012, 2014) along 
the EEP transect. All of the bulk sediment stable isotope records display an EOT-diagnostic structure of abrupt 
increases in both δ 13C and δ 18O in the earliest Oligocene, which are closely aligned (Figure 2). Systematic offsets 
to lower bulk sediment δ 18O values are observed in records from deeper sites relative to those from the shallower 
sites. This bulk sediment δ 18O offset is most pronounced at Site U1332, at the top of C13r (∼34.0–∼33.7 Ma), 
where bulk sediment δ 18O values are ∼0.7‰ lower than those of the shallow water sites (Sites U1334, 1218, and 
U1333; Figure 2). These bulk sediment δ 18O offsets are likely explained by a combination of (a) steep latitudinal 
gradients in surface ocean temperature and salinity, (b) coccolithophore growth rates across the EEP, which can 
all impact nannofossil δ 18O values (Hermoso, 2014), and (c) some degree of selective dissolution of taxa/size 
classes between shallower and deeper sites. In the early Oligocene, mean bulk sediment δ 13C values in records 
from the deepest sites are slightly lower than those from the shallower sites (Figure 2). The sign of the systematic 
offsets in the δ 18O records suggests that this feature of the δ 13C records is not explained by stronger recrystal-
lization of bulk carbonate from deeper sites (Figure 2). In any case, our main focus with these bulk carbonate 
isotope data is chemostratigraphy and therefore the temporal change (not absolute values) documented, which is 
remarkably consistent among sites for both δ 13C and δ 18O. Strong site-to-site consistency in bulk sediment stable 
isotope records is observed on a range of timescales in the this region and likely explained by the strong influence 
of mixed layer conditions on bulk carbonate stable isotope records making them a valuable tool for correlation 
(e.g., Drury et  al.,  2018; Reghellin et  al.,  2015,  2020; Shackleton & Hall,  1995). Moreover, the consistency 
in bulk sediment δ 13C and δ 18O among sites in our data demonstrates the stratigraphic robustness of the XRF 
data-based site-to-site correlations and common astronomically calibrated age model across the PEAT transect 
(Westerhold et al., 2012, 2014).

Comparison of our benthic stable isotope stratigraphy with the bulk sediment stable isotope series from the three 
sites where palaeo-water depth is shallowest and Eocene strata are carbonate-bearing (Sites U1334, 1218, and 
U1333), shows that the main chemostratigraphic features seen in the benthic records are also recorded by the 
bulk sediments (Figure 2 and Figure S3 in Supporting Information S1). There is more pronounced late Eocene 
variability in the bulk stable isotope records than in the benthic foraminiferal stable isotope records, especially for 
δ 18O (Figure 2 and Figure S3 in Supporting Information S1) and, while the depauperate assemblages prevent us 
from developing a record from planktic foraminifera, we can rule out a pervasive diagenetic control on these three 
bulk sediment stable isotope series because of the site-to-site consistency between records (Figure 2), shallow 
burial depths, and lack of correspondence between the structure of stable isotope variation and CaCO3 content 
(Figures 3 and 4).

3.3.  CCD Behavior at the EOT in the Equatorial Pacific Ocean

To investigate the detailed behavior of the CCD, we first consider CaCO3 content change in the depth domain 
for all seven studied sites along our Pacific Ocean depth transect (Figure 3 and Figure S4 in Supporting Infor-
mation  S1). At all sites, upper Eocene radiolarian- and clay-rich sediments are overlain by lower Oligocene 
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calcareous oozes (Figure 3), but our data reveal four striking relationships between CaCO3 content and water 
depth (Figure 3). First, at the shallow end of our transect, sediments of late Eocene age contain CaCO3 in varying 
amounts (10–65 wt%) while correlative strata from our deepest sites are carbonate-free (Figure 3). Second, the 
calcareous oozes of the lowermost Oligocene thin markedly with increasing paleo-water depth. Magnetochron 
C13n is three times thicker at our shallowest site (Site U1334; 7.27 m) than at our deepest site (Site 1220; 2.27 m) 
(Figure  3). Third, the transition in CaCO3 content between the underlying clay-rich sediments and overlying 
carbonate oozes is sharp (Figure 3). Fourth, the two-step CaCO3 increase originally reported at Site 1218 (Coxall 
et al., 2005) is evident at all sites situated in water depths shallower than 4,000 m. At Site U1334, the first and 
second step increases in wt% CaCO3 occur over 0.38 and 0.46 m (rmcd), respectively. In contrast, at sites situated 
in water depths deeper than 4,000 m, the transition from carbonate-free sediments to calcareous ooze (≥80 wt%) 
occurs in one abrupt shift over a few tens of centimeters near the base of magnetochron C13n (0.18 m, rmcd, at 
Site U1331; Figure 3).

In the age domain, we identify two further defining features in our CCD reconstruction for the EEP (Figures 4 
and 5). First, the pronounced variations in CaCO3 content during the latest Eocene seen at all sites situated above 
4,000 m water depth are time-correlative (Figure 4). The independent stratigraphic constraints provided by our 
bulk sediment and benthic foraminiferal stable isotope series (Figure 2) are valuable in this regard because they 
provide independent confirmation of the site-to-site correlations (Westerhold et al., 2014). This CaCO3 content 
variability culminates in the latest Eocene in an especially distinct interval of reduced CaCO3 burial that lasts for 
∼300 Kyr (Figure 3). At Site 1218, this ∼300 Kyr-long interval is represented by a condensed, ∼1-m thick clay-
rich layer characterized by no CaCO3 burial (Figures 3 and 4). At the top of our depth transect, at Site U1334, 
carbonate burial also decreases in this interval but it does not fall to zero (Figures 3 and 4). Our data, therefore, 
document a temporary shoaling of the CCD by at least 200 m (between ∼3,900 and ∼3,700 meters below sea 
level [mbsl]) over a ∼300 Kyr-long interval, immediately prior to the EOT two-step CCD deepening (Figure 5). 
The CCD then deepens rapidly (within ∼40 Kyr), beyond its pre-shoaling baseline by ∼200 m to ∼4,000 mbsl, 

Figure 3.  Composite core images, carbonate content and bulk sediment δ 13C records for sites along the palaeowater depth transect of sites in Eastern Equatorial Pacific 
showing upper Eocene to lower Oligocene strata. Records are plotted versus the revised composite core (rmcd) depths of Westerhold et al. (2014), shown in order of 
increasing water depth, and proportionally scaled in the depth domain. Note that the sequences become increasingly condensed with increasing water depth. Carbonate 
content (wt% CaCO3) records are the result of calibrating normalized median scaled (NMS) x-ray fluorescence (XRF) core scanning datasets with discrete wt% CaCO3 
measurements. A comparison of the calibrated NMS XRF core scanning record of carbonate content and the discrete wt% CaCO3 measurements is shown in Figure S4 
in Supporting Information S1. Bulk sediment δ 13C records are all from this study except for Site 1218 (from Coxall et al., 2005). Site U1334 shows the same distinct 
stepwise downhole color change through the Eocene-Oligocene Transition as other sites in the eastern equatorial Pacific but this transition takes place within darker 
more clay-rich and Mn-rich nannofossil chalks than elsewhere. This is consistent with shipboard magnetic susceptibility values which are consistently higher at U1334 
compared to the closest site (U1333; Pälike et al., 2010).
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and carbonate accumulates for the first time at Site U1332 (Figure 5). This is the first of the two EOT CCD deep-
ening steps previously documented at Site 1218 by Coxall et al. (2005) and our new data show that it represents 
recovery from the latest Eocene CCD shoaling event (Figure 5).

The second defining feature of our CCD record in the age domain is that peak CaCO3 content (>80 wt%; Figure 4) 
and accumulation rates (Figure 5) are reached synchronously at all EEP sites in the earliest Oligocene (∼33.7 Ma; 
Figure S5 in Supporting Information S1), revealing that the CCD deepens rapidly well below our deepest site 
before rebounding to about 4,400 mbsl over an interval of about 300 Kyr (∼33.7–∼33.4 Ma; Figure 5). Thus, our 
data reveal a well-defined over-deepening and settling pattern. This finding strongly suggests that the transition 
between Cenozoic CCD regimes at the EOT occurred in response to a perturbation in oceanic carbonate fluxes 
that was driven by changes in deep ocean chemistry with transitory carbonate fluxes far exceeding their new 
steady state values.

The presence of CaCO3 in lowermost Oligocene strata at ODP Site 1220 (Figure 4; ∼4,300  m palaeo-water 
depth at 33.7 Ma), Deep Sea Drilling Project Site 69 (Tracey et  al.,  1971) (∼4,500 m palaeo-water depth at 
33.7 Ma; Figure S6 in Supporting Information S1), and ODP Site 1217 (∼4,400 m palaeo-water depth at 33.7 Ma;  

Figure 4.  Bulk sediment δ 13C and δ 18O series and carbonate content records versus age for Pacific depth transect of sites 
spanning the late Eocene to early Oligocene. Panels (a) and (b) show bulk sediment δ 13C and δ 18O records, respectively. 
Note that these data independently confirm site-to-site stratigraphic correlations (see text). Panels (c) and (d) show carbonate 
content (wt%) records for sites >4,000 m (c) and <4,000 m (d) palaeowater-depth. Bulk sediment records are all from this 
study except for Site 1218 (from Coxall et al., 2005). Key lists sites from top to bottom in order of increasing water-depth (see 
inset in Figure 1).
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Figure S7 in Supporting Information  S1) which lies well north of the equatorial carbonate zone (Figure  1), 
indicates that, at ∼33.7 Ma, the CCD initially deepened to at least 4.5 km in the Pacific Ocean and, by our 
calculation, at the peak of the EOT carbon cycle perturbation, exceeded 5 km water depth (Figure 5). This calcu-
lation is supported by observations from the modern ocean because, during the EOT over-deepening interval, 
carbonate contents of 80–95 wt% are reached and maintained across the entire water depth transect (Figure 4) 
while, in modern core-top samples from the equatorial Pacific, such high carbonate contents are only consist-
ently found at least 500–800 m above the CCD (Broecker & Peng, 1982) (Figure 5). Thus, the CCD deepened 
by over 1,000 m during the second of the EOT steps alone (an over-deepening of at least 700 m) (Figure 5) and, 
if globally representative, would have resulted in more than a doubling of the sea floor area burying carbonate 
(Figure S8 in Supporting Information S1) which is comparable to that determined from a sparser dataset by Rea 
and Lyle (2005). Following the over-deepening event, the CCD shoaled gradually by ∼700 m over about 300 Kyr, 
settling to a new steady state depth of ∼4,400 m by ∼33.4 Ma (Figure 5). The CCD settling to this shallower 
long-term Oligocene level will have exposed carbonate recently deposited in deeper waters to dissolution. Thus, 

Figure 5.  New high-resolution record of calcite compensation depth and benthic stable isotope stratigraphy for the 
Eocene Oligocene Transition in the Equatorial Pacific Ocean. (a) Carbonate accumulation rates for Sites U1331–U1334 
and 1218–1220 with inferred calcite compensation depth (CCD) variability (black line). CaCO3 MARs track the patterns 
recorded in wt% CaCO3, and changes in CaCO3 MAR account for most of the variability observed in bulk sediment MAR. 
Sites 1333 and U1331 were not used in our best estimate CCD reconstruction (shown) because these two sites show slightly 
greater carbonate contents and CaCO3 MARs than expected for their water depth because of the minor secondary influence 
of latitudinal changes in EEP export productivity (see text). (b) and (c) high resolution monospecific epifaunal (Cibicidoides 
grimsdalei) δ 18O and δ 13C stratigraphy for Site U1334. Benthic foraminiferal stable isotope data are shown together with a 
smoothed line fit using a Gaussian-weighted filter (filter width: 20 Kyr).
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the full magnitude of CCD deepening is unlikely to have been preserved in the geological record even if our 
equatorial Pacific Ocean transect extended to abyssal levels (see Walker & Opdyke, 1995 for a fuller discussion).

3.4.  CCD Behavior in the Subpolar South Atlantic Ocean

To test the extent to which the CCD record from our depth transect is representative of EOT variability outside 
of the equatorial Pacific Ocean, we produced a CaCO3 content record from subantarctic South Atlantic Site 1090 
(Figure 6). The relative trends in data show strong similarities between the South Atlantic and equatorial Pacific 
(Figure 6), with Site 1090 displaying both the latest Eocene dissolution interval and two-stage increase in wt% 
CaCO3 across the EOT. Records from Sites 1053, 929, and 699 also suggest a similar overall structure of change 
in carbonate accumulation, suggesting this may be an Atlantic-wide feature (Borrelli et al., 2021), while mapping 
of the dominant sediment type indicates an increase in global carbonate sedimentation in the early Oligocene 
(Wade et al., 2020). These similarities between different regions/ocean basins suggest that the CCD behavior 
documented was primarily driven by changes in deep-water chemistry. Our data from the EEP transect suggests 
that the CCD lay at marginally greater depths at off-equator sites but the strong correspondence between our 
records from the Pacific and South Atlantic suggests that the influence of regional top-down processes (export 
productivity) were negligible in comparison to the processes that controlled changes in deep ocean carbonate 
ion concentration globally (Figures 4 and 5). CCD reconstructions from additional sites, particularly over depth 
transects, are needed to determine whether the earliest Oligocene over-deepening event occurred globally, but 
the short-term late Eocene shoaling event is clearly a prominent feature in our records from both the Pacific and 
Atlantic Oceans (Figure 6).

A record of the ratio of reactive phosphorous to wt% CaCO3 at Site 1090 (Anderson & Delaney, 2005) suggests 
that carbonate dissolution in the subpolar South Atlantic during the latest Eocene CCD shoaling event was not 
driven by a reduction in export production, implying support for carbonate burial variability driven by large-scale 
changes in deep ocean carbonate chemistry. A minimum in carbonate content during upper magnetochron C13r 
is also reported for the deep equatorial Atlantic (ODP 154, Site 929; Pälike et al., 2012). Taken together, these 
lines of evidence suggest that the global ocean underwent a transient acidification event about 300 Kyr before the 
initiation of sustained large-scale Antarctic glaciation at the EOT.

Figure 6.  Comparison of carbonate content records in the Equatorial Pacific and South Atlantic oceans. (a) Carbonate 
content from ODP Site 1090 in the South Atlantic (pink) and IODP Site U1334 in the EEP (blue). (b) Benthic foraminiferal 
δ 18O records from Site U1334 (blue) and South Atlantic Site 1090 (pink; Pusz et al., 2011). Site U1334 benthic foraminiferal 
stable isotope data are shown together with a smoothed line fit using a Gaussian-weighted filter (filter width: 20 Kyr).
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3.5.  Carbon Cycle Perturbation During the Late Eocene

Our records from Site U1334 show that the late Eocene transient CCD shoaling event was closely associated 
with a nCIE (Figure 5). The timing of the inception of these two events is similar (around 34.4 Ma) but the CCD 
shoaling event outlasted the nCIE by more than 100 Kyr (Figure 5 and Figure S8 in Supporting Information S1). 
Neither of these two changes in the carbon cycle are associated with a pronounced decrease (warming signal) 
in δ 18Ob (Figure 5). This terminal Eocene carbon cycle perturbation, therefore, differs from the hyperthermal 
events that occurred earlier in the Eocene, which are generally associated with a 1–2‰ nCIE, deep-sea warming 
(decrease in δ 18Ob) and carbonate dissolution, and last roughly 40–100 Kyr (e.g., Sexton et al., 2011; Turner 
et al., 2014; Westerhold et al., 2018). Furthermore, while more records are needed to confirm the detailed form 
of the latest Eocene event, our data suggest that this latest Eocene carbon cycle perturbation is asymmetric—
with a gradual onset, and rapid recovery phase (Figure 5). This asymmetry is opposite in form to that of the 
Paleocene-Eocene Thermal Maximum (PETM; ∼56 Ma) where the onset phase is rapid, followed by a more 
gradual recovery (Röhl et al., 2007; Zachos et al., 2008).

Recovery from the latest Eocene CCD shoaling event (the first of the two EOT CCD deepening steps) is asso-
ciated with a signal (increased δ 18O in our bulk records) suggestive of surface ocean cooling in the equatorial 
Pacific (Figure 4). However, the absence of evidence for a strong warming signal (in δ 18Ob) associated with 
the latest Eocene carbon cycle perturbation suggests a mechanism that provokes only a minimal net increase in 
atmospheric CO2-led radiative warming. This inference is consistent with evidence for global cooling during the 
early phases of the EOT (e.g., Bohaty et al., 2012; Houben et al., 2019; Katz et al., 2008; Liu et al., 2009). In 
principle, a decreased carbonate weathering flux into the global ocean can trigger CCD shoaling with no CO2-led 
warming and produce a nCIE through δ 13C fractionation between the carbonate weathering and burial flux. 
This would, however, require carbonate and silicate weathering fluxes to become decoupled (Armstrong McKay 
et al., 2016; Merico et al., 2008). Another possibility is that the nCIE was driven by the gradual introduction into 
the ocean of carbon from a reservoir extremely enriched in  12C, presumably from marine or terrestrial sediments. 
One possible source could be the high nutrient, Arctic-imprinted, northern component water mass character-
ized by Coxall et al. (2018). Southward export of this water mass has been suggested to explain an interval of 
low δ 13Cb in the North Atlantic Ocean that is broadly temporally consistent with the nCIE observed in the EEP 
(Coxall et al., 2018). A third possibility is that increases in global volcanic carbon emissions play a role in driv-
ing the nCIE. A slow increase followed by a relatively rapid relaxation of global volcanic carbon emissions (an 
isotopically depleted source) could explain the latest Eocene δ 13Cb increase and cooling (increasing δ 18O) that 
follows the recovery from the nCIE. Further work, including modeling experiments, is needed to understand the 
origin of this late Eocene carbon cycle perturbation, but our data strongly suggest this event is a defining feature 
of the early phase of the EOT and that recovery of the carbon cycle from this perturbation led directly to the 
first  of the two EOT CCD deepening steps originally documented at Site 1218 (Coxall et al., 2005).

3.6.  CCD Deepening and the Onset of Antarctic Glaciation

Based on the records from Site 1218, Coxall et al. (2005) inferred a lockstep relationship between the two EOT 
CCD deepening steps and deterioration of high latitude climate as registered by δ 18Ob. Our new data suggest that 
the coupling between basification of the deep ocean and cooling of the high latitudes develops later during the 
EOT than previously inferred. In the records from Site U1334, the first EOT CCD deepening step is associated 
with modest cyclicity (not a step-increase) in δ 18Ob (Figure 5 and Figure S9 in Supporting Information S1). 
Furthermore, for the second EOT CCD deepening step, although the peaks in carbonate content and δ 18Ob are in 
phase (Coxall & Wilson, 2011), close inspection of the timing of the onset of the increases in δ 18Ob and carbonate 
content in the records from Sites U1334 and 1218 suggests that the onset of the increase in carbonate content may 
lead the onset of the increase in δ 18Ob, by roughly 0.25 and 0.35 m (rmcd), respectively (corresponding to roughly 
20 and 30 Kyr, respectively; Figure S10 in Supporting Information S1). This relationship cannot be explained 
by the reworking up-section of finer sedimentary components (see the related PETM discussion in Hupp & 
Kelly, 2020), but it may perhaps be explained by differential sediment mixing (bioturbation). The presence of a 
similar relationship at Site 1090 (Figures S11 and S12 in Supporting Information S1), however, suggests that the 
observed phase relationship at the equatorial Pacific sites represents a true lead-lag relationship between the onset 
of EOT CCD deepening in the EEP and the inception of major Antarctic glaciation as recorded by δ 18Ob. Further 
work is needed to understand the implications of this result. One possibility is that the validity of the shelf-basin 
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fractionation hypothesis is called into question, at least as the initial trigger mechanism for CCD deepening. 
However, our data may simply reflect different sensitivities of δ 18Ob and CaCO3 accumulation to ice growth and 
sea level fall during the earliest stages of Antarctic ice growth. Either way, our records show that, at least in the 
EEP, the CCD over-deepened markedly (down to ∼5 km) between ∼33.7 and ∼33.4 Ma before settling, implying 
that abrupt increases occurred in both deep ocean carbonate ion concentration and sea floor carbonate burial to 
values greatly exceeding their new steady state ones (Figure 5). The (over)deepening and settling pattern that 
we document is highly consistent with the shelf-basin fractionation hypothesis, which comprises two processes 
resulting from glacioeustatic sea level fall: (a) a sustained shift in the locus of global carbonate burial from the 
shelves to the deep ocean and (b) a short-term spike in carbonate ion flux to the global ocean driven by exposure 
of fresh, readily weathered carbonate deposits on land (Armstrong McKay et al., 2016; Merico et al., 2008). CCD 
deepening occurs until the carbonate burial output flux from the ocean to pelagic oozes is large enough to restore 
balance with global carbonate inputs to the ocean.

4.  Conclusions
Highly resolved carbonate accumulation and stable isotope records spanning a depth transect in the EEP provide 
new constraints on the EOT transition between two Cenozoic CCD regimes from a highly variable shallow CCD 
regime pre-EOT to the comparatively well-buffered regime of the post-EOT icehouse world. We detail three main 
new features of the CCD record: (a) a latest Eocene global carbon cycle perturbation defined by a CCD shoaling 
event and a prominent negative carbon isotope excursion leading directly into the two step EOT CCD deepening; 
(b) a distinctive over-deepening (down to ∼5 km in the equatorial Pacific Ocean) and settling pattern in the earli-
est Oligocene diagnostic of distinctly non-steady state change from the early Cenozoic to later Cenozoic CCD 
regimes; (c) evidence from the South Atlantic that these CCD changes were not merely regional and therefore 
likely driven by changes in global deep ocean chemistry. Recovery from the latest Eocene carbon cycle pertur-
bation drove the first EOT CCD deepening step while the second over-deepening step was closely coupled to 
the inception of sustained large-scale Antarctic glaciation. Thus, we propose that the carbon cycle was perturbed 
during the EOT before the inception of Antarctic glaciation yet, once glaciation was initiated, rapid changes in 
global seawater chemistry triggered a transient increase in carbonate burial flux in the deep ocean far exceeding 
the new steady state values. This finding is consistent with a short-term spike in carbonate ion flux to the global 
ocean driven by glacioeustatic sea level fall and exposure of fresh, readily weathered carbonate deposits on land 
as modeled by Armstrong McKay et al. (2016) and Merico et al. (2008).

Data Availability Statement
This research used samples and data provided by the International Ocean Discovery Program (IODP). All data 
are available on Pangaea at Taylor et al. (2023).
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