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Major climate transitions and perturbations in global carbon cycle are known to have occurred during the Eocene,
between 56 and 34 million years ago (Ma). A series of carbon isotope excursions (CIEs) mark variations in the
global carbon cycle and changes in climate through early Eocene. Paleocene-Eocene Thermal Maximum
(PETM) ca. 56 Ma is the most pronounced and well documented of these events expressed as a clay rich layer
in many deep-sea sections, resulting fromwidespread carbonate dissolution on the seafloor, which is in turn re-
lated to shoaling of the carbonate compensation depth (CCD) and lysocline. Other CIEs of early Eocene had sim-
ilar response. However, response of these geologically ‘instantaneous’ hyperthermals differ from long-term
warmth (multi-million-year time scale) of the Early Eocene Climate Optimum (EECO) in terms of sea-floor car-
bonate accumulation. Following the termination of EECO, earth's climate transitioned into long-term cooling.
Pronounced fluctuations in CCD of equatorial Pacific are known to have occurred during middle-late Eocene as
well, whose global extent and origin are still unresolved. Most proxy records either span the interval of early Eo-
cene or document particular climatic events in Eocene, which significantly limits visualizing the long-term Eo-
cene climate change and response of open marine carbonate preservation. The present study documents
change in carbonate dissolution and carbonate mass accumulation rate through the entire Eocene (56–34 Ma)
at ODP Site 1209 on Shatsky Rise, north-central Pacific and ties it to a stable carbon and oxygen isotope record.
Our study determines the correlation between deep-sea carbonate dissolution and carbon cycling process during
the dynamic climate regime of Eocene. A strong correlation betweenmagnitude of CIEs and intensity of dissolu-
tion for early Eocene hyperthermal events appears to significantly weaken for multiple dissolution events in
middle-late Eocene, thereby indicating fundamental difference in their causal mechanism.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The Eocene, between approximately 56 and 34 million years ago
(Ma), encapsulates major transitions and perturbations in Cenozoic cli-
mate (Fig. 1; Zachos et al., 2001, 2008; Cramer et al., 2009). On the
broad, multi-million-year scale, Earth's surface warmed from the mid-
dle Paleocene to the Early Eocene Climate Optimum (EECO) circa 53
to 49 Ma (Luciani et al., 2016; Westerhold et al., 2018), when average
surface and deep water temperatures likely exceeded those of
present-day by at least 10 °C (Pagani et al., 2005; Hollis et al., 2009;
Cramwinckel et al., 2018). Following EECO, significant cooling tran-
spired through the latest Eocene (Zachos et al., 2001; Bijl et al., 2009;
Bijl et al., 2013). Superimposed on these long-term changes, a number
of geologically rapid warming events occurred (Zachos et al., 2004;
Agnini et al., 2009; Lauretano et al., 2016). These “hyperthermals” in-
clude the well-known Paleocene-Eocene Thermal Maximum (PETM)
at ~56 Ma (Westerhold et al., 2009, 2018; Kirtland Turner, 2018), the
H-1/ETM-2, K/X/ETM-3 and at least four more events between 54 and
51 Ma (Lauretano et al., 2015; Westerhold et al., 2018). Additionally, a
major global warming event the Middle Eocene Climate Optimum
(MECO) occurred at ~40.5 Ma (Bohaty and Zachos, 2003; Boscolo
Galazzo et al., 2014; van der Ploeg et al., 2018; Cramwinckel et al., 2019).

Although long-term and short-term variations in Eocene climate
likely have different causes, they are widely thought to be linked to
past changes in atmospheric pCO2. Support for this idea comes fromvar-
ious proxies for pCO2 (Beerling and Royer, 2011; Pagani et al., 2011;
Hönisch et al., 2012; Anagnostou et al., 2016), but temporal and quanti-
fied relationships remain uncertain. More indirectly, stable carbon and
oxygen isotope (δ13C, δ18O) records of benthic foraminifers across
some intervals of the Eocene (Fig. 1; Zachos et al., 2001, 2008; Cramer
et al., 2009) exhibit similar trends and patterns. In particular, from the
middle Paleocene through part of the EECO, relatively lower/higher
δ18O values, which presumably indicate warm/cold conditions, align
with lower/higher δ13C values (Fig. 1), which presumably relate to
greater/lesser inputs of organic carbon to the ocean and atmosphere
(Dickens, 1995; Cramer et al., 2009; Stap et al., 2010). There are also re-
cords of carbonate accumulation in deep-sea sediment sections. During
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Fig. 1.Global composite Eocene isotope record and equatorial Pacific CCD reconstruction. The global composite carbon and oxygen isotope record from benthic foraminifers (Cramer et al.,
2009) depicts changes in climate and carbon cycling during the Eocene epoch which is bounded bymajor perturbations in global carbon cycle. It begins with the warmest interval of the
Cenozoic, i.e. Paleocene-Eocene Thermal Maximum (PETM), ca. 56 Ma and ends with the onset of icehouse conditions and first polar glaciation of the Cenozoic at Eocene-Oligocene
transition (EOT), ca. 34 Ma. The dashed lines with arrowheads show the overall change in trend of δ13C and δ18O during early Eocene. The equatorial Pacific CCD (Pälike et al., 2012)
shoaled during PETM and parts of EECO, and exhibits major fluctuations through middle-late Eocene. Post early Eocene, it was deepening on long time scale.
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the prolonged period of greenhouse warmth heading into EECO, when
carbon inputs into the combined ocean-atmosphere system were pre-
sumably higher and coupled with enhanced weathering (Kump et al.,
2000; Penmanet al., 2016; Greene et al., 2019), carbonate saturation ho-
rizons in the deep ocean should have deepened (Hancock et al., 2007;
Kumpet al., 2009; Slotnick et al., 2015). By contrast, during early Eocene
hyperthermals, and presumed rapid and massive carbon injection,
shoaling of carbonate saturation horizons should have occurred
(Dickens et al., 1997; Zachos et al., 2005). Notably, these predicted di-
vergent responses (Fig. 2; Berner et al., 1983; Ridgwell and Zeebe,
2005; Kirtland Turner and Ridgwell, 2016) have been previously docu-
mented (Hancock et al., 2007; Leon-Rodriguez and Dickens, 2010;
Slotnick et al., 2015; Penman et al., 2016).

Intuitive links between global climate and carbon cycling begin to
“break-down” in the middle of EECO (Fig. 1). With available records
(Zachos et al., 2008; Luciani et al., 2016; Westerhold et al., 2017,
2018), there is a nominal 1‰ rise in the δ13C of marine carbonate at
about 50Ma, and values remain relatively constant through the remain-
der of the Eocene. Furthermore, records from the equatorial Pacific sug-
gest generally increasing deep-sea carbonate accumulation from the
middle to late Eocene, albeit with major variations (Lyle et al., 2005;
Pälike et al., 2012). To link changes in early Eocene climate and deep-
sea carbonate accumulation, most studies have focused on sites close
to carbonate compensation depth (CCD).While such an approach is ap-
propriate for paleo-CCD reconstructions (Leon-Rodriguez and Dickens,
2010; Pälike et al., 2012; Slotnick et al., 2015), it limits full assessment
of deep-sea carbonate accumulation, because considerable changes
might occur above the CCD and because sites near theCCDdo not record
carbonate during intense ocean acidification. In this regard, it seems im-
portant to study sites that liewell above CCD and hence accumulate car-
bonates for long periods of time.

Ocean Drilling Program (ODP) Site 1209 in the north-central
Pacific was well above the CCD throughout the Paleogene (Fig. 2;
Bralower et al., 2002) and hence presents an excellent opportunity to
study changes in open marine carbonate accumulation across the
Eocene. Here we examine sediments at Site 1209, including detailed
measurements of proxies for carbonate dissolution, such as planktic fo-
raminiferal fragmentation and planktic to benthic foraminiferal ratios
(Hancock and Dickens, 2005; Colosimo et al., 2006; D'Onofrio et al.,
2020). These dissolution proxy records are then combinedwith carbon-
ate accumulation rates, δ13C and δ18O records at Site 1209 to constrain
links between deep-sea carbonate preservation, carbon cycling and cli-
mate change across the Eocene. Upfront, it should be noted that one
conclusion is that vertical movements of the sea floor, especially in the
Pacific and during the late-early Eocene (e.g. Sutherland et al., 2020)
may impact interpretations.

2. Background

2.1. Present day deep ocean carbonate accumulation

Within the modern pelagic realm, sediments with significant cal-
cium carbonate (N10%) cover approximately 50% of the seafloor
(Archer, 1996). The CaCO3, principally calcite, derives from postmortem
rain of tests precipitated in the photic zone by coccolithophores and
planktic foraminifers. Carbonate ion concentrations [CO3

2] generally de-
crease with water depth, because of respiration of organic carbon,
higher dissolved [CO2] and lower pH (Broecker and Peng, 1982). Car-
bonate saturation in ocean water depends on concentrations of Ca2+

and CO3
2− ions in ambient waters and the solubility constant (Ksp) of

CaCO3:

Ω ¼ Ca2þ
h i

CO3
2−

h i
=Ksp ð1Þ

where Ksp depends on pressure and temperature (Mucci, 1983; Millero,
1995; Ridgwell and Zeebe, 2005). Consequentially, a predicted water
column depth exists where carbonate should precipitate above and dis-
solve below.

Transfer of calcite solubility conditions to the sedimentary re-
cord becomes complicated because of kinetics, mineralogy and
burial (Ridgwell and Zeebe, 2005). In general, for open marine con-
ditions (aka without terrigenous dilution), and from the perspec-
tive of the sedimentary record, there are two main horizons
related to marine carbonate saturation (Fig. 2): a relatively deep
carbonate compensation depth (CCD), below which almost no
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Fig. 2. Realms of carbonate dissolution. Carbonate Compensation Depth (CCD) and lysocline respond to changes in ocean's dissolved CO2 which is in turn controlled by global carbon
cycling and timescale of CO2 input into ocean-atmosphere system. Input of excess 12C depleted CO2 in long-term (million year) time scale into the system will be gradually responded
by negative feedback mechanism (e.g. silicate weathering) and result in deepening of saturation horizons by increased carbonate burial. In contrast to this process, a rapid 12C depleted
CO2 input (b100 kiloyear time scale) will not be able to start the negative feedback processes, and rather result in compensation by shoaling of saturation horizons, i.e. CCD and
lysocline and cause increased deep-sea carbonate dissolution across a short interval of time. Hence CCD and lysocline remain dynamic through time, as carbon cycle processes operate
differently in response to different rates of CO2 input in the ocean-atmosphere system. EPR in this figure is East Pacific Rise and MOR denotes Mid Oceanic Ridge.
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carbonate accumulates, and an overlying lysocline, where carbon-
ate saturation starts declining sharply and carbonate content de-
creases below 80% (Zeebe and Westbroek, 2003; Ridgwell and
Zeebe, 2005; Boudreau et al., 2010). These vary in depth through-
out the modern ocean, because of differences in temperature,
deep water chemistry, the supply of carbonate from the photic
zone, and processes at or near the seafloor (Archer, 1996). In
general, at present-day, the CCD and lysocline are deeper in the
Atlantic than in the Pacific, and deeper in tropical regions than at
higher latitudes (Ridgwell and Zeebe, 2005). Of interest to this
study, within the present-day tropical north-central Pacific, the
CCD lies between 4200 and 4800 mbsl on average (Broecker,
2008; Sulpis et al., 2018), and the lysocline extends ~1000 m
above this (Archer, 1996).

Variability in carbonate accumulation also arises from differ-
ences in mineralogy and morphology of carbonate tests. Of partic-
ular relevance to the pelagic realm, compact coccoliths, while
typically b20 μm across, consist of near pure calcite (Cros and
Fortuño, 2002) with low surface area/volume ratios. By contrast,
hollow planktic foraminiferal tests, while typically N63 μm across,
consist of calcite with significant amounts of Mg and high surface
area/volume ratios, especially when they have abundant pores in
the test wall (Boudagher-Fadel, 2018). In general, a pattern of dis-
solution emerges amongst calcite tests: calcareous nannoplankton
are most resistant, benthic foraminifers are moderately resistant,
planktic foraminifers are least resistant (Thunell, 1976; Berger
et al., 1982; Nguyen et al., 2009). Amongst planktic foraminifers,
though, dissolution resistance varies widely across different gen-
era (Petrizzo et al., 2008; Nguyen et al., 2009). Differential dissolu-
tion leads to preferential fragmentation of planktic foraminifers in
seafloor sediments, especially below the lysocline (Berger, 1973;
Shackleton and Hall, 1984; Reghellin et al., 2015).
2.2. Deep-ocean carbonate accumulation during the Paleogene: concepts
and reconstructions

Sea floor carbonate accumulation is well established for modern day
ocean basins (Berger et al., 1976; Broecker and Peng, 1982; Archer, 1996;
Ridgwell and Zeebe, 2005). However, this has changed over time be-
cause of variations in carbon inputs to the ocean and atmosphere, the
dominant locus of marine carbonate burial (shelf-basin fractionation),
and the net path of deep-water flow. Here it is good to consider that
the modern exogenic carbon cycle consists of the ocean, atmosphere
and biosphere with a total mass of nominally 40,000 Pg C, total carbon
inputs and outputs of nominally 0.4 Pg C/yr, a residence time of nomi-
nally 100 kyr, and an internal carbon cycling time of nominally 1000 yr
(Berner, 1991; Kump, 1991; Dickens, 2003; Sluijs et al., 2013).

From a long-term viewpoint (N200 kyr), the total amount of carbon-
ate buried in the pelagic realm should equal inputs to the exogenic car-
bon cycle after accounting for carbonate buried in shallow marine
environments and organic carbon buried in both environments
(Ridgwell and Zeebe, 2005; Pälike et al., 2012; van der Ploeg et al.,
2018). This necessarily implies some basic expectations (Fig. 2). During
long times of elevated carbon delivery (e.g., through enhanced volca-
nism), carbonate accumulation in the overall ocean should increase;
during times of reduced carbonate accumulation along continentalmar-
gins, carbonate accumulation in the deep ocean should increase. In both
cases, the CCD and lysocline should deepen. Alternatively, from a short-
term viewpoint (b50 kyr or half the residence time), one needs to con-
sider distributions of dissolved carbon species and advection through
the ocean. In particular, a rapid injection of CO2 to the ocean or atmo-
sphere should shift [CO3

2−] to bicarbonate [HCO3
−], which should tem-

porarily shoal the CCD and lysocline (Fig. 2).
Pioneering work by van Andel (1975) readily demonstrated major

changes in the CCD of the Pacific and Indian oceans over the Cenozoic.
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This work was accomplished by placing carbonate content data down
sediment sequences from multiple Deep-sea Drilling Project (DSDP)
sites into a time-water depth perspective. A basic finding was a rela-
tively shallow Indo-Pacific CCD during the Eocene (~3400 m depth)
and a major deepening near the Eocene-Oligocene Boundary. Subse-
quent work, using more recently collected DSDP/ODP/IODP sequences
or re-investigating original sequences in greater detail confirm these ba-
sics, but also highlight the dynamic nature of the CCD during the Eocene
(Rea and Lyle, 2005; Pälike et al., 2012; Slotnick et al., 2015), an aspect
that could not be recognized initially, mostly due to low temporal reso-
lution of carbonate content data.

Since 1975, a vastly improved understanding of carbon cycling and
climate during the early Eocene has emerged (Kump and Arthur,
1999). Much of this has come through detailed stable isotope records
of carbon and oxygen (δ13C, δ18O) measured in various phases,
which correlate across numerous sites (e.g. Keith and Weber, 1964;
Shackleton et al., 1985; Zachos et al., 2001, 2008; Cramer et al., 2009).
A key finding is that major changes in carbon cycling and climate tran-
spired during the early Eocene. As an outstanding example, major neg-
ative excursions in δ13C and δ18O happened across the PETMand several
other younger events, and these have been linked to massive input of
CO2 to the exogenic carbon cycle (Dickens, 1995; Dickens et al., 1997;
Zachos et al., 2007, 2010). Consistent with theory (Dickens et al.,
1997), analyses of sediment records show that rises in the CCD and
lysocline also occurred during this event (Lu and Keller, 1993; Thomas
and Shackleton, 1996; Hancock and Dickens, 2005; Colosimo et al.,
2006). There is now considerable interest in more fully coupling stable
isotope records with those for carbonate accumulation across the Eo-
cene (Zachos et al., 2001; Leon-Rodriguez and Dickens, 2010; Slotnick
et al., 2015; Greene et al., 2019).

Previous work regarding carbonate accumulation in the Eocene
deep ocean mostly has focused on CCD reconstructions (e.g., van
Andel, 1975; Leon-Rodriguez and Dickens, 2010; Pälike et al., 2012;
Slotnick et al., 2015). However, to expand on commentary above,
this approach limits perspectives for two reasons. First, numerous
scientific drill sites have Eocene sediments that accumulated at inter-
mediate water depths (1500–3000 m) and consistently above the CCD
(Bralower et al., 2002; Zachos et al., 2004). Second, the CCD at a given
location and time gives little information on the distribution of carbon-
ate accumulation at shallower water depths (Greene et al., 2019).
Significant carbonate dissolution happens below lysocline and dissolu-
tion progressively increases towards CCD (Ridgwell and Zeebe, 2005;
Boudreau et al., 2010). Therefore, a complimentary approach towards
Drilling Site # 
Estimated Paleodepth (Km)

2.5/2.4
1209/577

Fig. 3. Location of Shatsky Rise. 48 Ma map showing reconstructed tecto
understanding pelagic carbonate accumulation and carbon cycling dur-
ing the Eocene is to decipher past changes in the lysocline, specifically
by generating records of carbonate accumulation and δ13C at sites lo-
cated at intermediate water depths. Such an effort initiated with pre-
liminary work at drill sites on Shatsky Rise (e.g. Hancock and Dickens,
2005; Colosimo et al., 2006).

3. Material and methods

3.1. Site 1209

Shatsky Rise, a large igneous province located in the northwest Pa-
cific (Fig. 3), rises from surrounding abyssal plains to water depths of
~2000 m (Sager et al., 1999). It consists of three prominent highs, the
largest being Southern High (Bralower et al., 2002). Shatsky Rise prob-
ably originated in the Equatorial Pacific during the Late Jurassic and
moved north and then northwest to its current location (Sager et al.,
1999; Bralower et al., 2002). Far from continental margins, it serves as
an excellent location to collect and study open ocean Paleogene sedi-
ment sequences (Bralower et al., 2002).

Samples for the present work come from Site 1209 of ODP Leg 198.
The site lies at 32°39.10′N, 158°30.36′E and 2387 m water depth, near
the highest elevation of Southern High (Bralower et al., 2002; Dutton
et al., 2005). Three holes (A, B and C) were drilled, which extend to
~320 m below sea floor (mbsf). This includes ~297 m of sediments de-
scribed as nannofossil ooze and nannofossil ooze with clay (Bralower
et al., 2002). Minor biogenic components include foraminifers, diatoms,
radiolarians and fish teeth, while minor non-biogenic components in-
clude pyrite, iron oxides and zeolites (Bralower et al., 2002).

Significant changes in color and physical properties characterize
sediments at Site 1209 (Fig. 4). By aligning such variations, particularly
magnetic susceptibility (MS), sediment cores from the three holes can
be spliced together to construct a composite section with a common
depth frame (Bralower et al., 2002). For this study, we use a revisedme-
ters composite depth (rmcd) scale (Westerhold and Röhl, 2006). The
composite section at Site 1209 holds an almost continuous record of
early Paleogene sedimentwith high (generally N80wt%) carbonate con-
tent. Although the site migrated northward during the early Paleogene,
it remained b2500 m below sea level (Bralower et al., 2002; Dutton
et al., 2005) and above the CCD (Colosimo et al., 2006; Rea and Lyle,
2005). Given present and past water depths, the site should record var-
iations in the regional lysocline, particularly those that potentially oc-
curred during Eocene long- and short-term changes in climate and
48 Ma reconstruction

nic plates and Sites 1209 and 577 on Shatsky Rise. (www.odsn.de).

http://www.odsn.de
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carbon cycling (Bralower et al., 2002; Colosimo et al., 2006; Stap et al.,
2009).

Previous studies on early Paleogene deep ocean sediments have
used weight percent coarse fraction as one proxy for carbonate dissolu-
tion (Hancock and Dickens, 2005; Kelly et al., 2010; Luciani et al., 2016).
This relies on the argument that planktic foraminifers dominate the
coarse fraction, and they dissolve easier than fine-grained calcareous
nannoplankton (Berger et al., 1982; Chiu and Broecker, 2008; Hancock
and Dickens, 2005; Kelly et al., 2010; Luciani et al., 2016; Reghellin
et al., 2020). Hence, during a given interval of ocean acidification
(e.g., an early Eocene hyperthermal), the coarse fractionweight percent
should decline. However, results from earlier studies at Site 1209 show
a significant increase in coarse fraction across the PETM (e.g. Hancock
and Dickens, 2005; Westerhold et al., 2018). Clearly, interpretations of
this proxy for carbonate dissolution are complicated, and while beyond
the scope of this study, may be worthy of future research.
3.2. Samples and sedimentation rates

We collected 333 samples between 134.32 and 220.14 rmcd (Sup-
plementary Table 1). The depth interval belongs to lithostratigraphic
Subunit IIA, accumulated from the latest Paleocene to earliest Oligocene,
and consists of mostly carbonate (typically N80 wt%). The subordinate
non-carbonate portion of sediments comprises clay, fish teeth and
biosilica (Bralower et al., 2002). Total sample numbers include 278
from Hole A, 33 from Hole B, and 22 from Hole C. Samples were
collected using 10 cc plastic scoops at Gulf Coast Repository, College
Station, TX.

Sedimentation rate (SR) functions can be estimated using calcareous
nannofossil biostratigraphy (Bralower, 2005). First and last occurrence
datum intervals from Bralower (2005) have been assigned ages in ac-
cordance with GTS 2012, based on Agnini et al. (2016) and Norris
et al. (2014).We offer two “end-member” possibilities: a stepped linear
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function and a smoothed function (Fig. 5). SR dropped from ~6 to 2 m/
my between 57 and 53 Ma, reached a high to 9 m/my between 49 and
44 Ma, and remained between ~4 and 2 m/My between 44 and 35 Ma.

All 333 sampleswere oven-dried at 60 °C for 24 h to remove remain-
ing pore water. Each dried sample was split into two aliquots. One ali-
quot was crushed and homogenized using an agate mortar and used
for carbonate content and stable isotope analyses. The other half was
used for foraminiferal “dissolution” studies.

3.3. Analytical methods

3.3.1. Stable isotopes
Bulk sediment stable isotope compositions were determined using

~100 μg of powdered and homogenized material. Samples from Hole A
were analyzed on an Isotope Ratio Mass Spectrometer (IRMS) coupled
to a Kiel IV carbonate device at the Stable Isotope Laboratory, University
of California, Santa Cruz. Carbon and oxygen isotope measurements
were calibrated to Vienna PeeDee Belemnite (vPDB) using NBS-18,
CM-12 and in-house standard Atlantis II. Samples from Holes B and C
were analyzed on an IRMS coupled with a Gasbench II device at the Sta-
ble Isotope Laboratory, Rice University. Weights of samples used for
these analyses were adjusted to obtain approximately 150 μg of carbon-
ate. Measurementswere calibrated to Vienna PeeDee Belemnite (vPDB)
using NBS-18, IAEA-603 and in-house KLS as standards. Analytical pre-
cision was better than ±0.05‰ for δ13C and ± 0.1‰ for δ18O (UCSC),
and ± 0.1‰ for δ13C and ± 0.2‰ for δ18O (Rice U). True replicates of
26 samples were analyzed at both laboratories, yielding maximum dif-
ferences of 0.15‰ for δ13C and 0.3‰ for δ18O.
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3.3.2. Carbonate content and mass accumulation rate
Carbonate content was determined at Rice University using the

‘Karbonat-bombe’ technique (Dunn, 1980; Müller and Gastner, 1971).
Approximately 2 g of sediment was weighed and subsequently reacted
with 10ml of 10% hydrochloric acid in a chamber connected to a water-
filled burette. The 333 samples were analyzed in batches with variable
masses (1.5 to 5 g) of reagent grade calcium carbonate and BCSS-CRM
No. 393 Limestone as standards. Analytical precision was within ±2%,
as determined from multiple measurements of standards.

The carbonate mass accumulation rate (MARcarb, in g/cm2/ky) for a
given sample can be calculated by the following equation using the SR
(van Andel, 1983; Norris et al., 2014):

MARcarb ¼ SR � CaCO3 wt%=100ð Þ � DBD; ð2Þ

where SR is sedimentation rate (cm/ky) and DBD is dry bulk
density (g/cm3) (Supplemental Fig. 1), which includes grain
density and pore space.

3.3.3. Dissolution proxies
Dissolution of foraminiferal tests occurs during postmortem descent

through the water column and on or near the seafloor. Two proxies for
this process have been suggested: the degree of planktic foraminiferal
fragmentation and the ratio of planktic to benthic foraminifers
(Berger, 1970; Bé et al., 1975). These indices have been measured in
several studies on deep-sea Paleogene sediment cores (Hancock and
Dickens, 2005; Leon-Rodriguez and Dickens, 2010; Luciani et al., 2016;
D'Onofrio et al., 2020). In this study, we follow previous work but
place extra effort on documenting how such indices are determined.

Approximately 10 g of each dried sample was gently, cautiously and
thoroughlymixedwith deionizedwater and sieved at N63 μm. For deep-
sea sedimentwell above the CCD, this leads to a coarse fraction typically
comprised of foraminifers (Bassinot et al., 1994; Frenz et al., 2005; Chiu
and Broecker, 2008). After drying overnight on filter paper, the coarse
fractions were put into an oven for 24 h at a fixed temperature of
60oC, to remove excessmoisture. Using a stereoscope, planktic foramin-
ifers were counted for whole tests (w) and fragments (f) and benthic
foraminifers were counted for moderate to well preserved tests (b). At
least 300–500 counts were made per sample to minimize statistical
bias (Malmgren, 1987). Twenty-five samples were sieved and proc-
essed separately and re-counted to ascertain reproducibility. In general,
two types of foraminiferal test fragments occur. A “type 1” fragment (f1)
is where the test portion is less than two thirds of its supposed original
size (Berger et al., 1982; Hancock and Dickens, 2005). A “type 2” frag-
ment (f2) is where a test exhibits significant signs of peeling on wall
structure (Leon-Rodriguez and Dickens, 2010). Representative samples
to demonstrate different types of foraminifers and fragments (w, b, f1
and f2) are shown in Fig. 6.

The fragmentation index (FRAG) was calculated for planktic
foraminifers using the following formula (Le and Shackleton,
1992; Hancock and Dickens, 2005; Leon-Rodriguez and Dickens,
2010):

FRAG %ð Þ ¼ f=8ð Þ= f=8ð Þ þw½ �f g=100: ð3Þ

The “eight” in the equation is a somewhat arbitrary value to provide
amore linear response of foraminiferal fragmentation; effectively, a sin-
gle planktic foraminifer breaks into multiple fragments (Le and
Shackleton, 1992). Also, by convention, benthic foraminifers were not
counted as part of the number of whole foraminifers, because benthic
foraminifers tend to be more resistant to dissolution (Berger, 1973;
Nguyen et al., 2009).

The planktic/benthic index (P/(P + B)) is defined as the number of
whole planktic foraminiferal tests (w, which is the same as used for cal-
culating FRAG) divided by the sum of whole planktic foraminiferal
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(w) and moderately to well preserved benthic foraminiferal tests
(b) (Leon-Rodriguez and Dickens, 2010). More specifically:

P= Pþ Bð Þ ¼ w= wþ bð Þ: ð4Þ

As both indices involve extensive and subjective counting, it isworth
documenting the quantification of the FRAG and P/(P+B) using photo-
graphs from different samples (Fig. 7). Sample 1209A-14H-1, 12 cm
(134.32 rmcd) is light colored (White, 2.5Y 8/1) with high carbonate
content (94%). Counts based only on the field of view of the photograph
yields a FRAG of 18% and P/(P+B) of 0.96. Sample 1209A-14H-1, 53 cm
(134.73 rmcd) is also light colored (White, 2.5Y 8/1) with high carbon-
ate content (94%), having a FRAGof 23% and P/(P+B) of 0.95 (based on
counts only from the field of view shown in the photograph). By con-
trast, sample 1209A-15H-7 W, 23.5 cm (153.10 rmcd) is dark (Gray,
2.5Y 4/1), with a low carbonate content (73%), and having a FRAG of
32% and P/(P + B) of 0.67.

4. Results

4.1. Stable isotopes

The δ13C of bulk sediment varies from 0.54‰ to 3.20‰ across the
studied interval (Supplemental Table 2, Fig. 8). The lowest and highest
values are found at 210.76 and 219.89 rmcd, respectively. The δ13C re-
cord begins with a prominent negative carbon isotope excursion (CIE)
of ~2.7‰ between 219.8 and 217.8 rmcd, followed by a long-term low
in δ13C, between 210 and 198 rmcd. Between 200 and 196 rmcd, there
is a gradual positive shift in δ13C of nominally ~1.0‰. This record also
indicates the presence of several significant δ13C changes over relatively
small changes in depth. Additional CIEs of 0.25 to 0.75‰ are present be-
tween 215 and 190 rmcd. Sediments above 185 rmcd display less vari-
ation in δ13C butwith several apparent cycles and a fewminima, such as
a marked low at 171.23 rmcd. Interestingly, only a relatively minor CIE
of ~0.5‰ marks the prominent dark colored horizon at ~153 rmcd. To-
wards the top of the studied record, a significant increase in δ13C, from
1.15‰ to 1.89‰, occurs between 141 m and 138 rmcd.

The δ18O values of bulk sediment vary from −1.67‰ to 0.93‰
(Fig. 8). The minimum and maximum values occur at 197.5 and
170 rmcd, respectively. Overall, values increase up the section and
with greater variability compared to changes in δ13C. Though δ18O
and δ13C exhibit only a weak positive correlation (r2 = 0.15) consid-
ering the entire dataset (Fig. 10A), most of the significant negative
CIEs correspond to drops in δ18O. Additionally, the positive shift in
δ13C between 141 and 138 rmcd correlates with an increase in
δ18O. At a basic level, changes in the two stable isotope records
track each other much more across short intervals than on the
broad scale (Supplementary Table 4).
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4.2. Carbonate content and mass accumulation rate

All samples have a carbonate content ranging between 50 and 100%
(Fig. 9, Supplemental Table 1). The maximum and minimum values are
~99wt% at 172.74 and 52.3 wt% at 153.04 rmcd, respectively. Except for
some intervals, though, most samples yield carbonate contents exceed-
ing 90 wt%. Indeed, the average carbonate content across all 333 mea-
sured samples is 92.3 wt%. Although precise comparisons are not
possible (because of slightly different depth and sample heterogeneity),
carbonate content values and ranges are consistent with previous data
at much lower resolution (Fig. 9; Hancock and Dickens, 2005).

Carbonate content shows a modest negative correlation (r2 = 0.45)
with magnetic susceptibility (MS) (Fig. 10B). Such correlation improves
when one considers only samples with carbonate content ≤90% (Fig. 4,
Supplementary Table 4). Considering all 333 samples, carbonate content
shows almost no correlation with δ13C (Fig. 10C), which improves to
0.15 considering only the small subset of data.

Across the examined section, carbonate mass accumulation rate
(MARcarb) averages 0.73 g/cm2/ky. MARcarb at each sampled interval is
dependent on calculation of SR and carbonate content of the interval
(Eqn 2). The maximum and minimum values of MARcarb are 1.35
g/cm2/ky at 194.87 rmcd and 0.16 g/cm2/ky at 153.04 rmcd, respec-
tively. Between 220 and 205 rmcd, average MARcarb is ~0.31 g/cm2/ky,
and increases to an average of ~0.95 g/cm2/ky between 205 and 155
rmcd, and again drops to ~0.39 g/cm2/ky above 155 rmcd (Fig. 9).

4.3. Scanning electron microscope work

Representative FESEM images show foraminifers and fragments
(Fig. 6). Other than enabling a better description on methods for
measuring dissolution proxies, such imaging highlights two points.
Foraminifers are often recrystallized and secondary calcite exists in
the sediments (Supplemental Fig. S2). Such recrystallization can par-
ticularly affect δ18O, given high water/grain ratios in sediment,
geothermal gradients and a strong temperature effect on oxygen iso-
tope fractionation (Lohmann, 1995; Schrag, 1999). SEM imagery also
emphasizes on the highly heterogeneous nature of Eocene sediments
at Site 1209, even across small depth increments.

4.4. Planktic foraminiferal fragmentation

The record of planktic foraminiferal fragmentation, measured as
FRAG (%) shows high variability. Across the studied section, FRAG varies
between 1.1 and 47.3%, and averages 14% (Fig. 8, Supplemental Table 3).
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The minimum value occurs at 217.46 rmcd, while the maximum value
occurs at 153.04 rmcd, and at the depth of lowest carbonate content.
In the interval above 160 rmcd, FRAG is persistently higher than the sec-
tion below. This trend is similar to a previously published low resolution
dataset from Site 1209 (Fig. 9, Hancock and Dickens, 2005).

FRAG shows a weak negative correlation with carbonate content,
with a r2 = 0.22 for our dataset. This is somewhat different than previ-
ous observations at Site 1209 (Hancock and Dickens, 2005), where no
correlation was found (Fig. 10D). Between FRAG % and δ13C, there
again appears to be almost no correlation (Fig. 10E). However, it is im-
portant to note that, across short intervals of highMS and low carbonate
contents (e.g., at ~218 and ~ 153 rmcd), high FRAG values occur (Fig. 9).
Above 140 rmcd, when MS drops and carbonate content increases,
FRAG exhibits a decreasing trend. In summary, a good correlation be-
tween FRAG, carbonate content andMS occurs across certain specific in-
tervals, but becomes minimized when taking the entire dataset into
account (Supplementary Table 4).

4.5. Planktic to benthic foraminiferal ratio

The P/P + B ratio ranges between 0.41 and 0.99, and average 0.88
(Fig. 9, Supplemental Table 3). The maximum value occurs at 136.42
rmcd, while the minimum value again occurs at 153.04 rmcd. In past
work at Site 1209 (Hancock and Dickens, 2005), data was presented
as BENTH, where:

BENTH %ð Þ ¼ B= Pþ Bð Þ � 100 ð5Þ

Such data can readily be converted to P/P + B ratio as:

P=Pþ B ¼ BENTH %ð Þ=100ð Þ−1 ð6Þ

Records of the P/P + B ratio from both studies again show similari-
ties across Eocene sediment (Fig. 9). The P/P+ B record shows a drastic
decrease above 160 rmcd, which coincides with the major increase of
FRAG. Similar to FRAG, P/P + B exhibits high scatter across short
changes in depth.

The planktic/benthic index shows a weak negative correlation with
carbonate content, with a r2 = 0.22 for our entire dataset (Fig. 10F).
This is similar to that reported previously (Hancock and Dickens,
2005). Like FRAG %, P/(P + B) shows almost no correlation with δ13C
(Fig. 10G). But, FRAG % and P/P+ B have relatively good negative corre-
lation between themselves; r2 = 0.61(Fig. 10H). Such values of
correlation can again change significantly when short intervals are con-
sidered. For example, at ~218 and ~153 rmcd, distinct decreases in car-
bonate content, increases in MS and FRAG coincide with decreases in P/
(P + B). Also above 140 rmcd, when FRAG decreases, P/(P + B) in-
creases, and such changes are consistentwith changes in carbonate con-
tent andMS. The overall scatter in the data often dilutes such correlation
across short intervals, as seen by improved r2 for the selected subset of
data (Supplementary Table 4).
5. Discussion

5.1. Bulk isotope records across the Eocene

5.1.1. General recognition
Bulk carbonate comprises various components, eachwith potentially

distinct carbon and oxygen isotope compositions because of different
fractionation, habitat or post-depositional modification. Interpreting
bulk isotope records necessarily carries complications, especially if frac-
tionation factors or the relative abundance of different components vary
over time. Sediments from Site 1209 mostly consist of nannofossil ooze
(Bralower et al., 2002; Hancock and Dickens, 2005; Westerhold et al.,
2018), so the bulk carbonate isotope records should largely reflect the
average composition of this fine fraction, which originally formed in
the overlying photic zone. As implied by the “ooze” description, signifi-
cant lithification of sediments has not occurred at Site 1209, and post-
depositional alteration in isotope compositions might be low. However,
evidence of secondary overgrowth on foraminifers and presence of
authigenic calcite (Supplemental Fig S1; Dutton et al., 2005) indicates
some recrystallization. Because of much lower water/rock ratios for car-
bon andbecause of smaller temperature-related fractionation for carbon
isotopes, recrystallization generally affects δ13C much less than δ18O
(Romanek et al., 1992; Sexton et al., 2006; Blanchet et al., 2012; Edgar
et al., 2015).

5.1.2. Carbon isotopes
The record of bulk carbonate δ13C at Site 1209 (Figs. 8, 11) exhibits

significant variations over short time increments. This does not origi-
nate from misaligned cores or analytical error, but represents the
short-term variability within samples. Over some intervals, changes in
δ13C directly relate to variations in carbonate content and MS (Fig. 4).
Notably, the high-resolution early Eocene bulk δ13C record at adjacent
Site 577 (Fig. 11) shows similar short-term changes.
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Our study extends the existing early Eocene bulk carbonate δ13C re-
cord fromSite 577 (Fig. 3; Shackleton et al., 1985; Dickens andBackman,
2013; Luciani et al., 2016) across the entire Eocene. Despite differences
in sample resolution, the new record from Site 1209 fits well with the
existing early Eocene record from Site 577 (Figs. 11), presumably be-
cause of geographical proximity and similar paleodepth (Fig. 3). At
least between 56 and 45Ma, the bulk δ13C record at Site 1209 also tracks
the benthic foraminiferal δ13C record at this location (Westerhold et al.,
2018) (Fig. 11). A consistent offset of 1–2‰ exists, because bulk carbon-
ate at Sites 1209 and 577, dominated by calcareous nannofossils but
with significant planktic foraminifers, mostly represents upper water
column values. Such an offset is also noted in Neogene carbonates
from equatorial Pacific (Reghellin et al., 2020).

Comparison of the bulk δ13C record from Shatsky Rise to similar re-
cords elsewhere is limited because of the lack of continuous Eocene
bulk δ13C records from other open ocean sites. Several long- and
short-term changes in bulk δ13C at Site 1209 appear to track those at
Walvis Ridge, in the south Atlantic (Fig. 11; Westerhold et al., 2017).
As the records derive from different carbonate components in different
ocean basins, the similarities likely reflect past changes in the δ13C com-
position of the ocean-atmosphere system.

A long-term depletion in δ13C, which began in the late Paleocene,
terminates at ~53 Ma and the start of the EECO. About halfway through
EECO, after ~52 Ma, a major (~0.8‰) positive shift in δ13C occurred
(Fig. 11; Kirtland Turner et al., 2014; Luciani et al., 2016; Westerhold
et al., 2018). However, following this positive shift, especially after 48
Ma, both bulk and benthic foraminiferal δ13C records show minimal
long-term variance until the end of the Eocene. Given long-term
warming towards EECO and long-term cooling after EECO (Figs. 1; 11;
Zachos et al., 2001; Bijl et al., 2009; Crouch et al., 2020), coupling of
global temperature and carbon cycling appear to change significantly
within the early Eocene. Specifically, potential changes in ocean-
atmosphere carbon mass before and during EECO relate to changes in
carbon fluxes with very different δ13C than that of the exogenic carbon
cycle, whereas those after EECO had similar δ13C to that of the exogenic
carbon cycle.

As recognized for over a decade, a series of significant short-term
negative CIEs occurred during the early Eocene (e.g. Nicolo et al.,
2007; Zachos et al., 2010). Some of these clearly relate to “hyperthermal
events” (Lourens et al., 2005; Agnini et al., 2009; Lauretano et al., 2015),
and are apparent in the bulk δ13C records at Sites 577 and 1209, as for
example a 2.5‰ drop in δ13C marking PETM, a 1‰ and 0.5‰ marking
H-1/ETM2 and J events respectively. Multiple CIEs between 53 and 50
Ma characterize EECO (Luciani et al., 2016; Westerhold et al., 2018).
However the interval following 48 Ma is far less studied and not well
constrained both in terms of isotope stratigraphy as well as deep-sea
carbonate accumulation.

Significant deep-sea carbonate dissolution marks the main early
Eocene hyperthermal events (Dickens et al., 1997; Stap et al., 2009),
often accompanied by a drop in carbonate content and spike in MS.
Given a limited totality of samples, and a decrease in sedimentation
rates (Fig. 5) after 48Ma, we thus specifically collected samples spanning
MS spikes at Site 1209 (Fig. 4), assuming theymight represent additional
hyperthermals. Our studydocuments a number of such intervalswith low
carbonate content, highMS and a drop in δ13C (Fig. 12). A very significant
decrease in carbonate content and increase in MS occurs at ~40.5 Ma, ac-
companied by a negative CIE of ~0.4‰. This is corresponding to MECO, a
prominent global warming event of middle Eocene (Bohaty and Zachos,
2003; Bohaty et al., 2009; Sluijs et al., 2013). Some other negative CIEs
during middle-late Eocene can be identified in our record at ~41.5 Ma,
~36.5 Ma and ~ 35.5 Ma (Fig. 12). These middle-late Eocene CIEs, smaller
in magnitude than the hyperthermals of early Eocene, are superimposed
on a rather ‘flat’ long-term trend in bulk δ13C curve.

A prominent positive shift in δ13C occurs between 34 and 33 Ma, at
the Eocene-Oligocene transition. This is known from other records and
thought to be associated withmajor global cooling, Antarctic glaciation,
sea level drop and decrease in shelf carbonate burial (Coxall et al., 2005;
Merico et al., 2008; Armstrong McKay et al., 2016).

5.1.3. Oxygen isotopes
Like the bulk δ13C record, the bulk δ18O record at Site 1209 shows

significant variations across small depth/time intervals. However, the
amplitude of variation is much greater (Fig. 11). One reason for such
variations could be post-burial recrystallization of calcite,which can sig-
nificantly affect bulk δ18O (Lohmann, 1995; Schrag, 1999). Secondary
calcite formation from partial dissolution of foraminiferal tests, which
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is evident in samples from Site 1209 (Supplemental Fig. S2), could
sometimes result in heavier δ18O values of altered foraminiferal tests
(Pearson et al., 2001; Sexton et al., 2006). However, the actual amount
of diagenetic alteration of the bulk sediments is hard to assess, as it de-
pends on multiple factors, such as time, burial depth and the local
geotherm (Schrag et al., 1995). Hence, the bulk sediment δ18O record
at Site 1209 does not appear ideal for palaeoceanographic interpreta-
tions. Despite this, some trends and deviations probably are directly re-
lated to changes in sea surface temperature.

Between 57 and 54 Ma, the bulk δ18O record is lower than the ben-
thic foraminiferal δ18O record, both globally and at Site 1209, by about
1–1.5‰ (Fig. 11). Such a difference may reflect a thermally stratified
ocean, where surface waters are warmer than deep waters. However,
during the rest of the early Eocene (~54–48Ma), the offset is rather neg-
ligible; by comparison, the difference between bulk carbonate and ben-
thic foraminiferal δ18O is about 3–4‰ in upper Miocene through
Holocene of the tropical Pacific (Reghellin et al., 2020). Moreover, be-
tween 53 and 50 Ma, which corresponds to the EECO, there is a general
low in bulk δ18O. While somewhat consistent with bulk δ18O records
from sites onWalvis Ridge (Westerhold et al., 2017), and with extreme
warmth during the EECO, values drop to those of benthic foraminifers,
which is difficult to explain. After the termination of EECO, δ18O records
at Site 1209 and at Walvis Ridge exhibit an increasing trend (Fig. 11).
This possibly signals the beginning of long-term Eocene cooling. How-
ever, between 45 and 41 Ma, sedimentation rate drops sharply at Site
1209 (Fig. 5), so that it is difficult to precisely constrain details at the
current sampling resolution. After the termination of MECO and
through the rest of middle and late Eocene, there again is a long-term
increasing trend in δ18O, consistent with cooling heading towards the
Eocene-Oligocene transition.

Compiled bulk δ18O data from Sites 1209 and 577 (Fig. 11) shows a
prominent negative excursion of N1‰ corresponding to the PETM.
This is also found in bulk carbonate δ18O records from other locations
(Leon-Rodriguez and Dickens, 2010; Slotnick et al., 2015; Agnini et al.,
2016) and benthic δ18O records (Zachos et al., 2001, 2008; Westerhold
et al., 2018). Multiple negative oxygen isotope excursions occur be-
tween 54 and 50 Ma, including the H1/ETM2 and J events at ~54 Ma
and ~53 Ma, respectively. Another prominent (~1‰) negative δ18O ex-
cursion occurs between 40.5 and 40 Ma, likely corresponding to the
MECO (Bohaty and Zachos, 2003; Sluijs et al., 2013; Boscolo Galazzo
et al., 2014). A significant (~2‰) positive excursion in bulk δ18O occurs
between 34 and 33 Ma, which marks the Eocene-Oligocene transition,
global cooling and first polar ice growth of the Cenozoic (Zachos et al.,
2001; Coxall et al., 2005; Carter et al., 2017).

5.2. Carbonate dissolution at Site 1209

5.2.1. General features in carbonate accumulation records
Many open ocean sites at low-latitude, especially on bathymetric

highs, have two main inputs raining from surface water: biogenic car-
bonate andwind-blown terrigenousmaterial. Amongst such sites with-
out significant biogenic silica, the lysocline has been defined as the
water depth where seafloor carbonate content drops below 80%
(Boudreau et al., 2010). By this criteria, Site 1209 lay about the lysocline
depth (Fig. 2) throughout much of the Eocene (Bralower et al., 2002).
However, carbonate preservation is subtler than this.

Carbonate content of deep-sea and siliceous-poor sediments is gen-
erally inversely related to MS, because the non‑carbonate fraction
carries almost all the magnetic signal (Ellwood et al., 2000; Lourens
et al., 2005; Leon-Rodriguez and Dickens, 2010). Numerous intervals
at Site 1209 with carbonate content below 80% have relatively high
MS, high FRAG and lowP/(P+B) (Fig. 12). One such interval, associated
with a drop in MARcarb, occurred at ~56 Ma and corresponds to the
PETM, an event related to intense worldwide ocean acidification (e.g.
Dickens et al., 1997; Zachos et al., 2005; Penman et al., 2014) (Fig. 12).
A similar response happened across other intervals between 54 and
50 Ma, notably including the H-1/ETM-2, I, J and K/X/ETM-3 events
(Fig. 12). This is consistent with the idea that multiple early Eocene
hyperthermals were associated with intense ocean acidification and
short-term shoaling of the CCD and lysocline (e.g. Zachos et al., 2008;
Leon-Rodriguez and Dickens, 2010; Slotnick et al., 2015; Lauretano
et al., 2016). At a simple level, the short-term hyperthermal events
represent times of increased carbonate dissolution on the seafloor
(Hancock and Dickens, 2005; Leon-Rodriguez and Dickens, 2010;
Zachos et al., 2010) and when the lysocline shoaled above the depth
of Site 1209 (Fig. 2).

Readily clear, however, many samples at Site 1209 do not display ex-
pected strong relationships between CaCO3%,MS, FRAG and P/(P+B). In-
deed, considering the entire suite of samples, bivariate plots demonstrate
relatively low correlations between some of these parameters (Fig. 10).

Here it is important to compare carbonate content and dissolution
proxies in the current study with those in the previous work at Site
1209 (Hancock and Dickens, 2005). The r2 value between carbonate
content and FRAG is significantly higher for the present dataset
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(Fig. 10D). Between carbonate content and P/(P + B), difference in r2

values between the two studies is much lower (Fig. 10F). At least
three reasons can explain such differences. First, the difference in
sample numbers examined in the two studies can contribute to differ-
ences in r2. Second, the sampled intervals are not exactly the same, sed-
iment heterogeneity at the cm-scale can result in variability of FRAG and
P(/P+ B) values. Third, themethods are somewhat different, especially
for FRAG. Following Leon-Rodriguez and Dickens (2010), tests that
show significant peeling are also considered fragments. Though quanti-
tative, the dissolution indices largely depend on sample heterogeneity
and subjectivity.

Furthermore, the relationship between carbonate content and disso-
lution indices is not straightforward (Hancock and Dickens, 2005). As
noted, planktic foraminifers dissolve more readily than benthic fora-
minifers and calcareous nannofossils (Berger, 1973; Reghellin et al.,
2020; D'Onofrio et al., 2020). For sediments dominated by calcareous
nannofossils, modest dissolution can therefore result in a relatively
minor drop in CaCO3 but relatively high FRAG and low P/(P + B). This
concept is particularly relevant to deep-sea sections, where open
ocean carbonate accumulation occurred near the lysocline. That stated,
drops in carbonate accumulation should characterize such intervals. De-
spite complexities, all information at Site 1209 suggests a first-order in-
crease in carbonate dissolution that began ca 44 Ma.

Shatsky Rise presumably experienced limited subsidence after the
Cretaceous (Bralower et al., 2002), given its Jurassic age. With this as-
sumption, records of carbonate accumulation and preservation can be
placed within the context of fixed water depth across the Paleogene.

5.2.2. Carbonate dissolution in early Eocene
During early Eocene, various proxies suggest relatively low carbon-

ate dissolution at Site 1209 (Fig. 12), which somewhat contrasts and
complicates views from previous work at sites examined elsewhere
(Hancock et al., 2007; Zachos et al., 2010; Leon-Rodriguez and Dickens,
2010; Pälike et al., 2012; Slotnick et al., 2015). The overall low MAR of
carbonate, between the PETM and the K/X/ETM-3 events, may result
in part from inclusive hyperthermals. Presumably, this time represents
accelerated long-term inputs of carbon to the ocean, which also drove
the associated overall decrease in global exogenic δ13C (Komar et al.,
2013). An explanation for lowered overall carbonate MAR is that
multiple prominent short-term dissolution horizons linked to the
hyperthermals (noted above) significantly decreased million-year car-
bonate accumulation.

Like previouswork at Site 1209 (Hancock and Dickens, 2005), a sub-
tle but detectable increase in carbonate dissolution begins about half-
way through EECO at ~52 Ma (Fig. 12). This is approximately when
δ13C records at Shatsky Rise and elsewhere show a pronounced rise
(Kirtland Turner et al., 2014; Luciani et al., 2016; Westerhold et al.,
2018), and consistent with lowered long-term fluxes in carbon inputs
and a rise in carbonate saturation horizons (Slotnick et al., 2015). A re-
cent study by D'Onofrio et al. (2020) has documented a similar observa-
tion at Site 1258 in the Atlantic, where an increase in the baseline of
fragmentation was recorded in the upper part of early Eocene sediment
sequences.

A more perplexing problem at Site 1209 is a relatively high carbon-
ate accumulation that persists from52 to 48Ma and until after the EECO
(Fig. 12). During the same time at other deep-sea locations, carbonate
saturation horizon rose significantly (Pälike et al., 2012). It is not an
issue of erroneous ages, because the δ13C records at Site 1209 would
not otherwise align with sites elsewhere (Fig. 11). It is possible that
the CCD and lysocline at Shatsky Risewere deeper than those at equato-
rial Pacific sites, perhaps signaling a shift in the location of carbonate ac-
cumulation and the flattening of latitudinal carbonate dissolution
horizons. Relatively high nannofossil productivity during this interval
may have driven the higher carbonate MAR, as coarse fraction abun-
dances at Site 1209 appear to be low during this interval (Hancock
and Dickens, 2005; Westerhold et al., 2018).
5.2.3. Middle-late Eocene carbonate dissolution events
After 44 Ma, Site 1209 shows lowered carbonate MAR and overall

greater carbonate dissolution (Fig. 12). A drop in sedimentation rate is
evident especially after 44Ma (Fig. 5), which results in a lower temporal
resolution for data across the middle and late Eocene. Several episodes
of intense carbonate dissolution are recorded at Site 1209 (Fig. 12),
which we refer to as carbonate dissolution events (CDEs). These fluctu-
ations possibly relate to changing carbonate budget in middle-late Eo-
cene Pacific waters (Hancock and Dickens, 2005). At least seven high
amplitude fluctuations in CCD have been reported previously from
equatorial Pacific sediments that accumulated between 45 and 34 Ma
(Pälike et al., 2012). The CDEs at Site 1209 appear to be synchronous
with the variations in the equatorial Pacific CCD (Fig. 12). This implies
that fluctuations in carbonate saturation horizons over the middle-late
Eocene may have been widespread.

5.2.4. A potential problem with tectonics
Long-term changes in carbonate dissolution at Site 1209 (Fig. 12),

especially the increase after 44 Ma, could relate to subsidence. This
speculation arises because a major tectonic reorganization occurred
within the western Pacific between the late-early Eocene and early-
middle Eocene (O'Connor et al., 2015; Sutherland et al., 2020), and be-
cause vertical movements of the seafloor would result in apparent
changes of saturation horizons (Fig. 2). A change in Shatsky Rise water
depth between Cretaceous-early Eocene and late Eocene-Neogene has
been suggested previously (Ito and Clift, 1998). We cannot exclude po-
tential tectonic effects on the Site 1209 dissolution records in the back-
ground. Importantly, though, the short-term and significant intervals of
carbonate dissolution at Site 1209 are almost assuredly related to
changes in regional to global carbon cycling.

5.3. Comparison of early Eocene hyperthermals and short-term events of
middle-late Eocene

The term hyperthermal generally refers to extreme short-term
(b200 kyr) globalwarming events that occurred during the latest Paleo-
cene and early Eocene. Notably, these events are marked by prominent
negative δ13C excursions (CIEs) and seafloor carbonate dissolution
(Sluijs et al., 2009; Littler et al., 2014; Lauretano et al., 2016). At Site
1209, our study has identified the PETM, H-1/ETM2, I, J and the end
part of K/X or ETM3. These hyperthermals exhibit CIEs and carbonate
dissolution (Fig. 12). Ofmore novel interest, significant increases in car-
bonate dissolution exist at Site 1209 across at least five middle-late Eo-
cene intervals (Fig. 12), marked as carbonate dissolution events (CDEs)
1 through 5.

The most significant carbonate dissolution happened at ~40.5 Ma,
and corresponds to MECO. Such seafloor dissolution has been docu-
mented in other ocean basins (e.g. Henehan et al., 2020). Interestingly,
at Site 1209, the intensity of dissolution at MECO exceeds that during
the PETM and early Eocene hyperthermals. Moreover, as depicted by
changes in benthic foraminiferal δ18O (Fig. 1) and other proxies, the
middle-late Eocene dissolution intervals occurred during an overall
long-term cooling trend, whereas the early Eocene hyperthermal
events occurred during a long-term warming trend. There are also dif-
ferences in the background carbon cycle, as inferred from the long-
term δ 13C records and variations in seafloor carbonate dissolution hori-
zons (Figs. 11, 12), as the duration of hyperthermals was generally
lesser than CDEs.

There is no a priori reason that all short-term dissolution horizons
spanning the Eocene have a similar origin. Indeed, even across the
early Eocene, ongoing debates continue as to whether the PETM indi-
cates a special cause or represents the most profound example of
similar process (e.g. Nicolo et al., 2007). To further assess the relation
between CIEs and carbonate dissolution across short-term perturba-
tions across the Eocene, we revisit correlations between various pa-
rameters using a different approach. For five major early Eocene
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hyperthermals and for five major dissolution events of the middle-
late Eocene, we calculate the change in a proxy (Δproxy) relative to
“background” conditions as:

Δproxy ¼ mean value of samples before and after an eventð Þ
− mean value of sample during the eventð Þ

ð7Þ

Such Δproxy values were calculated for FRAG, P/P + B, CaCO3% and
δ13C (Fig. 13).
As previously noted, various parameters have rather poor correlation
between each other over the entire dataset (Fig. 10). However, when ex-
amined using the above approach, a fundamental difference arises be-
tween different short-term events. In particular, over short increments,
r2 values, using linear regression methods, between δ13C and dissolution
proxies (e.g. ΔP/P + B versus Δδ13C) are higher for early Eocene
hyperthermals than for middle-late Eocene CDEs (Fig. 13). Similarly,
using Deming regression methods, r2 is generally higher for proxy rela-
tionships in case of early Eocene hyperthermals than the CDEs (Fig. 13,
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Supplementary Table 5). The simplest explanation is that, during Early Eo-
cene hyperthermals, elevated inputs of 13C-depleted (organic-related)
carbon into the ocean-atmosphere system drove seafloor carbonate dis-
solution (Dickens et al., 1997; Zachos et al., 2005; Zeebe et al., 2009). By
contrast, the dissolution events of the middle-late Eocene were related
to changing ocean carbonate budgets with either limited addition of car-
bon to the ocean-atmosphere system, or little difference between the δ13C
of extra carbon and the exogenic carbon cycle.

5.4. Dissolution in terms of global climate and carbon cycling

Changes in benthic foraminiferal δ18O records (Fig. 11) and other
proxy information (e.g. Dutton et al., 2005; Cramwinckel et al., 2018)
strongly suggest long-term global warming heading into EECO and
long-term cooling following this interval. These changes have been
widely linked to variations in atmospheric pCO2 (e.g. Zachos et al.,
2008; Pagani et al., 2011; Pälike et al., 2012), although available proxy
records for this parameter have high uncertainly (e.g. Royer et al.,
2004; Beerling and Royer, 2011). Numerous records indicate major
long-term changes in δ13C before the ECCO, but no significant long-
term trend in δ13C following the interval (Fig. 11).

With simple views of global carbon cycling, variations in atmo-
spheric pCO2 should relate to net changes in carbon inputs and outputs
to the ocean and atmosphere (e.g. Dickens, 1999; Komar et al., 2013).
Crucial to a full understanding of climate and carbon cycling across
the Cenozoic are records of deep-sea carbonate accumulation, as this
is the dominant output of carbon from the ocean-atmosphere system.

In some regards, our records at Site 1209 support aspects of basic
carbon cycle theory. The early Eocene hyperthermals manifest as nega-
tive CIEs along with transient increases in carbonate dissolution. Other
than the broad and transient changes in the Early Eocene that have
been discussed in previous works (e.g. Leon-Rodriguez and Dickens,
2010; Westerhold et al., 2018), enhanced dissolution observed through
the middle and late Eocene are consistent with lowered net carbon
emissions. Effectively, the exogenic carbon cycle mass diminishes, less
carbon comes into the ocean, less carbonate leaves via seafloor deposi-
tion, and the lysocline and CCD shoal. Following our study at Site 1209,
clearly, there is room for additional work, because, circa 2020, it is diffi-
cult to arrive at good internally consistent explanations for how to link
climate and carbonate accumulation in the deep-sea.

6. Conclusions

Our study at ODP Site 1209 in the north-central Pacific presents the
first set of continuous records relevant to understanding changes in sea-
floor carbonate dissolution across the entire Eocene. We have generated
records of bulk carbonate δ13C and δ18O, carbonate content, and carbon-
ate mass accumulation rates as in several studies. Here we also tie these
to measurements that relate to seafloor carbonate dissolution and how
various biogenic carbonate components respond to changes in ocean
chemistry. The records are complex, certainly more so than we initially
anticipated. Over both long-term and across short intervals, major
changes in carbonate dissolution occurred. These can be summarized as:

• Transient increases in carbonate dissolution were associated with
short-term early Eocene hyperthermals. Such increases were accom-
panied by negative carbon isotope excursions, rises in MS, and drops
in carbonate content.

• During themiddle-late Eocene, a number of prominent carbonate dis-
solution events happened at Shatsky Rise. These dissolution events
seem stratigraphically correlated to high amplitude variations in the
CCD previously recorded in the equatorial Pacific.

• TheMECO exhibits intense carbonate dissolution, along with a prom-
inent negative δ18O excursion but a modest negative δ13C excursion.
Likely carbonate dissolution horizons in the equatorial Pacific shoaled
during MECO.
• Considering long-term trends at Site 1209, seafloor carbonate dissolu-
tion appears relatively mild at Site 1209 through the middle of the
EECO (~52Ma). After this time, dissolution intensifies, and this change
coincides with increase in δ13C of both bulk carbonates and benthic
foraminifers.

• Carbonatemass accumulation rates greatly increased between 52 and
48 Ma. Whether this reflects an anomalous increase in nannofossil
productivity, the observation differs from expectations from the equa-
torial Pacific, where the CCD shoaled. This may indicate complex rela-
tions concerning deep-sea carbonate accumulation at sites lying
below the lysocline.

• The intensity of carbonate dissolution significantly increases after 44
Ma. This contrasts with records from the Equatorial Pacific. Either tec-
tonism and changes in seafloor depth have affected one or both re-
gions, or a major shift in regional carbonate accumulation occurred.

• A prominent drop in seafloor carbonate dissolution occurred at the
end of the Eocene epoch. This major change at or near the Eocene-
Oligocene transition (EOT) has been documented many times.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sedgeo.2020.105705.
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