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8. EVIDENCE FOR LYSOCLINE SHOALING 
AT THE PALEOCENE/EOCENE THERMAL 
MAXIMUM ON SHATSKY RISE, NORTHWEST 
PACIFIC1

Amanda B. Colosimo,2 Timothy J. Bralower,3 
and James C. Zachos4

ABSTRACT

The Paleocene/Eocene Thermal Maximum (PETM) was a transient in-
terval of global warming ~55 m.y. ago associated with transformation of
ecosystems and changes in carbon cycling. The event was caused by the
input of massive amounts of CO2 or CH4 to the ocean-atmosphere sys-
tem. Rapid shoaling of the lysocline and calcite compensation depth
(CCD) is a predicted response of CO2 or CH4 input; however, the extent
of this shoaling is poorly constrained. Investigation of Ocean Drilling
Program (ODP) Sites 1209–1212 at Shatsky Rise, which lies along a
depth transect, suggests a minimum lysocline shoaling of ~500 m in
the tropical Pacific Ocean during the PETM. The sites also show evi-
dence of CaCO3 dissolution within the sediment column, carbonate
“burn-down” below the level of the carbon isotope excursion, and a
predicted response to a rapid change in deepwater carbonate saturation.
Close examination of several foraminiferal preservation proxies (i.e.,
fragmentation, benthic/planktonic foraminiferal ratios, coarse fraction,
and CaCO3 content) and observations of foraminifers reveal that in-
creased fragmentation levels most reliably predict intervals with visu-
ally impoverished foraminiferal preservation as a result of dissolution.
Low CaCO3 content and high benthic/planktonic ratios also mirror in-
tervals of poorest preservation.
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INTRODUCTION

The Paleocene/Eocene Thermal Maximum (PETM) was an interval of
rapid global warming ~55 m.y. ago at the Paleocene/Eocene (P/E)
boundary. The event is associated with an array of faunal and floral
changes: the largest deep sea foraminiferal extinction event in the last
90 m.y., rapid planktonic foraminiferal diversification, appearance of
several land mammal groups, transient turnover in nannoplankton as-
semblages, and a bloom of the shallow-water dinoflagellate genus Apec-
todinium (e.g., Maas et al., 1995; Kelly et al., 1998; Thomas, 1998;
Crouch et al., 2001; Bralower, 2002).

Associated with these biotic changes is a negative carbon isotope ex-
cursion (CIE) of –2‰ to –3‰ in marine and terrestrial reservoirs (e.g.,
Kennett and Stott, 1991; Koch et al., 1992; Bains et al., 1999). The mag-
nitude, global nature, and abrupt onset (<104 yr) of the CIE require
rapid transfer of a massive amount of isotopically light carbon to the
ocean-atmosphere system (e.g., Dickens et al., 1995). Several sources for
this light carbon have been proposed including volcanic outgassing
(e.g., Eldholm and Thomas, 1993), rapid burning of terrestrial organic
matter (Kurtz et al., 2003), impact of a comet (Kent et al., 2003), and
massive dissociation of methane hydrates along continental margins
(e.g., Dickens et al., 1995, 1997; Katz et al., 1999; Svenson et al., 2004).
Because the reservoir of methane hydrate in continental margin sedi-
ments is extremely large and their carbon isotopic composition is
highly depleted (δ13C value of approximately –60‰) (e.g., Kvenvolden,
1993), hydrate dissociation most readily explains the magnitude and
rate of onset of the CIE (e.g., Dickens et al., 1997).

One of the main effects of introduction of a large amount of CH4 or
CO2 into the ocean-atmosphere system is a rapid shoaling of the lyso-
cline, the depth range of increased CaCO3 solubility, and the calcite
compensation depth (CCD), the depth below which all CaCO3 is dis-
solved (e.g., Dickens et al., 1997). Ample evidence exists for shoaling of
both surfaces in widespread locations (e.g., Lu and Keller, 1993; Schmitz
et al., 1996; Thomas and Shackleton, 1996; Bralower et al., 1997; Tho-
mas et al., 1999; Erbacher, Mosher, Malone, et al., 2004; Zachos, Kroon,
Blum, et al., 2004; Zachos et al., 2005). The source of carbon, and espe-
cially whether it is introduced in the deep ocean or atmosphere, will
greatly affect lysocline and CCD behavior (e.g., Dickens et al., 1997;
Dickens, 2000). For example, if CH4 reached the atmosphere prior to
oxidation or if CO2 was not completely dissolved in the deep ocean
(e.g., Dickens et al., 1997; Dickens, 2000; Thomas et al., 2002), less
shoaling would occur than if oxidation of CH4 or dissolution of CO2 oc-
curred entirely in the deep ocean. The extent of shoaling would vary
between basins largely depending on the source of the CH4 or CO2 and
deepwater circulation patterns. Thus, the behavior of the lysocline and
CCD in different parts of the ocean can be used to constrain the source
of carbon during the PETM and its distribution through the atmosphere
and oceans (Zachos et al., 2005).

The timing and scale of carbon sequestration can also be constrained
from the lysocline and CCD. As CO2 is removed from the system, pri-
marily through weathering of silicates and organic carbon burial, the
concentration of bicarbonate begins to rise, and the lysocline and CCD
deepen, resulting in a transient supersaturation of bicarbonate in the
deep sea. In theory, the lysocline may overshoot its preexcursion level
during this recovery period (Dickens et al., 1997).
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Global warming is another anticipated outcome of input of a massive
amount of CH4 or CO2 to the ocean-atmosphere system. Stable isotope
and trace element data suggest that sea-surface temperatures in the
PETM increased by ~8°C at high latitudes and ~5°C at low latitudes and
in deep waters (e.g., Kennett and Stott, 1991; Bralower et al., 1995; Za-
chos et al., 2003). However, several PETM stable isotope records have
been obscured by recrystallization due to burial, which prohibits
paleotemperature estimates (Bralower et al., 1997; Norris, Kroon, Klaus,
et al., 1998). In addition, lysocline and CCD fluctuations could result in
partial dissolution of, and overgrowth on, foraminiferal tests, altering
isotope signatures. Rapid lysocline and CCD shoaling would result in
large-scale carbonate dissolution, increasing the concentration of bicar-
bonate in pore waters. As the lysocline and CCD recover, supersatura-
tion of bicarbonate at the seafloor would enhance precipitation of
secondary calcite. Constraining the changes in the lysocline and CCD
would help interpretation of stable isotope and trace metal ratios of al-
tered PETM foraminifers.

The extent and rate of lysocline and CCD shoaling during the PETM
can be approximated in closely spaced sites along a depth transect in
middle to lower bathyal water depths using visual observations of fora-
miniferal preservation and a suite of other preservational proxies. One
of the goals of Ocean Drilling Program (ODP) Leg 198 to Shatsky Rise, a
large igneous province in the western Pacific Ocean (Fig. F1), was to ob-
tain such a depth transect of PETM sites (Bralower, Premoli Silva, Mal-
one, et al., 2002), one that would also complement a similar depth
transect planned for the Atlantic (Leg 208) (Zachos, Kroon, Blum, et al.,
2004). The PETM was recovered at relatively shallow burial depths at
four sites on the Southern High of Shatsky Rise (Sites 1209–1212) (Ta-
bles T1, T2, T3, T4), ranging from 2387 to 2907 m water depth. In these
sections, the PETM interval corresponds to an 8- to 23-cm-thick layer of
clayey nannofossil ooze with a sharp base and a gradational upper con-
tact (Fig. F2). An extremely thin (1 mm) dark brown clay seam lies at
the base of this contact in several locations. At the deepest site drilled
on Shatsky Rise (Site 1208 on the Central High; 3346 m water depth),
the PETM interval is highly condensed (<3 cm), lies in a dark claystone
with few nannofossils and almost no foraminifers, and was clearly close
to the CCD before, during, and after the event. At all sites, the CIE was
identified using bulk carbon isotope measurements. Plate reconstruc-
tions and benthic foraminiferal assemblages suggest that Sites 1209–
1212 were located at ~20°N and ~2400–2900 m water depth during the
PETM, similar to their present water depths (Bralower et al., 2002).

In this investigation, potential carbonate preservational proxies were
evaluated in sections from the Shatsky Rise depth transect and used to
interpret the response of the tropical Pacific lysocline during the PETM.

METHODOLOGY

Samples from Sites 1209–1212 were obtained from continuous U-
channels through the PETM. Samples of ~1 cm3 were rinsed in distilled
water, dried for 24 hr, weighed, washed with buffered water (pH ~10)
and 5% Calgon solution, then disaggregated on a gyratory table for ~12
hr. Samples were then washed through 38- and 63-µm sieves, dried at
~40°C for 24 hr, and reweighed. Since the >38- and >63-µm fractions
have very similar trends at all four sites (Fig. F3), the >63-µm fraction is
referred to as the coarse fraction. 
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Detailed counts were performed to characterize preservation. Sam-
ples were dry-sieved to isolate specimens >125 µm, poured onto a pick-
ing tray, and observed using a binocular light microscope. The first
~300 grains encountered in traverses of the picking tray were counted
per sample. Grains were identified as whole planktonic foraminifers,
fragmented planktonic foraminifers, benthic foraminifers, pyrite, or
fish debris. Fragmented foraminifers include specimens showing nota-
ble deterioration, including missing chambers and substantial breakage.
Three samples were recounted to ensure consistency; reproducibility is
±10% (Fig. F4). Calcium carbonate content for each site was measured
from dried bulk samples using a CO2 coulometer. External precision
based on replicate measurements is ±2%.

Foraminiferal preservation was documented using a scanning elec-
tron microscope (SEM) for comparison with other preservational prox-
ies. Foraminifers used for preservational analyses were ultrasonified for
~5 s to remove nannofossils and clay, resieved, and dried. Representa-
tive specimens were mounted on SEM stubs, broken with a metal pick,
and photographed to assess chamber infilling and secondary calcite
overgrowth and reprecipitation. We illustrate the range of foraminiferal
preservation observed in several samples (Pls. P1, P2, P3, P4, P5, P6,
P7).

Stable isotope analyses were carried out on 100–500 µg of freeze-
dried bulk sample using Autocarb common acid bath systems coupled
to either a PRISM or OPTIMA mass spectrometer. All values are reported
relative to Vienna Peedee belemnite as calibrated by replicate analyses
of National Bureau of Standards (NBS)-19 and in-house standard Car-
arra marble.

RESULTS

Stable Isotope Ratios

The CIE is recorded by bulk sediment at each site. At Sites 1209,
1210, 1211, and 1212, the magnitude of the excursion is ~2.5‰. The
negative excursion covers an interval of several centimeters at and
above the lithologic contact. The return to stable values, or the “recov-
ery interval,” shows a depth-dependent pattern with the recovery span-
ning ~80 cm at Site 1209 and ~50 cm at Site 1212. At Site 1211 the
recovery is clearly truncated.

As the onset of the CIE at the base of the PETM is a “golden spike”
that formally defines the P/E boundary; trends in all other records are
described relative to this horizon (0 cm).

Weight Percent Coarse Fraction

Weight percent coarse fraction trends vary significantly between the
four sites despite their relative proximity. At Site 1209, coarse fraction
increases at the base of the CIE (0 cm), reaches a maximum between 5
and 11 cm above the CIE, and then steadily decreases to background
levels at about +22 cm (Fig. F5). This is similar to the coarse fraction at
Site 1210, which begins to increase at 0 cm, reaches a maximum at +2
cm, then declines to background levels at +14 cm (Fig. F6). 

The abrupt increases in coarse fraction at Sites 1209 and 1210 are not
observed at the deeper Sites 1212 and 1211. Coarse fraction at Site 1212
is relatively low until about +2 cm, where it steadily increases and re-
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mains high through +16 cm (Fig. F7). At Site 1211, coarse fraction de-
creases slightly beginning just below 0 cm, then increases at +4 cm (Fig.
F8).

Weight Percent Calcium Carbonate

At Site 1209, CaCO3 decreases from 97 wt% at –3 cm to 86 wt% at +2
cm and then increases in an irregular fashion to 97 wt% at +17 cm (Fig.
F5). At Site 1210, CaCO3 decreases from 93 to 86 wt% from –3 to 0 cm,
remains low (<91 wt%) until +10 cm and then remains relatively con-
stant at >90 wt% to +92 cm. Samples with decreased CaCO3 at Sites
1209 and 1210 correspond to the interval with elevated coarse fraction
(Figs. F5, F6).

CaCO3 decreases from 98 to 83 wt% at –1 cm at Site 1212 and re-
mains mostly <90 wt% up to +10 cm, where it increases to >95 wt%
(Fig. F7). CaCO3 is more variable at Site 1211 (Fig. F8). There is a general
decline in CaCO3 content from >95 wt% at –4 cm to 70 wt% at +3 cm.
CaCO3 content increases at +3 cm from 70 to 92 wt%. Lowest recorded
CaCO3 occurs at the deepest site, Site 1211.

Foraminiferal Fragmentation

Foraminiferal fragmentation is the percentage of foraminifers that
are broken in each sample. At Site 1209, fragmentation increases from
33% at –4 cm to 63% at 0 cm and then decreases to 27% at +5 cm (Fig.
F5). At Site 1210, fragmentation is also highest (77%) at the base of the
CIE but remains above 40% from –3 cm to +6 cm (Fig. F6). At Site 1212,
fragmentation begins to increase from 10%–15% below –2 cm to 25% at
–1 cm, peaks (70%) at +2 cm and then decreases to ~35% above +5 cm
(Fig. F7). Fragmentation begins to increase at 0 cm at Site 1211, peaks
(66%) at +3 cm (Fig. F8) and then decreases to ~30% above +5 cm.

At the two sites with records that extend well above the dissolution
horizon (Sites 1209 and 1210), fragmentation drops to levels below pre-
excursion values.

Benthic/Planktonic Ratios

A high benthic/planktonic foraminiferal ratio (B/P) has often been
used as an indicator of dissolution (e.g., Corliss and Honjo, 1981). In all
examined Shatsky Rise samples, benthic foraminifers are relatively rare.
At Site 1209, the highest B/P (0.04) was found at 0 cm (Fig. F5). The
highest B/P at Site 1210 (0.11) was at –12 cm, with a second maximum
at –1 cm (0.09) (Fig. F6). The B/P is >0.02 from 0 to +1 cm at Site 1212
(Fig. F7). At the deepest site, Site 1211, the B/P is highest (0.06) at +2 cm
(Fig. F8).

Percent Pyrite

Pyrite was observed as coatings on foraminifers and as discrete parti-
cles. At Site 1209, pyrite content peaked (3%) at the CIE onset (Fig. F5).
At Site 1210, pyrite abundance increased in the interval below the CIE
and peaked at the onset (9%) (Fig. F6). Very little pyrite was recovered
above base of the CIE at Sites 1209 and 1210. At Site 1212, pyrite abun-
dance increased significantly at the CIE onset and reached a maximum
at +1 cm (8%) (Fig. F7). At Site 1211, significant pyrite was confined to

P5. Planktonic foraminifers, +5 
cm, p. 33.

P6. Planktonic foraminifers, +6 
cm, p. 34.

P7. Planktonic foraminifers, +7 
cm, p. 35.
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samples from +1 to +3 cm, and maximum content (28%) occurred at +2
cm (Fig. F8). Pyrite abundance steadily increases from the shallowest to
deepest sites.

Percent Fish Debris

Fish debris includes fish teeth, scales, and bones. At Site 1209, maxi-
mum fish debris (4%) was recovered at the onset of the CIE coincident
with the maxima in fragmentation, pyrite, and B/P ratio (Fig. F5). The
peak in fish debris at Site 1210 extends from –4 to 0 cm and is centered
(17%) at –2 cm (Fig. F6). At Site 1212, the peak in fish debris (40%) lies
at +1 cm (Fig. F7). At Site 1211, fish debris is concentrated between +1
and +3 cm, with a peak (35%) at +2 cm (Fig. F8). The two deeper sites
have a much higher abundance of fish debris than the two shallower
sites.

Preservational Survey

An extensive survey of pore infilling and secondary calcite precipita-
tion on foraminifers was conducted. Trends in visual foraminiferal pres-
ervation were correlated to the quantitative variables. Extensive
micrographs documenting foraminiferal preservation can be found in
Colosimo (2004); we present a summary of micrographs showing pres-
ervation across the base of the PETM in Hole 1209B in Plates P1, P2, P3,
P4, P5, P6, and P7. We indicate the interval of poorest preservation in
Figures F5, F6, F7, and F8.

Preservation is moderate before and after the PETM interval at Site
1209 but deteriorates at 0 cm and remains poor until +15 cm (Pls. P1,
P2, P3, P4, P5, P6, P7; Fig. F5). Blocky secondary calcite is observed
throughout the entire interval of poorest preservation with infilling of
chambers and extensive overgrowth on muricae and walls. At Site 1210,
foraminiferal preservation is moderate below and above the lithologic
contact. Preservation deteriorates abruptly at 0 cm and remains poor
until about +10 cm (Fig. F6). In this interval, extensive pore infilling
with secondary calcite was observed. Euhedral calcite blades 5–10 µm
long have also been observed on chamber walls in the interval of poor-
est preservation.

Foraminifers are generally more overgrown with secondary calcite at
Site 1212 than at Site 1210. Preservation deteriorates significantly at the
lithologic change and remains poor for much of the studied record (Fig.
F7). Euhedral calcite blades were observed on chamber walls through-
out this entire studied section. Less calcite overgrowth is observed on
foraminifers at Site 1211, although preservation is poor from 0 to +5 cm
(Fig. F8).

DISCUSSION

 Proxy Validation

Several different types of data have been used as indicators of fora-
miniferal preservation, including CaCO3 content, B/P ratio, coarse frac-
tion, and fragmentation (e.g., Arrhenius, 1952; Corliss and Honjo,
1981; Thierstein and Roth, 1991; Haug and Tiedemann, 1998). Close
examination of these data in the PETM interval at Shatsky Rise and
comparison with visual preservation will help establish the most reli-
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able proxy, or combination of proxies, for preservation. Lithology and
the CIE allow precise correlation of data between sites. The onset of the
PETM is marked by the abrupt onset of the bulk carbonate δ13C excur-
sion which lies at or just below a sharp lithologic contact between more
carbonate rich ooze overlying clay-rich ooze (Figs. F5, F6, F7, F8). In the
upper part of the PETM interval, the clay-rich ooze gradually becomes
more carbonate rich and δ13C values of bulk carbonate gradually in-
crease. Whereas no pristine foraminiferal preservation is observed in
the PETM interval on Shatsky Rise, there is an abrupt deterioration in
preservation at the basal lithologic contact and the base of the CIE at
each site. This change includes a substantial increase in pore infilling
and sparry calcite in foraminiferal chambers and on muricae (Pls. P1,
P2, P3, P4, P5, P6, P7). The quality of preservation recovers gradually
above the PETM with a steady decrease in secondary calcite and pore
infilling. Preservation generally deteriorates with water depth, with the
deepest location (Site 1211) showing evidence for stronger dissolution,
indicating more corrosive waters than in the shallower sites. In the in-
terval of poorest preservation at all sites, euhedral calcite blades ~10
Mm in length and blocky rhombs of calcite indicate that initial dissolu-
tion led to at least temporary supersaturation of CaCO3 in pore waters.

Dissolution results in enlarged pores and breakage of foraminiferal
tests (e.g., Broecker and Peng, 1982). Changes in fragmentation mirror
the poorest preservation in samples near the basal lithologic contact at
each site and the overlying gradual recovery of preservation. Although
maximum fragmentation occurs at or just above the onset of the CIE
and lithologic contact, fragmentation begins to increase slightly below
this level at Sites 1209, 1210, and 1212. The sharp lithologic contact in-
dicates little mixing and thus shows that dissolution of foraminifers oc-
curred during early burial.

 Fragmentation is typically high at each site for several centimeters
above the lithologic contact, corresponding to the interval of poor pres-
ervation and greatest dissolution. The thickness of the fragmentation
interval decreases with depth. At Site 1209 (2387 meters below sea level
[mbsl]), fragmentation is high over an 8-cm interval. Fragmentation is
elevated over 7 cm at Site 1210 (2573 mbsl) and 5 cm at Sites 1212
(2681 mbsl) and 1211 (2907 mbsl) (Figs. F5, F6, F7, F8). Background
fragmentation levels also increase with depth, ranging from ~20% at
Sites 1209 and 1210 to ~30% at Sites 1211 and 1212 (Figs. F5, F6, F7,
F8). This also indicates increased dissolution with depth.

Calcium carbonate content has often been used as a proxy for
changes in preservation during burial diagenesis (e.g., Arrhenius, 1952).
Previous work (Thierstein and Roth, 1991) showed that nannofossils
and foraminifers in samples with CaCO3 contents between 60 and 80
wt% are characterized by little diagenetic overgrowth or dissolution.
Samples containing <60 wt% CaCO3 generally show evidence for disso-
lution and those >80 wt% often show evidence for secondary calcite
overgrowth. Shatsky Rise PETM CaCO3 contents range from 70 to >95
wt%, which under normal circumstances would cause minor over-
growth during burial. However, predicted PETM CO2 input should re-
sult in a rapid increase in carbonate solubility at the seafloor with
corresponding changes in CaCO3. At all four sites, significant decreases
in CaCO3 content mirror intervals of poor preservation, suggesting dis-
solution as the main control on CaCO3 values (Figs. F5, F6, F7, F8). At
Sites 1209, 1210, 1212, and 1211, CaCO3 content decreases by 10%
over 4 cm, 7% over 3 cm, 15% over 3 cm, and ~25% over 4 cm, respec-
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tively. Although the PETM was a transient event, carbonate production
in surface waters likely responded to warming and ocean circulation
changes (Thomas et al., 1999; Bralower, 2002; Stoll and Bains, 2003).
Consequently, decreased CaCO3 content may also be a partial result of
decreased surface water productivity.

Coarse fraction has often been interpreted as a proxy for foraminif-
eral preservation (e.g., Haug and Tiedemann, 1998). Increases in coarse
fraction are generally interpreted as indicative of better preservation, as
foraminifers are thought to be more susceptible to dissolution than
nannoplankton (e.g., Schlanger and Douglas, 1974). At Sites 1209 and
1210, however, highest coarse fraction occurs in intervals of poorest vi-
sual preservation (Figs. F5, F6). At Site 1212, coarse fraction increases 2–
3 cm above the basal contact, within the interval of poor preservation
(Fig. F7). Only Site 1211 shows a decrease in coarse fraction in the inter-
val of poor preservation (Fig. F8). Because coarse fraction increases with
dissolution at three of the four sites, it is unreliable as a proxy for pres-
ervation. High coarse fraction at Sites 1209, 1210, and 1212 may be the
result of changing environmental variables such as productivity. 

Benthic foraminifers are generally more resistant to dissolution than
planktonic foraminifers (e.g., Lipps, 1973; Thomas and Shackleton,
1996; Thomas 1998), so increases in B/P may also be indicative of disso-
lution. B/P ratios are consistent with preservational trends at Sites 1209,
1211, and 1212 (Figs. F5, F7, F8), but the B/P maximum at Site 1210
does not correspond to any visual change in preservation (Fig. F6). The
abrupt B/P peaks at Sites 1209, 1211, and 1212 correspond to the most
extreme dissolution intervals and fail to capture the extent of the inter-
val of poor preservation. Benthic foraminifers were relatively rare (<6%)
in all samples. Thus, counting finer-size fractions (>38 or >63 µm) may
have recovered more benthic foraminifers, providing more robust and
detailed B/P curves.

Percent fish debris appears to be a sensitive indicator of dissolution.
At all sites, fish debris peaks at the same depth as fragmentation max-
ima (Figs. F5, F6, F7, F8). Assuming that fish debris is deposited at a
constant rate, seafloor dissolution should result in increased concentra-
tions. Percent fish debris also generally increases with depth: maximum
fish debris is 4% at Site 1209, 17% at Site 1210, 40% at Site 1212, and
36% at Site 1211 (Figs. F5, F6, F7, F8). This trend indicates higher ap-
parent sedimentation rates at Sites 1209 and 1210, as more carbonate is
dissolved in increasingly corrosive bottom waters at the deeper sites.
Abrupt short-term increases in pyrite abundance also occur near the
basal lithologic contact. Higher amounts of pyrite coincide with maxi-
mum values of fragmentation (Figs. F5, F6, F7, F8). 

Comparison of intervals of poor visual preservation with all of the
possible preservational proxies suggests that foraminiferal fragmenta-
tion is the most reliable indicator of preservation in the PETM intervals
recovered on Shatsky Rise. Visual inspection suggests that poor preser-
vation corresponds to intervals of lower CaCO3 content. B/P counts also
faithfully record intervals of poorest preservation, but too few benthic
foraminifers were recovered to identify the complete interval of in-
creased dissolution. Coarse fraction percent responds to dissolution as
expected only at the deepest location, Site 1211.
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Theoretical Lysocline Shoaling Model

Regardless of origin, input of massive amounts of CO2 or CH4 into
the ocean-atmosphere system would lead to a marked shoaling of the
lysocline and CCD (e.g., Dickens et al., 1997). The response of the lyso-
cline and CCD is sensitive to the location of carbon input at the onset
of the PETM and its distribution through the ocean and atmosphere
(e.g., Dickens, 1997; Zachos et al., 2005). In the case of a methane hy-
drate source, the site of oxidation of CH4 to CO2 is critical (Dickens,
2000). If the carbon source is oceanic (either from methane hydrate or
submarine volcanism), the response of the lysocline and CCD can help
determine whether, and how rapidly, the carbon entered the atmo-
sphere as well as how it was mixed through the ocean basins (e.g., Dick-
ens, 2000, 2001). For example, if methane hydrate is the source of
carbon and oxidation took place in the Atlantic, then the lysocline
would be expected to shoal more dramatically in that ocean than in the
Pacific (Zachos et al., 2005). A similar result would occur if thermoha-
line circulation patterns during the PETM were similar to present and
carbon rapidly entered the atmosphere from the ocean or originated in
the atmosphere (i.e., from an extraterrestrial source or subaerial volcan-
ism). However, if methane hydrate was input and oxidized in other lo-
cations including the Pacific, Indian, or Southern Oceans, or if these
oceans were deepwater source regions (e.g., Thomas et al., 2003; Sven-
son et al., 2004), then they would be expected to show a more marked
response. Changes in the efficiency of the biological pump during the
PETM (e.g., Bains et al., 1999; Crouch et al., 2001; Bralower, 2002) also
would have led to variations in the lysocline and the CCD. For exam-
ple, increased supply of carbonate would tend to lead to a deepening of
both levels.

A variety of evidence, including single specimen foraminiferal iso-
tope data, indicates that a large portion of the CO2 or CH4 that forced
the PETM was rapidly released into the atmosphere (e.g., Dickens, 2000;
Thomas et al., 2002). However, the early timing of the decrease in
CaCO3 relative to biotic signals at ODP Site 690 suggests that a signifi-
cant part of the CO2, possibly derived from the oxidation of CH4, re-
mained in oceanic deep waters (Thomas et al., 2002). This conclusion
assumes that at least part of the observed decrease in CaCO3 was a result
of dissolution and not a change in productivity.

A change in the depth of the lysocline can be identified by a sharp
decrease in carbonate content or a deterioration of carbonate preserva-
tion (i.e., increased fragmentation). The CCD level can be identified by
the near or complete absence of carbonate in sediments. Sediments
from the PETM interval at Atlantic and Caribbean Deep Sea Drilling
Project and ODP sites, and in Tethyan land sections, suggest a rapid,
marked shoaling of the lysocline at the onset of the PETM. In some
cases, the absence of CaCO3 suggests these sites lay below the CCD dur-
ing the early part of the event (e.g., Canudo et al., 1995; Thomas and
Shackleton, 1996; Bralower et al., 1997; Thomas, 1998; Thomas et al.,
1999; Erbacher, Mosher, Malone, et al., 2004; Zachos et al., 2005). At
Sites 690 and 738 in the Atlantic and Indian Ocean sectors of the
Southern Ocean, respectively, the base of the PETM shows a less signifi-
cant decrease in carbonate content (Thomas et al., 1999; C. Kelly, pers.
comm., 2005). Little change in foraminiferal preservation occurs at Site
690 (Thomas et al., 2002), whereas dissolution increases at Site 738 (Lu
and Keller, 1993).
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Little information about the Pacific lysocline is available, largely be-
cause the PETM was either incompletely recovered (Site 865) (Bralower
et al., 1995) or not recovered (i.e., during previous legs on Shatsky Rise),
although Dickens (2000) interpreted the response of the lysocline in
this ocean to be less than in the Atlantic. Background fragmentation
levels (20%–30%) measured as a part of this investigation suggest that
at least the deepest Shatsky Rise site investigated (Site 1211) was located
in the upper range of the lysocline prior to the PETM and that all sites
were within the lysocline during the event (fragmentation >40%).

The input of CO2, possibly as a result of CH4 oxidation, would result
in increased dissolution of CaCO3, especially in deeper water masses
where CO2 concentrations are elevated and CaCO3 content is lower.
This would result in a shoaling of the lysocline and CCD, as CaCO3

would become soluble at increasingly shallower depths. As a result, for-
aminiferal fragmentation would increase and sedimentation rate de-
crease. Maximum pyrite, fish debris, and fragmentation were observed
only in samples ±3 cm from the lithologic contact at all sites, consistent
with a geologically instantaneous event, such as massive dissociation of
methane hydrates.

If the dissolution rate of CaCO3 exceeded the rain rate, foraminifers
in the upper centimeters of the sediment column would dissolve, a con-
cept referred to as carbonate “burn-down.” Evidence for burn-down in-
cludes increased fragmentation and decreased CaCO3 values below the
basal PETM lithologic contact at Sites 1209, 1210, and 1212 (Figs. F5,
F6, F7). Decreased CaCO3 below the onset of the PETM has been noted
at other PETM sites (Site 690 [Thomas and Shackleton, 1996] and the
Leg 208 depth transect [Zachos et al., 2005]), but never with supporting
visual observations and fragmentation data. Whereas burn-down has
been predicted from models (Walker and Kasting, 1992; Dickens et al.,
1997), the extent of such burn-down has not been previously con-
strained in a PETM section.

Increased CO2 in deep waters in the vicinity of Shatsky Rise would
cause the lysocline to shoal and increase saturation of Ca2+ and HCO3

–

in sediment pore waters. This would lead to secondary precipitation of
CaCO3 on foraminifers (Pls. P1, P2, P3, P4, P5, P6, P7) including over-
growth on walls and muricae and separate euhedral calcite blades in
PETM sections, indicating at least temporary supersaturation of pore
water CaCO3 (aq.). There is no evidence in any of the preservational
proxies that Sites 1209–1212 were situated below the CCD during the
PETM. It is impossible to rule out, however, that the CCD shoaled
above this depth range for a very short interval at the onset of the event
(for example, ~1–2 k.y.), but leaving no substantial clay layer due to bio-
turbation. The magnitude of the bulk carbon isotope excursion at
Shatsky Rise is smaller than that recorded at the shallowest of the
Walvis Ridge sites (Site 1263), which would be consistent with a period
of nondeposition of carbonate and truncation of the CIE at Shatsky
Rise. Site 1208 on the Central High (3346 m) was clearly situated close
to, but not below, the CCD during the PETM as there are no foramini-
fers in PETM sediments and only the most robust nannofossils are pre-
served (Bown, this volume).

We can obtain a minimum estimate for the amount of lysocline
shoaling assuming that the deepest location on the Southern High (Site
1211; 2907 m) was located near the upper lysocline prior to the PETM.
Our data show that even the shallowest location (Site 1209; 2387 m) lay
below the lysocline at the peak of the PETM. Thus, a minimum estimate
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for the extent of lysocline shoaling is ~520 m. This is significantly
higher than an estimate for the Pacific (~250 m) from a model run in
which CH4 is oxidized in the Atlantic (Dickens et al., 1997; Dickens
2000) but similar to a run where CH4 is oxidized in the deep Pacific
Ocean (~600 m of shoaling), which is unlikely given the CCD shoaling
in the Atlantic. Leg 199 in the equatorial Pacific recovered the PETM at
Sites 1220 and 1221 (3.0 and 3.5 km paleodepth), and the cores from
this interval show a sharp decrease in carbonate to very low values
(Lyle, Wilson, Janecek, et al., 2003). The greater depth of the Leg 199
sites compared to those studied on Shatsky Rise is consistent with the
evidence for increased dissolution and suggests a rapid shoaling of the
CCD in this location (Lyle, Wilson, Janecek, et al., 2003).

Although the data presented here are most consistent with results
from model runs in which CH4 (and by inference, CO2) is input directly
into the deep Pacific, we do not conclude that this was the case. Atlan-
tic PETM sections show evidence for more significant shoaling of the
lysocline, and many sites at similar depths to those studied here were
situated below the CCD during the early stages of the event (Dickens,
2000; Zachos et al., 2005). In particular, a depth transect on Walvis
Ridge in the South Atlantic indicates at least 2 km shoaling of the CCD
over 10 k.y. at the onset of the PETM (Zachos et al., 2005). Our results
suggest that the models themselves may not adequately simulate the
oceans or, more likely, that the amount of CO2 input was far greater
than assumed.

Significance of Pyrite and the Benthic
Foraminiferal Extinction

The benthic foraminiferal extinction (BFE) at the PETM was the larg-
est extinction event in this group in the last 90 m.y. (Thomas, 1998).
Suggested causes of the BFE include dissolution of benthic tests or lack
of food (Thomas and Shackleton, 1996; Thomas, 1998; Thomas et al.,
2000). Depleted oxygen levels in deep waters resulting from increased
deep-sea temperatures, oxidation of CH4 in the water column, locally or
regionally increased productivity, or a combination of these factors is a
possible cause of the BFE (e.g., Boersma et al., 1998; Thomas, 1998).
Deepwater dissolved oxygen levels are difficult to determine but are es-
sential to understanding the faunal response to events during the
PETM. Abundance of pyrite can suggest O2 depletion, especially in re-
gions of high productivity where the rapid flux of organic matter rap-
idly consumes deepwater O2 (e.g., Berner, 1977; Lerman, 1979; Müller
and Suess, 1979; de Baar and de Jong, 2001). Independent evidence for
low O2 includes lamination at Sites 999 (Bralower et al., 1997) and 1260
(Erbacher, Moser, Malone, et al., 2004) and the appearance of a unique
low-oxygen assemblage of benthic foraminifers at all Leg 198 sites (Ka-
hio et al., submitted [N1]). Still, all Shatsky Rise PETM sediments are ho-
mogeneous and organic matter content is minimal, indicating that
bottom waters did not become anoxic.

Estimated bottom water warming of ~6°C during the PETM (e.g.,
Kennett and Stott, 1991; Zachos et al., 2003) would also have lowered
dissolved oxygen levels. Using the equation (Broecker and Peng, 1982)

O2 (µmol/kg) = 350 – 9T + 0.14T2,

where
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T = temperature (°C),

and deepwater temperature estimates from ODP Site 865 (10° and 16°C
pre-PETM and PETM, respectively) (Bralower et al., 1995), the decrease
in deepwater dissolved oxygen content was from ~274 µmol/kg to ~242
µmol/kg. Dissolved O2 in the modern western equatorial Pacific is ~260
µmol/kg (Broecker and Peng, 1982), similar to pre-PETM estimates. Un-
less ocean circulation was significantly different from the present caus-
ing lower Pacific O2 levels, deepwater warming was insufficient to cause
O2 depletion. O2 depletion resulting from CH4 oxidation in the deep
ocean may be responsible for pore water dysoxia in the absence of ele-
vated productivity. Alternatively, increased pyrite contents may reflect
highly condensed sections near the base of the PETM at the Shatsky Rise
sites.

Pyrite precipitation at the PETM may alternatively be related to in-
creased supply of Fe to the ocean. Increased chemical weathering on
continents as a result of global warming would increase the Fe flux to
the oceans. This is a viable explanation for the pyrite peak if Fe, not sul-
fate, was a limiting factor in pyrite precipitation. However, this alterna-
tive would cause increased pyrite throughout the warming interval, not
just at the onset, as indicated in the PETM intervals on Shatsky Rise.

CONCLUSIONS

The PETM was an abrupt climate shift ~55 m.y. ago associated with a
host of biotic changes and a negative CIE in oceanic and continental
reservoirs. Many of the postulated causes of the event involve introduc-
tion of a large amount of CO2 or CH4 into the ocean-atmosphere system
and result in a rapid shoaling of the lysocline and CCD. This response
can be tested with an examination of foraminiferal preservation and de-
tailed counts of fragmentation, fish debris, and pyrite in conjunction
with CaCO3 content. Detailed analysis of foraminiferal preservational
proxies (i.e., fragmentation, benthic/planktonic foraminiferal ratios,
coarse fraction, and CaCO3 content) from Shatsky Rise PETM sections
and visual observations of foraminiferal preservation indicate that frag-
mentation most accurately mirrors foraminiferal preservation. CaCO3

content and benthic/planktonic ratios also identify intervals of poorest
visual preservation. Fragmentation, CaCO3 content, and fish debris
data indicate abrupt lysocline shoaling and dissolution of CaCO3

within the sediment column (carbonate burn-down). Minimum lyso-
cline shoaling is ~500 m in the tropical Pacific Ocean, significantly
greater than model estimates assuming input of CO2 or CH4 in the deep
Atlantic. Increases in pyrite at the basal lithologic contact indicate de-
pleted O2 in pore waters possibly due to CH4 oxidation in the water col-
umn or an increase in Fe supply to the ocean.
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Figure F1. Bathymetric map of Shatsky Rise showing location of sites investigated. Sites 1209, 1210, 1211,
and 1212 are on the Southern High (Bralower, Premoli Silva, Malone, et al., 2002).
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Figure F3. Plot of >38- and >63-µm size fractions vs. depth in Hole 1210B. The >38- and >63-µm fractions
show similar stratigraphic trends.
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Figure F4. Histogram showing replicate counts of 300 specimens in three different samples to determine
internal consistency. Results show reproducibility = ±10%. Percent whole and percent total fragments refer
to planktonic foraminifers.
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Figure F5. Bulk δ13C values, coarse fraction, CaCO3, fragmentation (planktonic foraminifers), benthic/
planktonic (B/P) foraminiferal ratios, pyrite, and fish debris in samples across the Paleocene/Eocene Ther-
mal Maximum (PETM) in Hole 1209B. Photograph is of the working half of the core that has been offset
downward during sampling by 2.5 cm with respect to the archive half (see Fig. F2, p. 18). 0 cm = base of CIE.
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Figure F6. Bulk δ13C values, coarse fraction, CaCO3, fragmentation (planktonic foraminifers), benthic/
planktonic (B/P) foraminiferal ratios, pyrite, and fish debris in samples across the Paleocene/Eocene Ther-
mal Maximum (PETM) in Hole 1210B. 0 cm = base of CIE.

P
oo

r 
pr

es
er

va
tio

n

Coarse 
fraction (wt%)

CaCO3
(wt%)

Fragment
(%) B/P

Pyrite
(%)

Fish debris
(%)

Core
photo

δ13C
(‰)

D
is

ta
nc

e 
ab

ov
e 

ba
se

 o
f P

E
T

M
 (

cm
)

1 2 3 10 20 30 30 50 70 0.05 0.1 10 20 3080 90 10 20

80

100

40

60

0

20

-20



A.B. COLOSIMO ET AL.
LYSOCLINE SHOALING AT SHATSKY RISE 23
Figure F7. Bulk δ13C values (from Hole 1212A), coarse fraction, CaCO3, fragmentation (planktonic foramin-
ifers), benthic/planktonic (B/P) foraminiferal ratios, pyrite, and fish debris in samples across the Paleocene/
Eocene Thermal Maximum (PETM) in Hole 1212B. 0 cm = base of CIE determined in Hole 1212A.
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Figure F8. Bulk δ13C values, coarse fraction, CaCO3, fragmentation (planktonic foraminifers), benthic/
planktonic (B/P) foraminiferal ratios, pyrite, and fish debris in samples across the Paleocene/Eocene Ther-
mal Maximum (PETM) in Hole 1211C. 0 cm = base of CIE.
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Table T1. Compositional data for PETM, Hole 1209B.

Note: PETM = Paleocene/Eocene Thermal Maximum, B/P = benthic/planktonic foraminifer.

Core, section,
interval (cm)

Depth
(mbsf)

Above
PETM
(cm)

Benthic
foraminifers

(N)
B/P
ratio

CaCO3
(wt%)

Coarse
fraction
(wt%)

Whole
planktonic

foraminifers
(%)

Benthic
foraminifers

(%)

Fish
debris
(%)

Pyrite
(%)

Planktonic
foraminifer

fragmentation
(%)

198-1209B-
22H-1, 43 195.53 92 2 0.01 95.33 8.37 61.39 0.63 0.32 0.00 37.78
22H-1, 45 195.55 88 1 0.01 94.17 62.30 0.32 0.64 0.00 37.30
22H-1, 51 195.61 84 0 0.00 92.75 14.36 68.09 0.00 0.00 0.00 31.91
22H-1, 55 195.65 80 1 0.00 92.75 9.79 65.76 0.30 0.30 0.00 33.74
22H-1, 59 195.69 76 1 0.00 94.67 16.32 70.32 0.25 0.25 0.00 29.25
22H-1, 63 195.73 72 1 0.00 95.58 13.33 76.63 0.30 0.89 0.00 22.19
22H-1, 67 195.77 68 0 0.00 95.08 11.44 69.00 0.00 0.00 0.00 31.00
22H-1, 71 195.81 64 0 0.00 94.42 8.13 63.58 0.00 0.00 0.00 36.42
22H-1, 75 195.85 60 0 0.00 95.33 11.35 77.83 0.00 0.22 0.00 21.96
22H-1, 79 195.89 56 0 0.00 95.17 8.41 83.39 0.00 0.00 0.00 16.61
22H-1, 83 195.93 52 0 0.00 94.33 10.92 72.31 0.00 0.00 0.00 27.69
22H-1, 87 195.97 48 0 0.00 94.50 12.72 79.80 0.00 0.26 0.00 19.95
22H-1, 91 196.01 44 1 0.00 97.08 12.13 75.00 0.33 0.00 0.00 24.67
22H-1, 95 196.05 40 0 0.00 96.42 10.12 68.34 0.00 0.30 0.00 18.05
22H-1, 99 196.09 36 0 0.00 94.42 7.44 67.05 0.00 0.00 0.00 32.95
22H-1, 101 196.11 34 1 0.01 94.08 10.25 65.36 0.33 0.00 0.00 34.31
22H-1, 103 196.13 32 0 0.00 96.50 10.66 74.23 0.00 0.00 0.00 25.77
22H-1, 105 196.15 30 1 0.00 93.17 10.76 71.43 0.32 0.00 0.00 28.25
22H-1, 107 196.17 28 0 0.00 95.67 11.22 71.47 0.00 0.51 0.26 27.98
22H-1, 109 196.19 26 0 0.00 96.42 10.75 76.16 0.00 0.00 0.00 23.84
22H-1, 111 196.21 24 0 0.00 96.17 11.89 79.94 0.00 0.00 0.00 20.06
22H-1, 113 196.23 22 0 0.00 95.58 9.6 74.37 0.00 0.63 0.00 25.16
22H-1, 116 196.26 19 0 0.00 92.50 14.58 68.18 0.00 0.00 0.00 31.82
22H-1, 118 196.28 17 0 0.00 96.58 13.29 69.37 0.00 0.00 0.00 30.63
22H-1, 120 196.3 15 0 0.00 93.42 16.4 68.15 0.00 0.00 0.00 31.85
22H-1, 121 196.31 14 0 0.00 93.17 11.22 67.55 0.00 0.00 0.00 32.45
22H-1, 122 196.32 13 0 0.00 94.83 18.57 65.13 0.00 0.00 0.00 34.87
22H-1, 123 196.33 12 0 0.00 93.33 20.3 67.41 0.00 0.00 0.00 32.59
22H-1, 124 196.34 11 0 0.00 91.17 24.4 67.03 0.00 0.00 0.00 32.97
22H-1, 125 196.35 10 0 0.00 90.58 22.87 66.95 0.00 0.00 0.00 33.05
22H-1, 126 196.36 9 0 0.00 84.00 22.47 77.00 0.00 0.00 0.00 23.00
22H-1, 127 196.37 8 0 0.00 86.83 24.84 68.67 0.00 0.63 0.00 30.89
22H-1, 128 196.38 7 0 0.00 96.67 22.47 63.35 0.00 0.00 0.00 36.65
22H-1, 129 196.39 6 0 0.00 90.83 22.42 52.40 0.00 0.00 0.00 47.60
22H-1, 130 196.4 5 0 0.00 91.75 24.65 72.29 0.00 0.32 0.00 27.39
22H-1, 131 196.41 4 0 0.00 94.00 24 52.22 0.00 0.32 0.00 47.62
22H-1, 132 196.42 3 0 0.00 92.50 22.6 49.59 0.00 0.27 0.00 50.27
22H-1, 133 196.43 2 0 0.00 86.00 21.09 45.85 0.00 0.33 0.33 53.85
22H-1, 134 196.44 1 0 0.00 89.75 8.84 39.40 0.00 0.66 0.00 60.33
22H-1, 135 196.45 0 4 0.04 87.50 4.02 33.12 1.29 4.18 3.22 62.85
22H-1, 136 196.46 –1 1 0.01 91.33 3.69 48.87 0.32 0.32 0.00 50.65
22H-1, 137 196.47 –2 0 0.00 95.75 4.82 62.13 0.00 0.33 0.00 41.00
22H-1, 138 196.48 –3 1 0.01 96.67 5.53 60.57 0.32 0.00 0.00 39.12
22H-1, 139 196.49 –4 0 0.00 93.83 4.47 66.56 0.00 0.00 0.00 33.44
22H-1, 140 196.5 –5 0 0.00 95.33 4.91 63.96 0.00 0.00 0.32 35.71
22H-1, 141 196.51 –6 1 0.00 94.50 4.99 75.08 0.33 0.00 0.66 23.93
22H-1, 142 196.52 –7 0 0.00 95.92 3.88 66.67 0.00 0.00 0.00 33.33
22H-1, 143 196.53 –8 1 0.00 97.83 5.06 78.73 0.32 0.00 0.00 21.59
22H-1, 144 196.54 –9 2 0.01 95.92 3.68 68.21 0.66 2.32 0.00 28.81
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Table T2. Compositional data for PETM, Hole 1210B.

Note: PETM = Paleocene/Eocene Thermal Maximum, B/P = benthic/planktonic foraminifer.

Core, section, 
interval (cm) 

Depth
(mbsf)

Above
PETM
(cm)

Benthic
foraminifers

(N)
B/P
ratio

CaCO3
(wt%)

Coarse
fraction
(wt%)

Whole
planktonic

foraminifers
(%)

Fish
debris
(%)

Pyrite
(%)

Planktonic
foraminifer

fragmentation 
(%)

198-1210B.
20H-3, 20-21 183.4 92 96.08 8.07
20H-3, 22-23 183.42 90 1 0.00 95.92 3.53 76.25 0.00 0.00 0.00
20H-3, 24-25 183.44 88 92.42 7.61
20H-3, 26-27 183.46 86 0 0.00 95.75 6.74 86.80 0.00 0.00 0.00
20H-3, 28-29 183.48 84 93.25 8.86
20H-3, 30-31 183.5 82 0 0.00 90.75 8.79 81.11 0.00 0.00 0.00
20H-3, 32-33 183.52 80 89.42 5.55
20H-3, 34-35 183.54 78 0 0.00 88.33 9.88 75.48 0.32 0.00 24.28
20H-3, 36-37 183.56 76 92.33 10.90
20H-3, 38-39 183.58 74 0 0.00 89.33 8.79 81.82 0.00 0.00 0.00
20H-3, 40-41 183.6 72 91.58 4.85
20H-3, 42-43 183.62 70 0 0.00 90.83 12.52 80.51 0.26 0.00 19.28
20H-3, 44-45 183.64 68 89.58 8.39
20H-3, 46-47 183.66 66 0 0.00 89.42 9.06 79.66 0.00 0.00 0.00
20H-3, 48-49 183.68 64 89.00 19.45
20H-3, 50-51 183.7 62 0 0.00 87.08 9.30 80.23 0.00 0.00 0.00
20H-3, 52-53 183.72 60 88.67 6.67
20H-3, 54-55 183.74 58 0 0.00 89.08 16.46 80.06 0.30 0.00 19.70
20H-3, 56-57 183.76 56 90.00 7.23
20H-3, 58-59 183.78 54 0 0.00 88.92 7.67 74.93 0.00 0.00 0.00
20H-3, 60-61 183.8 52 92.58 7.23
20H-3, 62-63 183.82 50 0 0.00 90.67 7.26 71.84 0.00 0.00 0.00
20H-3, 64-65 183.84 48 85.58 8.36
20H-3, 66-67 183.86 46 0 0.00 90.33 7.50 65.70 0.36 0.00 30.43
20H-3, 68-69 183.88 44 89.00 6.65
20H-3, 70-71 183.9 42 3 0.01 91.33 6.72 84.86 0.32 0.00 13.92
20H-3, 72-73 183.92 40 94.08 9.85
20H-3, 74-75 183.94 38 0 0.00 92.25 13.30 82.30 0.00 0.00 17.70
20H-3, 76-77 183.96 36 93.75 12.08
20H-3, 78-79 183.98 34 0 0.00 92.08 10.18 84.95 0.00 0.00 12.85
20H-3, 80-81 184 32 0 0.00 90.25 6.25 80.52 0.00 0.00 19.48
20H-3, 82-83 184.02 30 1 0.00 91.25 1.69 78.06 0.00 0.00 20.97
20H-3, 84-85 184.04 28 1 0.00 94.08 10.66 82.21 0.31 0.00 17.23
20H-3, 86-87 184.06 26 0 0.00 94.42 7.04 82.77 0.00 0.00 17.23
20H-3, 88-89 184.08 24 0 0.00 93.08 9.91 75.69 0.92 0.00 23.60
20H-3, 90-91 184.1 22 3 0.01 90.42 12.30 78.33 0.33 0.00 13.71
20H-3, 92-93 184.12 20 3 0.01 91.75 8.98 83.37 0.00 0.00 15.90
20H-3, 94-95 184.14 18 0 0.00 91.67 13.32 74.70 0.72 0.00 24.76
20H-3, 96-97 184.16 16 0 0.00 92.08 11.32 81.37 1.24 0.00 17.61
20H-3, 98-99 184.18 14 1 0.00 90.33 4.30 69.28 1.96 0.00 29.00
20H-3, 100-101 184.2 12 1 0.00 92.00 8.66 66.01 0.65 0.00 33.88
20H-3, 102-103 184.22 10 0 0.00 86.50 13.72 60.76 0.63 0.00 38.85
20H-3, 103-104 184.23 9 1 0.00 90.33 13.44 66.98 0.63 0.00 32.28
20H-3, 104-105 184.24 8 0 0.00 88.17 18.35 63.80 1.48 0.00 35.24
20H-3, 105-106 184.25 7 0 0.00 89.75 18.72 70.00 0.29 0.29 29.60
20H-3, 106-107 184.26 6 0 0.00 88.25 17.75 44.10 1.40 0.00 55.27
20H-3, 107-108 184.27 5 1 0.01 90.67 19.45 55.69 0.29 0.00 43.86
20H-3, 108-109 184.28 4 1 0.01 86.17 22.14 50.28 0.28 0.00 49.30
20H-3, 109-110 184.29 3 0 0.00 87.00 22.77 56.68 0.00 0.00 43.32
20H-3, 110-111 184.3 2 0 0.00 89.42 25.33 52.49 1.66 0.24 46.49
20H-3, 111-112 184.31 1 0 0.00 87.33 18.46 58.25 1.01 0.00 41.16
20H-3, 112-113 184.32 0 7 0.03 85.83 5.60 19.52 4.86 8.53 76.82
20H-3, 113-114 184.33 –1 15 0.09 89.50 1.95 50.00 2.85 4.11 41.16
20H-3, 114-115 184.34 –2 2 0.02 92.08 2.50 40.59 16.50 3.30 48.56
20H-3, 115-116 184.35 –3 5 0.03 93.17 1.95 56.95 1.32 0.66 40.48
20H-3, 116-117 184.36 –4 1 0.01 89.42 2.20 57.24 5.26 1.32 38.38
20H-3, 117-118 184.37 –5 9 0.04 92.42 1.92 57.14 0.56 1.96 38.79
20H-3, 118-119 184.38 –6 2 0.01 93.33 2.62 42.60 4.83 2.11 53.57
20H-3, 119-120 184.39 –7 4 0.02 94.17 3.15 66.56 1.29 1.29 30.36
20H-3, 120-121 184.4 –8 3 0.02 90.67 3.33 43.12 1.35 0.45 55.40
20H-3, 121-122 184.41 –9 6 0.04 95.50 4.17 54.31 1.92 0.96 42.11
20H-3, 122-123 184.42 –10 4 0.02 92.50 2.30 44.04 1.70 0.97 53.75
20H-3, 123-124 184.43 –11 4 0.02 91.75 1.87 64.49 0.62 0.62 33.54
20H-3, 124-125 184.44 –12 14 0.11 96.42 0.46 43.58 1.01 2.70 49.82
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Table T3. Compositional data for PETM, Hole 1212B.

Note: PETM = Paleocene/Eocene Thermal Maximum, B/P = benthic/planktonic foraminifer.

Core, section, 
interval (cm)

Depth 
(mbsf)

Above 
PETM 
(cm)

Benthic 
foraminifers 

(N)
B/P 
ratio

CaCO3 
(wt%)

Coarse 
fraction 
(wt%)

Whole 
planktonic 

foraminifers 
(%)

Fish 
debris 
(%)

Pyrite 
(%)

Planktonic 
foraminifer 

fragmentation 
(%)

198-1212B-
9H-5, 56–57 79.76 16 0 0.00 95.25 25.77 66.33 0.67 0.33 33.00
9H-5, 58–59 79.78 14 0 0.00 97.33 29.32 50.23 0.45 0.68 49.20
9H-5, 60–61 79.8 12 1 0.00 99.08 26.84 74.76 0.32 0.00 24.68
9H-5, 62–63 79.82 10 0 0.00 88.17 36.13 55.40 0.00 0.28 26.21
9H-5, 64–65 79.84 8 0 0.00 92.42 33.92 55.70 1.30 0.00 43.56
9H-5, 66–67 79.86 6 0 0.00 86.17 26.23 59.81 0.00 0.00 40.19
9H-5, 67–68 79.87 5 0 0.00 87.08 19.13 66.04 0.00 0.00 33.96
9H-5, 68–69 79.88 4 0 0.00 20.98 46.18 0.64 0.96 52.43
9H-5, 69–70 79.89 3 1 0.00 89.92 12.31 66.36 0.91 0.30 32.52
9H-5, 70–71 79.9 2 1 0.01 7.63 26.38 3.68 7.67 69.90
9H-5, 71–72 79.91 1 5 0.04 8.37 16.21 39.65 8.25 67.50
9H-5, 72–73 79.92 0 15 0.06 83.33 4.88 29.96 30.96 6.24 49.30
9H-5, 73–74 79.93 –1 1 0.00 98.00 3.16 72.79 1.31 0.66 25.42
9H-5, 74–75 79.94 –2 4 0.01 2.53 85.67 0.00 0.64 12.50
9H-5, 75–76 79.95 –3 1 0.00 94.92 3.41 86.50 1.23 0.92 11.29
9H-5, 76–77 79.96 –4 3 0.01 4.16 82.48 0.32 0.64 15.76
9H-5, 77–78 79.97 –5 2 0.01 96.33 5.16 83.71 0.00 0.00 15.31
9H-5, 78–79 79.98 –6 1 0.00 4.01 76.80 0.33 0.33 22.37
9H-5, 79–80 79.99 –7 1 0.00 95.50 5.24 85.89 0.00 1.53 11.84
9H-5, 80–81 80 –8 1 0.00 5.16 88.43 0.76 0.15 10.70
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Table T4. Compositional data for PETM, Hole 1211C.

Note: PETM = Paleocene/Eocene Thermal Maximum, B/P = benthic/planktonic foraminifer.

Core, section, 
interval (cm)

Depth 
(mbsf)

Above 
PETM 
(cm)

B/P 
ratio

CaCO3 
(%)

Coarse 
fraction 

(%)

Whole 
planktonic 

foraminifers 
(%)

Benthic 
foraminifers 

(%)

Fish 
debris 
(%)

Pyrite 
(%)

Planktonic 
foraminifer 

fragmentation 
(%)

198-1211C-
13H-2, 139 114.7 16 0.00 7.33 70.23 0.00 0.65 0.00 22.80
13H-2, 141 114.72 14 0.01 100.00 10.66 65.24 0.57 0.00 0.00 34.38
13H-2, 143 114.74 12 0.00 95.00 7.54 66.22 0.00 0.00 0.00 33.78
13H-2, 145 114.76 10 0.00 93.42 13.46 68.99 0.00 0.00 0.00 31.01
13H-2, 147 114.78 8 0.00 94.50 10.45 71.15 0.00 0.00 0.00 28.85
13H-3, 0 114.8 6 0.00 92.75 16.01 69.78 0.00 0.00 0.00 30.22
13H-3, 1 114.81 5 0.00 86.33 9.76 68.33 0.00 0.00 0.96 30.71
13H-3, 2 114.82 4 0.00 91.75 13.51 65.30 0.00 0.00 0.95 34.08
13H-3, 3 114.83 3 0.02 70.42 0.86 24.46 2.42 12.90 12.10 66.30
13H-3, 4 114.84 2 0.06 87.50 1.07 8.47 5.76 34.58 28.14 61.82
13H-3, 5 114.85 1 0.00 78.33 4.64 49.69 0.31 5.25 4.94 44.48
13H-3, 6 114.86 0 0.00 91.08 8.22 69.66 0.00 0.00 0.00 30.34
13H-3, 7 114.87 –1 0.00 94.75 11.23 65.48 0.00 0.00 0.32 34.30
13H-3, 8 114.88 –2 0.00 7.13 66.45 0.33 2.66 0.00 31.51
13H-3, 9 114.89 –3 0.00 6.77 71.75 0.00 0.00 0.00 28.25
13H-3, 10 114.9 –4 0.00 98.42 4.87 67.30 0.31 0.31 0.00 32.28
13H-3, 11 114.91 –5 0.01 5.57 63.77 0.60 0.30 0.30 35.45
13H-3, 12 114.92 –6 0.00 5.43 63.94 0.25 0.00 0.33 35.66
13H-3, 13 114.93 –7 0.00 8.81 64.13 0.32 0.00 0.32 35.67
13H-3, 14 114.94 –8 0.01 5.40 64.50 0.60 0.00 0.26 34.72
13H-3, 15 114.95 –9 82.50
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Plate P1. Planktonic foraminifers from lower part of PETM, Sample 1209B-22H-1, 134 cm (+1 cm).
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Plate P2. Planktonic foraminifers from lower part of PETM, Sample 1209B-22H-1, 133 cm (+2 cm).
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Plate P3. Planktonic foraminifers from lower part of PETM, Sample 1209B-22H-1, 132 cm (+3 cm).



A.B. COLOSIMO ET AL.
LYSOCLINE SHOALING AT SHATSKY RISE 32
Plate P4. Planktonic foraminifers from lower part of PETM, Sample 1209B-22H-1, 131 cm (+4 cm).
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Plate P5. Planktonic foraminifers from lower part of PETM, Sample 1209B-22H-1, 130 cm (+5 cm).
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Plate P6. Planktonic foraminifers from lower part of PETM, Sample 1209B-22H-1, 129 cm (+6 cm).
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Plate P7. Planktonic foraminifers from lower part of PETM, Sample 1209B-22H-1, 128 cm (+7 cm).
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*Dates reflect file corrections or revisions.

CHAPTER NOTE*

N1. Kahio, K., Kotaro, T., Petrizzo, M.R., and Zachos, J.C., submitted. Anomalous
shifts in tropical Pacific planktonic and benthic foraminiferal test size during the
Paleocene-Eocene Thermal Maximum. Palaeogeogr., Palaeoclimatol., Palaeoecol.
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