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Rapid carbon input into the ocean–atmosphere system caused a dramatic shoaling of the lysocline during the
Paleocene–Eocene thermal maximum (PETM), a transient (∼170 kyr) global warming event that occurred
roughly 55 Ma. Carbon cycle models invoking an accelerated carbonate–silicate feedback mechanism to
neutralize ocean acidification predict that the lysocline would subsequently deepen to depths below its
original position as the marine carbonate system recovered from such a perturbation. To test this hypothesis,
records of carbonate sedimentation and preservation for PETM sections in the Weddell Sea (ODP Site 690)
and along the Walvis Ridge depth transect (ODP Sites 1262, 1263, and 1266) were assembled within the
context of a unified chronostratigraphy. The meridional gradient of undersaturation delimited by these
records shows that dissolution was more severe in the subtropical South Atlantic than in the Weddell Sea
during the PETM, a spatiotemporal pattern inconsistent with the view that Atlantic overturning circulation
underwent a transient reversal. Deepening of the lysocline following its initial ascent is signaled by increases
in %CaCO3 and coarse-fraction content at all sites. Carbonate preservation during the recovery period is
appreciably better than that seen prior to carbon input with carbonate sedimentation becoming remarkably
uniform over a broad spectrum of geographic and bathymetric settings. These congruent patterns of
carbonate sedimentation confirm that the lysocline was suppressed below the depth it occupied prior to
carbon input, and are consistent with the view that an accelerated carbonate–silicate geochemical cycle
played an important role in arresting PETM conditions.
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1. Introduction

Geologic records indicate that earth surface temperatures in-
creased globally by ∼5 °C during an ancient (ca. 55 Ma) climatic
warming event referred to as the Paleocene–Eocene thermal
maximum (PETM) (e.g., Kennett and Stott, 1991; Zachos et al., 2001,
2003; Tripati and Elderfield, 2005; Sluijs et al., 2006). In deep-sea
cores, PETM warmth is linked to an abrupt carbon isotope excursion
(CIE) on the order of −4‰ in inorganic carbon, a benthic
foraminiferal extinction event (BEE) and pervasive carbonate disso-
lution (Thomas, 1990a; Kennett and Stott, 1991; Thomas and
Shackleton, 1996; Thomas, 1998; Bains et al., 1999; Cramer et al.,
2003; Zachos et al., 2005; McCarren et al., 2008). Collectively, these
lines of evidence indicate that massive quantities of 13C-depleted
carbon (CH4/CO2) were rapidly (b10 kyr) released into the ocean –

atmosphere system (Dickens et al., 1995; Kurtz et al., 2003; Svensen
et al., 2004; Higgins and Schrag, 2006; Storey et al., 2007; Panchuk et
al., 2008). Andwhile such critical aspects of the PETM as the triggering
mechanism and source(s)/amount of carbon released are topics of
ongoing debate, there is general consensus that the pulse of intense
dissolution associated with the PETM was fueled by a lowering of the
carbonate ion concentration in seawater (Dickens et al., 1997). This
pH-buffering response to carbon input resulted in a marked shoaling
of the lysocline and calcite compensation depth (CCD) as evidenced
by a conspicuous decline in sedimentary calcite at the base of most
deep-sea PETM records (Thomas and Shackleton, 1996; Bralower et
al., 1997, 2002; Thomas et al., 1999; Katz et al., 1999; Zachos et al.,
2004; Colosimo et al., 2006).

The distinctive signature of the PETM on the deep-sea record is
accentuated by the transient (∼170 kyr) nature of this extreme event
(Röhl et al., 2007). The brevity of PETM conditions indicates that
negative-feedback processes within biogeochemical cycles seques-
tered greenhouse gases, thereby curbing climatic warmth and
neutralizing ocean acidification. Seafloor carbonate dissolution likely
provided an immediate but ephemeral means of reducing pCO2, while
other feedback mechanisms such as increased biological productivity
coupledwith enhanced organic matter burial may have played amore
long-term role in carbon sequestration (Bains et al., 2000; Beerling,
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2000; Stoll and Bains, 2003; Sluijs et al., 2006). However, on geologic
timescales (104–106 years) the primary feedback loop with the
greatest potential for carbon sequestration is the carbonate-silicate
geochemical cycle. This feedback system invokes silicate mineral
weathering reactions in continental rocks as a vehicle for converting
atmospheric CO2 into aqueous bicarbonate that is transferred to the
oceans via riverine discharge where it is incorporated into biogenic
calcite ultimately deposited on the seafloor (e.g., Walker et al., 1981;
Berner et al., 1983).

With respect to carbonate sedimentation in the ocean basins,
computational models simulating the response of marine carbonate
chemistry to rapid carbon input call for an initial shoaling of the
lysocline followed by its gradual descent to depths deeper than its
original position (e.g., Walker and Kasting, 1992; Dickens et al., 1997).
This gradual “over-deepening” of the lysocline during the later stages
of a CIE-like perturbation is generally ascribed to an increased flux of
dissolved bicarbonate and cations derived from intensified continen-
tal weathering (e.g., Archer et al., 1997). Thus, according to theory,
suppression of the lysocline and attendant CCD to exceptionally deep
depths as the marine carbonate system recovers frommassive carbon
input should manifest itself in deep-sea records as a stratigraphically
expanded, carbonate-rich interval containing well preserved, calcar-
eous microfossils (see Fig. 1). Such a spatiotemporal pattern of
lysocline movement was identified in a series of PETM records
recovered from a depth transect drilled along the flank of the Walvis
Ridge in the southeastern Atlantic Ocean (Zachos et al., 2005).
Specifically, these records show that the CIE onset was accompanied
Fig. 1. Schematic depicting carbon exchange between various reservoirs in the carbonate–s
atmosphere system raises atmospheric pCO2 levels, increases oceanic absorption of CO2, ca
thereby confining preservation of deep-sea carbonates to shallow areas on seafloor. [B] En
reactions on continent lower atmospheric pCO2 levels, increase flux of dissolved ions to oc
calcite, thereby extending preservation of carbonates to deeper areas on seafloor.
by a sharp drop in sedimentary %CaCO3 content followed by a gradual
increase to levels higher than those recorded prior to the CIE onset.

The findings of the Walvis Ridge study have important implica-
tions for understanding the dynamics of carbon release and
sequestration during the PETM, and therefore warrant further study.
The objective of this investigation is to provide additional constraints
on changes in the saturation state of bottom waters. In particular, we
test the notion of a completely oversaturated water column during
the recovery phase when CaCO3 contents are high at all sites by
constructing a series of weight-percent coarse-fraction records for the
Walvis Ridge PETM sections. These records are compared to a
published record (Kelly et al., 2005) for a PETM section from high-
latitude Site 690 in the Weddell Sea to delineate spatiotemporal
patterns of deep-sea carbonate sedimentation in the South Atlantic
(Fig. 2). This comparative analysis was facilitated by casting all of
these sedimentological records within the temporal context of a
common PETM chronostratigraphy. An important finding of this study
is that the salient features of high-resolution δ13C and %CaCO3 records
used to partition the CIE into its various stages are accompanied by
pronounced changes in sedimentary coarse fraction and we explore
the implications of this covariance for the exchange and fate of carbon.
In addition, we employ such dissolution indices as planktic forami-
niferal shell fragmentation and relative abundances of benthic
foraminiferal shells to verify that the spatiotemporal patterns of
carbonate sedimentation/preservation along the Walvis Ridge depth
transect conform to those expected if an enhanced carbonate-silicate
geochemical cycle was operative at the close of the PETM.
ilicate geochemical cycle. [A] Rapid release of massive amounts of carbon into ocean–
uses calcite compensation depth (CCD) to shoal, and reduces flux of biogenic calcite,
suing “recovery phase” of atmosphere–ocean system. Accelerated silicate-weathering
ean, neutralize ocean acidification with CCD deepening, and increase flux of biogenic



Fig. 2. Paleocene paleogeographic reconstruction showing locations of ODP Site 690 in
the Weddell Sea and Walvis Ridge study sites (ODP Sites 1262, 1263, and 1266) in the
southeastern Atlantic (after Ocean Drilling Stratigraphic Network).
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2. Description of study sites

Walvis Ridge is a northeast –southwest trending aseismic ridge
located in the subtropical, southeastern Atlantic Ocean (Fig. 2). This
prominent bathymetric high divides the eastern South Atlantic into
two basins, the Angola Basin to the north and the Cape Basin to the
south. Gravity and magnetic anomalies indicate that Walvis Ridge
initially formed during the Late Cretaceous via hotspot volcanism near
the spreading ridge and continued to grow as the Atlantic Ocean
progressively widened (Rabinowitz and Simpson, 1984). It is
therefore assumed that Walvis Ridge has followed a thermal
subsidence of ∼1.1 km since the Maastrichtian (Moore et al., 1984).
Five PETM records from varying water depths spanning ∼2200 m
along the northern flank of Walvis Ridge were recovered by Ocean
Drilling Program (ODP) Leg 208 (Zachos et al., 2004). Of these,
three were targeted for study: shallow-water Site 1263 (28°31.98′S,
2°46.77′E: water depth 2717 m, paleodepth ∼1500 m), intermediate-
water Site 1266 (28°32.55′S, 2°20.61′E: water depth 3798 m,
paleodepth ∼2600 m) and deep-water Site 1262 (27°11.15′S, 1°34.62′E:
water depth 4755 m, paleodepth ∼3600 m).

High-latitude ODP Site 690 is located at a water depth of 2914 m
on the southwestern flank of the Maud Rise in the eastern Weddell
Sea (65º9.63′S, 1º12.29′E) (Fig. 2). Like Walvis Ridge, Maud Rise is an
aseismic ridge believed to have formed during the Late Cretaceous
through the interaction of a spreading ridge and a volcanic hotspot
Fig. 3. Chemostratigraphic correlation of the four primary subdivisions within the bulk δ13C
interval, CIE interval, CIE Recovery interval (Phase I and Phase II), and post-CIE interval.
(Barker et al., 1988). Paleodepth estimates based on benthic
foraminiferal assemblages place Site 690 within lower bathyal to
upper abyssal waters (∼2000 m) during the late Paleocene (Thomas,
1990b).

3. Correlation and chronology of the PETM records

Records of carbonate sedimentation and preservation for each of
the four PETM sections examined in this study are correlated using the
CIE (Fig. 3). High-resolution records constructed with bulk-carbonate
δ13C data show that the CIE is initially marked by a sharp decrease
followed by a step-wise series of smaller decreases that culminate in a
minimum value, and that the ensuing recovery is characterized by
gradually increasing δ13C values that eventually establish a post-CIE
baseline (Bains et al., 1999; Stoll, 2005; Zachos et al., 2005). This fine-
scale structure is used to partition each of the CIE profiles into four
basic subdivisions that provide a chemostratigraphic framework for
chronicling the history of carbonate sedimentation in each study
section. As defined by Röhl et al. (2007), the four subdivisions are:
(1) a “pre-CIE interval” representing background conditions that
predate the CIE; (2) a “CIE interval” that extends from the level of the
CIE onset up through the CIE minimum, ending at the inflexion that
marks the beginning of a prolonged increase in the CIE curve; (3) an
overlying “CIE recovery interval” that is further subdivided into an
initial Phase I that is delimited by a relatively rapid increase in δ13C
values followed by a secondary Phase II characterized by a more
gradual, asymptotic increase in δ13C values; and (4) a “post-CIE
interval” typified by the uppermost part of the isotopic profile where
δ13C values stabilize to establish a new δ13C baseline (Fig. 3).

The chemostratigraphy derived from the fine-scale δ13C variation
of the CIE is complemented by a recently revised PETM cyclostrati-
graphy constructed from high-resolution, X-ray fluorescence core
scanner measurements of barium, iron and calcium contents through
each of the Walvis Ridge sections and a barium intensity record
through the Site 690 section (see Röhl et al., 2007). Comparison of
these geochemical records to the published (Röhl et al., 2000) iron
and calcium content records for the Site 690 section revealed
correlative patterns of stratigraphic variation and the cyclic nature
of these intensity signals. Cycle-to-cycle correlation of the Ba intensity
records provided an independent line of evidence for identifying the
end of the CIE recovery interval in these PETM records. Time series
profiles of each PETM section (after Röhl et al., 2007). Major subdivisions are: pre-CIE
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analysis indicates that the tempo of this cyclical variation falls within
the precessional (21 kyr) frequency band, which yielded a more
precise although floating time scale (Westerhold et al., 2007), and an
estimated duration of ∼170 kyr for the PETM (Röhl et al., 2007).
Hence, the resultant chronostratigraphy provides a common temporal
context within which all four PETM sections can be evaluated. In this
age model, time elapses relative to the CIE onset (0.0 kyr) with
“negative” ages being assigned to samples predating the event and
“positive” values assigned to samples post-dating the event.

Despite significant improvements in chronostratigraphic control
afforded by the XRF cyclostratigraphic records, it is still possible that
the Maud Rise and Walvis sites are miscorrelated, but probably by no
more than a precession cycle (or two). One potential contributing
factor is that chemical erosion has removed part of the uppermost
Paleocene and lowermost part of the CIE, making it difficult to
pinpoint the actual position of the CIE onset in many deep-sea records
(Dickens, 2000). This shortcoming is particularly problematic for the
Walvis Ridge sites where the base of the CIE is marked by a clay layer
devoid of carbonate content (Zachos et al., 2005; Zeebe and Zachos,
2007). Nevertheless, we feel that the sharp negative δ13C excursion
marking the base of the CIE along with the BEE and XRF data (Ba and
Fe contents) provide adequate stratigraphic control for correlating the
PETM records in detail (Röhl et al., 2007).

4. Indices of carbonate content and preservation

Percent calcite (%CaCO3) records for the PETM sections were
compiled from the published literature (Kelly et al., 2005; Zachos et
al., 2005). In addition, the %CaCO3 records of Sites 1263 and 1266were
supplemented by analyzing an additional 47 and 23 samples,
respectively (Table S1). These supplemental %CaCO3 data were
generated using a CM5240 TIC Autoanalyzer coulometer; replicate
analyses of a carbonate standard yielded an analytical precision of
±1%. Complementary weight-percent coarse-fraction (wt.% CF)
records were generated for the three Walvis Ridge sections (Sites
1262, 1263, and 1266) by dividing the mass of material N63 μm by
the total dry bulk weight (Table S1), and compared to the published
wt.% CF record of Site 690 (Kelly et al., 2005). The wt.% CF proxy is a
robust indicator of the relative amount of foraminiferal shells within
deep-sea sediment samples and is highly sensitive to dissolution (e.g.,
Johnson et al., 1977; Berger et al., 1982; Peterson and Prell, 1985;
Bassinot et al., 1994).

The N125 μm size fraction from a subset of samples was used to
construct parallel records of percent planktic foraminiferal shell
fragmentation (%PFF) and percent benthic foraminifera (%BF) to
gauge changes in carbonate preservation at shallow-water Site 1263
and deep-water Site 1262 (Table S2). The %PFF of each sample was
determined by dividing the number of planktic shell fragments by the
sum of planktic whole shells and fragments (Luz and Shackleton,
1975; Thunell, 1976), while %BF values were calculated by dividing
the number of benthic shells by the total number of foraminiferal
(planktic+benthic) shells counted in each sample. The thick shells of
benthic foraminifera tend to be more resistant to dissolution than
those of most planktic species; thus, higher %BF values typically
indicate increased dissolution (e.g., Gardner, 1975; Luz and Shackle-
ton, 1975). In general, %PFF and %BF values of each sample were
determined by counting a minimum of 200 carbonate grains (whole
planktic shells+planktic shell fragments) and 200 foraminiferal
shells (planktic+benthic shells), respectively.

A note of caution, it was not always possible to attain the census
minima (N=200) for samples with intensely dissolved foraminiferal
assemblages. This situation was most frequent among samples from
within the clay-rich, dissolution interval at the base of the CIE. To
convey this variation in sampling intensity and to permit meaningful
comparisons of temporal variations in sample estimates, binomial
confidence intervals (CI=95%) were calculated for %PFF and %BF
values. It is also noted that a modified version of the binomial CI
equationwas used to derive the upper range of the CI for samples with
observed proportions of zero. One other notable caveat imposed by
poor preservation is that proportion estimates are not defined for
barren samples and/or samples possessing a single, isolated forami-
niferal shell. To proportionately convey uncertainty in these extreme
cases, the CI bar is extended across the entire width of the graph. All
previously unpublished supporting data expressing stratigraphic
variation in carbonate content and preservation (Tables S1 and S2)
have been archived with the NOAA/NGDC World Data Center-A for
Paleoclimatology.

5. Results

5.1. Carbonate Content

For comparative purposes the complementary %CaCO3 and wt.% CF
records of each study section are plotted against the aforementioned
PETM age model (Fig. 4). On average, all four PETM sections have
similar carbonate contents (83–85% CaCO3) over much of the pre-CIE
interval, although %CaCO3 decreases slightly at deep-water Site 1262
starting∼20 kyr before the CIE onset (Fig. 4A). A sharp drop in %CaCO3

coincideswith the CIE onset at all study sites, but themagnitude of the
decrease at Site 690 is considerably less than at Walvis Ridge. At Site
690, %CaCO3 decreases from a pre-CIE average of ∼83% to a minimum
of ∼60%, while it plummets from a pre-CIE mean of ∼85% to a
minimum of ≤1% at the base of the CIE interval in all three of the
Walvis Ridge records (Fig. 4A). The precipitous drop in carbonate
content at Walvis Ridge manifests itself as a discrete clay layer at the
base of the CIE interval in all three of these PETM sections.

The spatial differences in the degree of undersaturation, as well as
temporal variation in the timing and rate of the subsequent %CaCO3

increase, causes the %CaCO3 records to diverge for the remainder of the
CIE interval (Fig. 4A). At Site 690, the %CaCO3 increase is virtually
immediate with values steadily rising from ∼60% to ∼80% over a
period of ∼90 kyr. The %CaCO3 increase also initiates very quickly at
Site 1263where values increase from≤1% to∼80% over the same time
period. In comparison, the timing of the %CaCO3 increase is delayed at
intermediate-water Site 1266 and deep-water Site 1262withminimal
values (≤1%) persisting for nearly 20 kyr and 40 kyr at these two sites,
respectively. Further, the rate at which %CaCO3 increases during the
remainder of the CIE interval ismore rapid at Sites 1266 and 1262 than
at the other sites. As a result, the transition from the CIE interval
into the CIE recovery interval (Phase I) is marked by a secondary
convergence of all %CaCO3 records (Fig. 4A). It is at this point that
parallel %CaCO3 increases occur in all of the records, attaining a
prolongedmaximum(N89%) of relatively invariant %CaCO3 values that
persists over the later part (Phase II) of the CIE recovery interval.

Four key observations drawn from these %CaCO3 records are:
(1) the degree of carbonate undersaturation was most severe in the
Walvis Ridge area, (2) %CaCO3 begins to decline well below the base of
the CIE interval at Site 1262, (3) the timing and rate of the subsequent
%CaCO3 increase is strongly dependent upon bathymetry (e.g., Zachos
et al., 2005), and (4) %CaCO3 within the CIE recovery interval (Phase
II) is higher than in the pre-CIE interval at all studied locations (Röhl
et al., 2000; Farley and Eltgroth, 2003; Kelly et al., 2005; Zachos et al.,
2005).

5.2. Sedimentary coarse-fraction (N63 μm) content

The lithostratigraphic changes delineated by the %CaCO3 records
are tracked by a series of changes in the wt.% CF records. The wt.% CF
records for three of the study sections (Sites 690, 1263, and 1266)
have grossly similar salient features, while several key aspects of the
Site 1262 wt.% CF record are unusual (Fig. 4B). For instance, wt.% CF
values at Sites 690, 1263 and 1266 strongly overlap through much of



Fig. 4. [A] Percent calcite (%CaCO3) and [B] weight-percent coarse-fraction (wt.% CF) records for three sections from Walvis Ridge (Sites 1262, 1263, and 1266) and one from the
Weddell Sea (Site 690) cast within the temporal framework of the PETM age model of Röhl et al. (2007).
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the pre-CIE interval with mean values ranging from 5 to 6%, a minor
departure from this congruency occurs just below the base of the CIE
interval at Site 690 where wt.% CF briefly increases to about 7–9%.
Conversely, mean wt.% CF values (∼1.2%) for the pre-CIE interval at
Site 1262 are much lower than those at the other sites (Fig. 4B).

As in the %CaCO3 records, wt.% CF abruptly declines at the base of
the CIE interval at Sites 690, 1263 and 1266with themagnitude of this
decrease being greatest at Walvis Ridge (Fig. 4B). At Site 690, wt.% CF
decreases to a minimum of ∼3% across the base of the CIE interval
then quickly rebounds to a maximum (∼9%) ∼20 kyr after the CIE
onset. Likewise, wt.% CF drops sharply to aminimum (b1%) at the base
of the CIE interval at Sites 1263 and 1266 then increases to respective
peak values of ∼6% and ∼7% about 60–80 kyr after the CIE onset. A
comparable decrease in wt.% CF is associated with the base the CIE
interval at Site 1262, but the stratigraphic interval over which wt.% CF
values remain persistently low (≤1%) extends ∼30 cm below the core
depth (140.12 mcd) assigned to the CIE onset (Fig. 4B). Also, the
decline in wt.% CF over the pre-CIE interval at Site 1262 is correlative
with a subtle decline in the %CaCO3 record, and wt.% CF values at Site
1262 do not start to increase until∼80 kyr after the CIE onset (Fig. 4B).
In short, the recovery toward higher wt.% CF values following the
intense pulse of dissolution at Walvis Ridge lags behind that at Site
690. These temporal discrepancies give rise to offsets in the timing of
when peak wt.% CF values are attained in the different records. For
example, the peak wt.% CF value (∼9%) at Site 690 occurs well within
the CIE interval, while comparable peak wt.% CF values in the Walvis
Ridge records occur later as Phase I of the CIE recovery interval
develops.

Another salient feature of the wt.% CF data is the Walvis Ridge
records converge during Phase I of the CIE recovery (Fig. 4B). This
convergence is accompanied by a marked increase in variance that is
expressed as multiple peaks in these records. Two peaks of ∼6% occur
around ∼80 kyr in the Site 1263 record, while comparable peaks
(∼7%) occur at ∼65 kyr and∼80 kyr in the Site 1266 record. A series of
peaks (3–4%) initiates slightly later at Site 1262 with the first at
∼80 kyr, a second at ∼90 kyr and a third at ∼95 kyr.

The transition from Phase I to carbonate enriched Phase II of the
CIE recovery is demarcated by a decline in wt.% CF at all study sites
(Fig. 4B). This transition is most strongly expressed at Site 690 where
Phase II is characterized by an extended interval of extremely low
(≤1%) wt.% CF values that persists from ∼100 kyr to ∼160 kyr.
Similarly, at Sites 1263 and 1266 wt.% CF values decline into an
extended minimum (∼2%) within Phase II of the CIE recovery interval
(∼100 kyr to 170 kyr). These prolongedwt.% CF minima coincide with
extended maxima in the complementary %CaCO3 records; hence,
Phase II of the CIE recovery interval at Sites 690, 1263 and 1266 is
typified by wt.% CF and %CaCO3 values that are lower and higher,
respectively, than pre-CIE values at all three sites. The recovery values
at Site 1262 are nearly identical to those of Sites 1263 and 1266 as
well; however, unlike the other records the decrease does not yield
wt.% CF values lower than pre-CIE values (Fig. 4B). Additionally, wt.%
CF subsequently increases to values approaching 4% through the
uppermost part of the section (145.66–200 kyr) spanning the
transition from the CIE recovery into the post-CIE interval at Site 1262.

5.3. Records of Planktic Foraminiferal Preservation

Parallel records expressing temporal variation in the relative
proportions of benthic foraminiferal shells (%BF) and planktic
foraminiferal shell fragmentation (%PFF) were constructed to more
fully investigate the relationship between carbonate content and
carbonate preservation at the shallow-water (Site 1263) and deep-
water (Site 1262) sites along the Walvis Ridge depth transect (Fig. 5).
For illustrative purposes, graphs showing the number of foraminiferal
shells used to compute the %BF and %PFF values of each sample are
provided (Fig. 5A, E). These census data should not be viewed as
precise quantitative measures of absolute foraminiferal abundances;
rather, they provide a first order approximation of changes in



Fig. 5. Parallel records of carbonate sedimentation and preservation for shallow-water Site 1263 [A–D] and deep-water Site 1262 [E–H] along the Walvis Ridge depth transect.
[A, E] Qualitative records approximating first order changes in foraminiferal abundance, [B, F] weight-percent coarse-fraction (wt.% CF), [C, G] percent benthic foraminifera (%BF),
and [D, H] percent planktic foraminiferal shell fragmentation (%PFF) all cast within the temporal context of the PETM age model of Röhl et al. (2007). Dark shading at left and
corresponding gray band extending across panels denote strongly dissolved zone within the CIE interval.
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foraminiferal abundances and thus aid in assessing the statistical
significance of changes in the %BF and %PF records. In addition, the
wt.% CF records of Sites 1263 and 1262 are also shown for com-
parative purposes (Fig. 5B, F).

5.3.1. Mid-Bathyal Site 1263
Initially, foraminiferal assemblages are generally well preserved

within the pre-CIE interval at Site 1263 (∼−10 to −5 kyr) as
indicated by the common occurrence of whole planktic foraminiferal
shells, relatively high (5–6%) wt.% CF values, and low %BF (≤3%) and
%PFF (10–18%) values within the lowermost portion of the section
(Fig. 5A–D). However, preservation begins to decline ∼5 kyr prior to
the CIE onset as indicated by a rapid decrease in wt.% CF along with
minor increases in %BF (∼5%) and %PFF (∼25%) just below the clay
layer at the base of the CIE interval (Fig. 5B–D).

Preservation continues to deteriorate over the first 20 kyr of the
CIE interval. A dearth of planktic foraminiferal shells, extremely low
wt.% CF (b1%), a rise in %BF (despite the BEE), and elevated %PFF
(≥60%) values reflect the fragmented condition of shells within these
dissolved assemblages (Fig. 5A–D). The dampening effect of the BEE
on the %BF record is evident in the highly fragmented (∼93% PFF)
assemblage at ∼10 kyr, which yielded no benthic foraminifera and a
meager (N=5) planktic population (Fig. 5C–D). A similar situation
occurs in the highly fragmented assemblage (∼77% PFF) at 20 kyr,
which registered the peak %BF value (54%) but contained a total of
only 13 foraminiferal shells. As indicated by the expanded confidence
intervals (Fig. 5C–D), the combined effects of the BEE and intense
dissolution have greatly diminished the statistical significance of the
proxy values for these strongly biased assemblages.

Although foraminiferal abundances begin to increase during the
ensuing 20–45 kyr of the CIE interval (Fig. 5A–B), the relatively high
%BF (8–31%) and %PFF (N50%) values indicate that the assemblages
are still highly fragmented (Fig. 5C–D). Preservation does, however,
improve during the transition from the CIE interval to Phase I of the
CIE recovery (∼45–100 kyr) as indicated by concomitant increases
in foraminiferal abundances and wt.% CF (Fig. 5A–B), and by the
declining %BF (≤5%) and %PFF (b50%) values (Fig. 5C–D).

Foraminiferal preservation within the overlying, carbonate-rich
(N89% CaCO3) interval representing Phase II of the CIE recovery
(∼100–160 kyr) is comparable to that in the pre-CIE interval. This
degree of similitude is conveyed by the relatively low %BF (≤6%) and
%PFF (b18%) values of Phase II in the CIE recovery (Fig. 5C–D),
although wt.% CF within this part of the Site 1263 record is still
relatively lower than that in the pre-CIE interval (Fig. 5B).
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5.3.2. Abyssal Site 1262
As suggested by a subtle decrease in %CaCO3, carbonate preserva-

tion progressively deteriorates over the pre-CIE interval (∼−50
to −10 kyr) at Site 1262. This trend initiates ∼40 cm below the
stratigraphic level of the CIE onset, and is delineated by an increase in
%BF values from ∼8% to 74% (Fig. 5G). This trend of decreasing
preservation is less clearly expressed in the pre-CIE portion of the %PFF
record where values fluctuate (∼32%–73%) about a mean baseline of
∼50% (Fig. 5H). A curious exception occurs ∼4 cm (−10 kyr) below
the “barren” clay layer at the base of the CIE interval where the highest
pre-CIE value (74%) in the %BF record is registered, yet %PFF drops to
only 14% (Fig. 5G–H).

The CIE interval (0 to ∼75 kyr) is characterized by extremely poor
preservation as indicated by a general scarcity of foraminiferal shells,
minimal wt.% CF content (b1%), exceptionally high %BF values (33%–
100%) and elevated %PFF values (N50%) (Fig. 5E–H). Several samples
are completely devoid of foraminiferal shells and debris. The general
paucity of shells and fragments reduces the statistical significance of
many of the proxy values within the CIE interval (Fig. 5G, H).

This episode of intense dissolution is followed by an improvement
in preservation over the transition into Phase I of the CIE recovery
(∼70–100 kyr). Planktic foraminiferal abundances and wt.% CF
rapidly increase during this transition as %BF and %PFF values decline
(Fig. 5E–H). Increased abundance of intact planktic foraminiferal
shells has the ancillary effect of diluting the proportions of benthic
foraminifera (b2%) over the entire CIE recovery interval (Fig. 5G). In
fact, foraminiferal preservation during Phase II of the CIE recovery and
post-CIE interval (∼100 to 220 kyr) is appreciably improved over that
of the pre-CIE interval. This is best exemplified in the %PFF record
where values fluctuate (14–38%) about a mean (∼24%) that is half
that (∼50%) of the pre-CIE interval (Fig. 5H). This improvement in
foraminiferal preservation is paralleled by an up-section increase in
wt.% CF (Fig. 5F) and corresponds to the highest %CaCO3 values
(N90%) of the entire section.

6. Discussion

6.1. Meridional Patterns of Carbonate Undersaturation in the South
Atlantic

Numerical ocean models designed to test the sensitivity of
thermohaline circulation to a strengthening of the atmospheric
hydrologic cycle indicate that deep-water formation may have
switched from southern to northern high latitudes during the PETM
(Bice and Marotzke, 2002). Support for such a reversal in meridional
overturning circulation was subsequently provided through the
chemostratigraphic correlation of numerous deep-sea benthic fora-
miniferal δ13C records (Nunes and Norris, 2006). The latter study is
predicated upon the modern observation that respired 12CO2 steadily
increases in a bottomwater mass as it migrates away from its original
source area (Kroopnick, 1980). Accordingly, Nunes and Norris (2006)
reported that the benthic foraminiferal δ13C gradient switched from a
pre-CIE state with the lowest values being in the North Atlantic to a
CIE statewith the lowest δ13C values being in the Southern Ocean. This
transient turnabout in the benthic foraminiferal δ13C gradient is
consistentwith the view that an abrupt reversal in Atlanticmeridional
overturning circulation occurred during the earliest stages of the
PETM.

However, the chemostratigraphic correlation upon which this
transient reversal in the Atlantic benthic foraminiferal δ13C gradient is
based has been called into question (McCarren et al., 2008). The
primary criticism is that the reversed state of the benthic δ13C
gradient occurs only during the initial 40 kyr of the PETM when
carbonate dissolution was most intense and benthic foraminiferal
populations were gradually recovering from the BEE. It was therefore
posited that spatiotemporal variation in the recovery of both deep-sea
carbonate preservation and benthic foraminiferal populations have
confounded the very chemostratigraphic correlation upon which the
reversed overturning model is based (McCarren et al., 2008). In
addition, thermohaline circulation reconstructions based on records
of neodymium isotopes in fish teeth indicate that the Southern Ocean
remained a major locus for deep-water formation during the entirety
of the PETM (Thomas et al., 2003).

We address this controversy by examining spatiotemporal
patterns in dissolution along the meridional transect delimited by
the Weddell Sea (Site 690) and more northerly Walvis Ridge (Sites
1262, 1263, and 1266) records. Many factors can influence such
meridional patterns in carbonate dissolution. Parameters such as
paleo-water depth, varying levels of surface-ocean inorganic/organic
carbon production and oxidation, distance from the point source of
carbon release, and/or the size of different oceanic reservoirs all play a
role in governing spatial patterns in PETM dissolution (e.g., Dickens et
al., 1997; Dickens, 2000; Zeebe and Zachos, 2007). Furthermore,
modeling of the sedimentary response to ocean acidification suggests
that the inhibition of bioturbation by poorly oxygenated bottom
waters reduces the buffering capacity derived from the upward
mixing of sedimentary calcite to the surface layer, thereby enhancing
chemical erosion of sedimentary calcite exposed at the sediment–
water interface (Ridgwell, 2007; Panchuk et al., 2008). Despite these
complicating factors, the use of meridional gradients in dissolution to
constrain patterns of deep-ocean advection seems feasible given that
elevated levels of respired CO2 in more aged water masses increases
the corrosion of biogenic calcite (e.g., Broecker and Peng, 1982). Thus,
one might expect carbonate dissolution to be most intense at
southern high-latitude sites (Site 690) if a reversal (southward
flowing) in Atlantic meridional overturning had occurred during the
early stages of the PETM.

Comparison of the %CaCO3 and wt.% CF records reveals that the
CCD shoaled by at least 2 km to invade paleo-water depths shallower
than ∼1.5 km at Walvis Ridge (Zachos et al., 2005), whereas the CCD
remained below a paleo-water depth of ∼2000 m throughout the
entire CIE interval in theWeddell Sea (Fig. 4). Moreover, the view that
undersaturation was more severe in the subtropical South Atlantic is
corroborated by themanner inwhich thewt.% CF records of theWalvis
Ridge sites lags behind that of Site 690 (Fig. 4B). These records indicate
that carbonate preservation began to improve ∼20 kyr after carbon
input in the Weddell Sea, while it took an additional 30 kyr for
preservation to improve at Sites 1263 and 1266, and that even more
time (∼80 kyr post-CIE onset) was needed at the deepest site (Site
1262). Hence, the smaller magnitudes of the %CaCO3 and wt.% CF
decreases associated with the CIE onset at Site 690, as well as the
relatively expanded stratigraphy of this section, indicate that carbon-
ate undersaturation in the Weddell Sea was less severe than at more
northerly Walvis Ridge (Fig. 4A–B). This latitudinal gradient in
carbonate dissolution contradicts the view that Atlantic meridional
overturning temporarily reversed from a Southern Hemisphere source
to a Northern Hemisphere source during the early part of the PETM.

Application of a sediment model to a suite of PETM deep-sea
records from various ocean basins indicates that the global gradient in
deep-sea carbonate ion concentration was opposite to that seen in
the modern ocean (Zeebe and Zachos, 2007). Specifically, deep-sea
[CO3

2−] appears to have been lowest in the Atlantic and highest in the
Pacific with the Southern Ocean having intermediary concentrations.
The results of this model-data comparison are compatible with the
meridional pattern of PETM dissolution seen in the South Atlantic. On
a more speculative note, we call attention to the fact that the
meridional pattern of dissolution delineated by our suite of PETM
records is similar to that unfolding today in the South Atlantic in
response to anthropogenic carbon input. Drawing such an analogy
seems reasonable given that detailed stable isotope records indicate
that the pathway for carbon exchange during the PETM was grossly
similar to that occurring today; specifically, vast quantities of carbon
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were initially released into the atmosphere and subsequently mixed
down into the interior of the deep ocean (Thomas et al., 2002; Zachos
et al., 2007). Today, an appreciable imbalance exists between the
amount of anthropogenic carbon being absorbed and stored in the
Southern Ocean with storage inventories being lower than expected
(Sabine et al., 2004). This modern imbalance exists because
atmospheric CO2 absorbed by the surface ocean is transferred out of
the Southern Ocean toward the Subtropical Convergence along
isopycnals that descend in a northward direction down to mid-
bathyal depths (Caldeira and Duffy, 2000). Although psychrosphere
circulation like that in the modern circum-Antarctic region was not
established until sometime near the end of the Eocene (Lawver and
Gahagan, 2003; Scher and Martin, 2006), it is still plausible that
downwelling and advection of intermediate watersmay have played a
role in minimizing undersaturation at Site 690 by transferring CO2

absorbed at the sea surface in theWeddell Sea to subsurface depths in
the Walvis Ridge region.
6.2. Overprinting of the Pre-CIE Stratigraphy by “Dissolution Burndown”

At Site 1262 %CaCO3 decreases from ∼84% to 72% and wt.% CF
drops from ∼2% to b1% during the last 25 kyr of the pre-CIE interval
(Fig. 4A–B). These sedimentological changes seem to suggest that
carbonate preservation steadily deteriorated prior to the CIE onset, a
trend also conveyed by a steady increase seen in the correlative part of
the %BF record (Fig. 5G). Evidence for a decline in carbonate
preservation over the pre-CIE interval at Site 1262 is not as clearly
expressed in the %PFF record, most notable is the curious decrease in
%PFF just below the clay layer at the base of the CIE interval (Fig. 5H).
At first glance, the relatively low %PFF value (14%) of this sample
suggests that planktic foraminiferal preservationmay have improved
just prior to the CIE onset; however, this same sample yielded the
highest %BF value (74%) of the entire pre-CIE interval (Fig. 5G). This
apparent contradiction in preservation proxies is reconciled upon
inspection of the planktic foraminiferal assemblage of this sample,
which reveals a high abundance (∼90%) of the speciesGlobanomalina
imitata and a paucity of shell fragments. The virtually monospecific
character of this depauperate assemblage is a clear indication that
intense dissolution has biased its composition by eliminating the
shells and fragments of most planktic species while preferentially
preserving the solution-resistant shells of G. imitata and various
benthic taxa.

This demonstrates that the stratigraphic level at which carbonate
preservation begins to decline is positioned lower in the section than
the level where the CIE onset is recorded. A similar stratigraphic offset
between increased dissolution and the CIE onset has been described in
PETMrecords fromShatskyRise and theTethyan region (Colosimo et al.,
2006; Giusberti et al., 2007; Luciani et al., 2007; Petrizzo et al., 2008).
The nature of this stratigraphic offset conforms to the supposition that
shoaling of the lysocline dissolved preexisting sedimentary calcite
exposed along areas of the seafloor surface that were previously bathed
by carbonate saturated waters, a post-depositional process referred to
as “dissolution burndown” or chemical erosion (Dickens et al., 1997;
Dickens, 2000; Colosimo et al., 2006). Models show that the degree of
chemical erosion is a function of sediment porosity and mixing (Archer
et al., 1998; Ridgwell, 2007; Zeebe and Zachos, 2007; Panchuk et al.,
2008). Judging by the wt.% CF and %BF records, it appears that such
a dissolution front penetrated down into the sediment column by
as much as ∼40 cm below the base of the clay layer at Site 1262
(Fig. 5F–G). Dissolution burndown is also evident in the wt.% CF, %BF,
and %PFF records at Site 1263 where the upper ∼10 cm of the pre-CIE
interval appears to have suffered a limited degree of chemical erosion
(Fig. 5B–D). This finding suggests that the stratigraphic record spanning
the contact between the pre-CIE and CIE intervals at Site 1262, and to a
lesser extent at Site 1263, is condensed and/or incomplete.
6.3. Rise and Fall of the Lysocline

The %CaCO3 and wt.% CF records can be used to constrain changes
in the depth of the lysocline. At Walvis Ridge prior to the CIE, wt.% CF
is relatively uniform from the shallow (1263) to intermediate (1266)
sites, before dropping off at the deepest site (1262). From this we infer
that the lysocline was positioned between the intermediate and deep
site, before shoaling above all sites during the CIE interval.

Parallel increases in the δ13C, %CaCO3 and wt.% CF signal the onset
of recovery and decreased dissolution. Comparison of the %CaCO3 and
wt.% CF highlights the time transgressive nature of this recovery
(Fig. 4A, B). For instance, the peak wt.% CF value at Site 690 occurs
within the CIE interval only ∼25 kyr after the CIE onset, while
comparable peaks in wt.% CF are not attained until ∼70 to 100 kyr
after the CIE onset at Walvis Ridge (Fig. 4B). To some degree, the
magnitude of this temporal offset in the timing of the recovery could
have been enhanced slightly by chemical erosion at the base of the
Walvis Ridge records, particularly the deep sites; nevertheless, it is
evident that the delayed recovery at these sites conforms to the
aforementioned latitudinal gradient in undersaturation. Moreover,
Phase I of the CIE recovery atWalvis Ridge is typified by a conspicuous
increase in variance in the wt.% CF records (Fig. 4B). This brief period
of increased volatility in the wt.% CF data reflects erratic changes in
the proportions of planktic foraminiferal shells preserved in seafloor
sediments that, in turn, were driven by small-scale, high frequency
fluctuations in the position(s) of the foraminiferal and nannofossil
lysoclines as they began to deepen. Thus, the wt.% CF records capture
the unique nature of Phase I in the CIE recovery and suggest that it
represents a critical turning point in the tempo andmode of carbonate
sedimentation at Walvis Ridge.

To a large degree, covariance between %CaCO3 and wt.% CF is
expected since the sand-sized fraction (N63 μm) of deep-sea
carbonates is composed almost entirely of calcareous, foraminiferal
shells that are susceptible to dissolution; however, the ensuing
transition from Phase I to Phase II of the CIE recovery is unusual
because it is signaled by an unexpected divergence in the %CaCO3 and
wt.% CF records at all but the deepest (Site 1262) of the study sites
(Fig. 4A, B). Basically, wt.% CF values are unusually low over the very
interval (∼100 to 170 kyr) in which %CaCO3 plateaus into a prolonged
maximum at Sites 690, 1263 and 1266. By convention, a decrease in
wt.% CF like that seen during Phase II of the CIE recovery would be
taken as a sign of intensified dissolution with increased breakage of
planktic shells transferring the smaller fragments to finer (b63 μm)
size fractions (e.g., Bé et al., 1975; Thunell, 1976; Johnson et al., 1977;
Peterson and Prell, 1985; Bassinot et al., 1994). However, in this
particular case the drop in wt.% CF is accompanied by an increase in
%CaCO3. Plus, the foraminiferal preservation records (%BF and %PFF)
indicate that dissolution diminished markedly during this period at
Sites 1263 and 1262 (Fig. 5C, D, G, H).

This unusual pattern of carbonate sedimentation was originally
identified in the CIE recovery interval at Site 690 where it is most
strongly expressed (Fig. 4A, B), and the paucity of foraminiferal shells
within a 2-meter thick segment of this carbonate-rich (N90% CaCO3)
interval was attributed to an increased flux of fine-fraction, nanno-
fossil carbonate (Kelly, 2002; Kelly et al., 2005). We favor this
interpretation because distinct compositional changes occurred
amongst the calcareous nannofossil assemblages as this pattern of
sedimentation unfolded at Site 690. In particular, the absolute and
relative abundances of the solution-susceptible holococcolith, Zygrha-
blithus bijugatus, increase dramatically as %CaCO3 increases and wt.%
CF decreases at Site 690 (Bralower, 2002; Raffi et al., 2009). This acme
in Z. bijugatus abundance (∼30–60%) corresponds to the very interval
(CIE recovery) inwhichminimalwt.% CF values are recorded. A similar,
but somewhat delayed Z. bijugatus acme is preserved in the Walvis
Ridge sections (Raffi et al., 2009), and the onset of this acme coincides
with the %CaCO3 increase and persists over the entirety of the CIE
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recovery interval. These lines of evidence indicate that biocalcification
was enhanced due to higher surface-ocean saturation states and point
to Z. bijugatus as a primary source of the fine-fraction carbonate that
dilutedwt.% CF. Thus, the lysoclinewas suppressed to an exceptionally
deep depth in the South Atlantic during the CIE recovery.

The presence of this distinctive sedimentological signal in the CIE
recovery interval at Walvis Ridge (Sites 1263 and 1266) demonstrates
that it is not a stratigraphic oddity stemming from a local change in
surface water productivity particular to only the Weddell Sea region
(Site 690). The geographic extent over which this change in deep-sea
sedimentation is preserved necessitates a biogeochemical feedback
process that is more global in scope. The most parsimonious
explanation is that it represents a “spike” of improved preservation
that blanketed vast tracts of the South Atlantic seafloor with fine-
fraction carbonate as the lysocline deepened to exceptionally deep
depths during Phase II of the CIE recovery.

6.4. Evidence for an Accelerated Carbonate–Silicate Geochemical Cycle

The %CaCO3 and wt.% CF records also indicate that the tempo and
mode of carbonate sedimentation during Phase II of the CIE recovery
were very different from those that prevailed prior to the CIE onset
(Fig. 4A, B). In general, %CaCO3 and wt.% CF values are higher and
lower, respectively, than those associated with the pre-CIE interval at
all sites except for Site 1262 where wt.% CF is slightly higher than pre-
CIE levels. Various aspects/components of this sedimentation pattern
have been previously described, and this striking change in sedimen-
tology has been cited as evidence that an enhanced carbonate–silicate
geochemical cycle suppressed the carbonate saturation horizon to
depths exceeding those of the pre-CIE interval (Kelly, 2002; Farley
and Eltgroth, 2003; Kelly et al., 2005; Zachos et al., 2005).

To test this hypothesis, we turn to the foraminiferal preservation
records of shallow-water Site 1263 and deep-water Site 1262 from the
depth transect of Walvis Ridge (Fig. 5). The two end member sites
(Sites 1262 and 1263) are in close proximity to each other (∼50 km),
yet their bathymetries are separated by ∼2 km paleo-water depth
(Zachos et al., 2004). As a consequence, differences in the patterns of
carbonate sedimentation between these two sites are primarily a
function of varying degrees of carbonate dissolution/preservation as
opposed to local changes in sea-surface productivity (e.g., Zeebe and
Zachos, 2007; Raffi et al., 2009).

The foraminiferal preservation records reveal that carbonate
preservation during the CIE recovery is markedly improved over
that of the CIE interval at both Sites 1263 and 1262. Specifically, the
%BF and %PFF records clearly show that carbonate preservation
improves at both sites, though about 20 kyr earlier at Site 1263
(∼60 kyr) than at Site 1262 (∼80 kyr) (Fig. 5C, D, G, H). A similar
depth-dependent pattern in the complementary %CaCO3 records has
been attributed to the gradual descent of the carbonate saturation
horizon with the lysocline first sinking below the shallow site (Site
1263) then eventually subsiding to depths deeper than Site 1262
(Zachos et al., 2005). Also, the virtual synchronicity of the aforemen-
tioned Zygrhablithus bijugatus acme with improved planktic foraminif-
eral preservation, as well as the depth-dependent temporal vectors
followed by these records, lends added support to the view that this
holococcolithwas amajor source of fine-fraction carbonate that diluted
wt.% CF during Phase II of the CIE recovery.

The deep paleo-water depth (∼3600 m) of Site 1262 makes this
record particularly sensitive to fluctuations in the depth of the
carbonate saturation horizon; hence, its records of carbonate
sedimentation/preservation display several unique features (Fig. 5E–
H). A key feature is that wt.% CF values during the CIE recovery are
relatively higher than those within the pre-CIE interval, yet they are
similar to those seenwithin the CIE recovery interval of shallower Site
1263 (Fig. 5B, F). This inter-site convergence in wt.% CF indicates that
patterns of carbonate sedimentation became remarkably uniform
across a broad spectrum of bathymetric and geographic settings,
consistent with an unusually deep lysocline. The %PFF record of Site
1262 shows that planktic foraminiferal shell fragmentation during
Phase II of the CIE recovery and post-CIE interval is only about half
that of the pre-CIE interval (Fig. 5H). Collectively, the elevated levels
of %CaCO3 (≥89%), relatively low %PFF values (∼25%) and scarcity of
benthic foraminifera (≤1.5%) constitute definitive evidence that
carbonate preservation during Phase II of the CIE recovery was
substantially improved over that of the pre-CIE interval at this deep-
water site.

The patterns of carbonate sedimentation preserved in the Walvis
Ridge and Maud Rise PETM sections, including the aforementioned
records of foraminiferal preservation, are consistent with model
simulations of massive carbon input calling for an initial pulse of
intense dissolution followed by a spike of enhanced carbonate
preservation in the ocean basins (Walker and Kasting, 1992; Dickens
et al., 1997). The most effective mechanism for driving the
extraordinary deepening of the lysocline during Phase II of the CIE
recovery is the acceleration of silicate mineral weathering reactions
on continents (e.g., Walker et al., 1981; Berner et al., 1983; Sundquist,
1991; Archer et al., 1997; Ravizza et al., 2001). In short, the records of
carbonate preservation reported in this study confirm that the
carbonate saturation horizon was indeed suppressed to exceptionally
deep depths as the marine carbonate system recovered from the CIE,
corroborating the hypothesis that an amplified carbonate–silicate
geochemical system played an important role in neutralizing ocean
acidification and arresting greenhouse conditions at the close of the
PETM.

7. Conclusions

Patterns of carbonate sedimentation changed profoundly through-
out the South Atlantic in response to the rapid release of large
quantities of carbon into the ocean–atmosphere system during the
PETM. Carbonate undersaturation was most intense in the subtropical
region of the southeastern Atlantic (Sites 1262, 1263, and 1266), and
less severe in the Weddell Sea (Site 690). This meridional gradient in
dissolution is inconsistent with the view that Atlantic meridional
overturning circulation underwent an abrupt reversal during the
earliest stages of the PETM, and indicates that southern high-latitude
regions were a persistent locus for deep-water formation. Further-
more, multiple lines of evidence indicate that the pre-CIE portion of
the Walvis Ridge stratigraphies was overprinted by “dissolution
burndown,” which supports the hypothesis that chemical erosion of
previously deposited sedimentary calcite acted as a pH-buffering
process during the earliest stages of the PETM (Dickens, 2000).

Comparison of the wt.% CF records compiled for the Walvis Ridge
sites to that of Site 690 indicates that the ensuing descent of the
lysocline was time transgressive across this latitudinal transect. The
temporal trajectory of this descent paralleled the meridional pattern
of undersaturation, initiating at Site 690 earlier than at Walvis Ridge
sites of comparable paleo-depths (Sites 1263 and 1266). In addition,
carbonate deposition along Walvis Ridge recovered ∼20 kyr earlier at
Site 1263 than at deep-water Site 1262.

The sedimentology of the CIE recovery interval differs from that of
the underlying pre-CIE interval in its higher %CaCO3 and lowerwt.% CF
at all but the deepest (Site 1262) of the study sites. These lines of
evidence indicate that progressive lysocline deepening enhanced the
preservation of fine-fraction (nannofossil) carbonate, which diluted
the coarse-fraction (foraminiferal) component. Thus, the increased
flux of nannofossil carbonate altered the sedimentary texture of the
substrate in the South Atlantic at the close of the PETM. Unlike at its
shallower sister sites, wt.% CF content within the carbonate-rich CIE
recovery interval at Site 1262 is relatively higher than pre-CIE levels.
This disparity merely reflects the fact that patterns of carbonate
sedimentation became remarkably uniform over a broad geographic
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and bathymetric spectrum during the CIE recovery, and is consistent
with a predicted overshoot in lysocline deepening as the marine
carbonate system recovered from massive carbon input (e.g., Dickens
et al., 1997). All tolled, ∼100 kyr transpired after carbon input before
this uniform pattern of carbonate sedimentation became fully
established. Coherence of the sedimentological records from these
study sites corroborate the theory that an accelerated carbonate–
silicate geochemical feedback loop played a major role in terminating
PETM conditions by serving the dual function of lowering atmospheric
greenhouse-gas levels and neutralizing ocean acidification.
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