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Abstract The deep‐sea sedimentary record of Ocean Drilling Program Site 690 (Weddell Sea) has figured
prominently in the study of an ancient (~56 Ma) global warming event referred to as the
Paleocene‐Eocene Thermal Maximum (PETM). Yet discrepancies in the timing, amplitude, and structure of
the isotopic excursions marking the PETM exist between the bulk‐carbonate and planktic foraminifer
stable isotope (δ13C and δ18O) records of this reference section. A recent study invoked size‐dependent
sediment mixing (SDSM) to reconcile the discrepancies between these parallel δ13C records. Here we report
supplementary stable isotope data compiled from size‐segregated planktic foraminifer shells that further
elucidate the effects of SDSM on the Site 690 PETM section. Our records reveal a stratigraphic
sequence where the carbon (CIE) and oxygen (OIE) isotope excursions marking the onset of PETM
conditions are first registered by larger shells, confirming that smaller‐sized pre‐CIE shells have been more
intensely mixed and preferentially displaced up‐section into the overlying CIE interval. The
size‐dependent manner in which the CIE and OIE are recorded by asymbiotic subbotinids indicates that the
transitory loss of size‐dependent δ13C signatures in photosymbiotic taxa (acarininids) at Site 690 is an
artifact of SDSM. Synthetic bulk‐carbonate δ13C records generated with two end‐member (pre‐CIE versus
CIE materials) sediment‐mixing curves readily reproduce the series of “steps” seen in published
bulk‐carbonate δ13C records of the CIE, suggesting that these fine‐scale features may also be artifacts of
SDSM and varying rates of carbonate sedimentation.

1. Introduction

The carbon isotope excursion (CIE) signaling a major perturbation to global carbon cycling and the oxygen
isotope excursion (OIE) reflecting ocean‐climate change during an ancient (ca. 56Ma) global warming event
referred to as the Paleocene‐Eocene Thermal Maximum (PETM) were first documented (Kennett &
Stott, 1991) in the deep‐sea sedimentary record recovered at Ocean Drilling Program (ODP) Site 690
(Figure 1). As a result, the Site 690 PETM section has garnered much attention from the scientific commu-
nity, and high‐resolution stable isotope (δ13C and δ18O) records have been constructed for this PETM section
using bulk‐carbonate samples (Bains et al., 1999) and planktic foraminifer shells (Thomas et al., 2002). These
stable isotope records have played an important role in shaping our perception of the PETM, yet discrepan-
cies in the timing, amplitude, and fine‐scale structure of the isotopic excursions emerge when one compares
the bulk‐carbonate (δ13Cbulk and δ18Obulk) and planktic foraminifer (δ13Cpf and δ18Opf) records (Figure 2).
Specifically, the CIE/OIE onset in the δ13Cpf and δ18Opf records constructed with shells of the
shallow‐dwelling (euphotic zone) genus, Acarinina, occurs ~14 cm below where these same isotopic excur-
sions initiate in the δ13Cbulk and δ18Obulk records of the Site 690 stratigraphy (Figures 2b and 2c).
Furthermore, the amplitudes of the isotopic excursions in the δ13Cbulk and δ18Obulk records are appreciably
smaller than those in the δ13Cpf and δ

18Opf records (Figures 2b and 2c), and the CIE registered in the δ13Cbulk

record shows a distinctive stepwise pattern comprising three smaller excursions that is not seen in the parallel
δ13Cpf records (Figures 2a and 2b).

In an effort to reconcile the differences between the Site 690 δ13Cbulk and δ13Cpf records, Hupp et al. (2019)
reported δ13C records compiled from graduated series of size‐segregated planktic foraminifer shells strad-
dling the pre‐CIE to CIE transition and concluded that size‐dependent sediment mixing (SDSM) is the
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principal cause of the disparities. Here, we build upon the findings of this earlier study by presenting
complementary, size‐segregated δ18Opf records for the Site 690 PETM section. We also use two end‐
member mixing curves to generate synthetic δ13Cbulk records that reproduce the stepped structure of the
CIE in published δ13Cbulk records. In addition, we expand the original data set by reporting δ13C and δ18O
records for size‐segregated shells of the deep‐dwelling (thermocline) planktic foraminifer genus,
Subbotina. Inclusion of the subbotinid data permits the direct comparison of parallel, size‐segregated
δ13Cpf and δ18Opf records constructed for both shallow dwelling (oceanic mixed layer), photosymbiont‐
bearing planktic foraminifers (Acarinina) and deep‐dwelling, asymbiotic taxa (Subbotina). In short, we
present multiple lines of evidence that point to SDSM as the singular cause of numerous disparities seen
between the bulk‐carbonate and planktic foraminifer stable isotope records published for the reference
PETM section from Site 690.

Figure 2. Bulk‐carbonate (Bains et al., 1999) and planktic foraminifer (Thomas et al., 2002) stable isotope records for Site 690 PETM section. (a) Bulk‐carbonate
carbon isotope record showing stepped structured (arrows) of CIE. (b) Planktic foraminifer carbon isotope records of CIE overlain on bulk‐carbonate carbon
isotope curve (black line). (c) Planktic foraminifer records of OIE overlain on bulk‐carbonate oxygen isotope curve (black line). Red and blue circles in panels
(b) and (c) denote values for individual shells of the genera Acarinina and Subbotina, respectively. Note the 14‐cm offset between CIE/OIE onset in
Acarinina and bulk‐carbonate records. Open triangles in panels (b) and (c) denote the stratigraphic positions of study samples. (d) Bulk‐carbonate oxygen isotope
record of OIE. Stratigraphic extent of study section delimited by gray shading in panels (a) and (d).

Figure 1. Paleogeographic map showing late Paleocene continental configuration and location of ODP Site 690 (red star).
Base map from Ocean Drilling Stratigraphic Network (http://www.odsn.de).
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2. Materials and Methods

Site 690 is located offshore of Antarctica (65°9.63′S, 1°12.27′E) along the southwestern flank of the Maud
Rise in the Weddell Sea (Figure 1) at a water depth of 2,914 m (Barker et al., 1988). Paleo‐water depth
estimates derived from benthic foraminifer assemblages place it within lower bathyal to upper abyssal
waters (~2,000 m) during the late Paleocene (Thomas, 1990). The study section (170.01–170.91 m below
seafloor, mbsf) comprises 12 core samples straddling the CIE/OIE onset (Figures 2b and 2c). The samples
were disaggregated using a pH‐buffered sodium hexametaphosphate hydrogen peroxide (30%v) solution,
wet sieved (>63 μm), rinsed with distilled water, and oven‐dried (30°C) overnight. Graduated series of
size‐segregated shells of the planktic foraminifer taxa Acarinina subsphaerica, Acarinina soldadoensis,
and Subbotina spp. were handpicked from the following sieve‐size fractions of each sample: 150–180
μm (n = 16–22), 180–212 μm (n = 12–16), 212–250 μm (n = 5–10), 250–300 μm (n = 2–4), and, whenever
present, 300–355 μm (n = 1–6) and >355 μm (n = 1–4). The acarininid species were selected because their
stable isotope signatures indicate a relatively shallow depth ecology (euphotic zone) within the oceanic
mixed layer and positive covariation between their δ13C signals and shell size (δ13C‐size) suggests they
hosted photosymbionts (D'Hondt et al., 1994; Norris, 1996; Quillévéré et al., 2001). Conversely, the stable
isotope signatures of species belonging to the genus Subbotina spp. indicate a deeper depth ecology
(thermocline), and the absence of δ13C‐size covariation suggests they were asymbiotic (Norris, 1996).
All planktic foraminifer shells appear opaque (frosty) under reflected light, exhibiting signs of minor to
moderate degrees of diagenesis (Kozdon et al., 2020).

Stable isotope analyses were carried out on individual shells from the larger sieve‐size fractions (300–355 μm
and >355 μm) and then averaged for a given sample, whereas multiple shells from each of the smaller
sieve‐size fractions (<300 μm) were pooled for analysis. The δ13C and δ18O records for the two largest size
fractions (300–355 μm and >355 μm) are not entirely continuous through the study section owing to an
absence of larger shells in some samples. Similarly, shells for A. soldadoensis were extremely rare to absent
in our set of pre‐CIE samples. Stable isotope measurements were performed at the University of California–
Santa Cruz Stable Isotope Laboratory using a ThermoScientific Kiel IV carbonate device interfaced to
ThermoScientific MAT 253 dual‐inlet gas‐source isotope ratio mass spectrometer. External analytical preci-
sion for δ13C and δ18O measurements on this instrument, as determined by replicate analyses of the calcite
standard Carrera Marble, was ≤0.1‰ (±2 SD). All δ13C and δ18O data can be accessed via the NOAA
Paleoclimatology Database.

3. Results

The stable isotope values of individual (>250 μm) foraminifer shells used to construct the high‐resolution
δ13Cpf and δ18Opf records for the Site 690 PETM section (Thomas et al., 2002) provide nominal cutoffs for
differentiating pre‐CIE/pre‐OIE and CIE/OIE samples. We consider size classes of acarininids
(A. subsphaerica and A. soldadoensis) registering δ13C values ≤2‰ and δ18O values ≤ −1.0‰ to be CIE
and OIE samples, respectively. For the genus Subbotina, size classes registering δ13C values ≤0‰ and
δ18O values ≤ −0.75‰ are CIE and OIE samples, respectively.

3.1. Shell Size and Stratigraphic Positions of Isotopic Excursions

Size‐segregated δ13C and δ18O records constructed for all three planktic foraminifer taxa (A. subsphaerica,
A. soldadoensis, and Subbotina spp.) are used to examine how shell size influences the stratigraphic position
(i.e., timing) of the CIE/OIE onset in the Site 690 section. Stable isotope stratigraphies of two size classes
(250–300 μm and 150–180 μm) with continuous records through the study section are presented for each
taxon (Figure 3). An apparent “phase lag” is observed between the size‐segregated stratigraphies of each
taxon, where the stable isotope stratigraphies of smaller shells are shifted up‐section relative to those of lar-
ger shells. This size‐dependent pattern is particularly evident in the δ13C and δ18O records ofA. subsphaerica
(Figures 3a and 3d) and is present but less obvious in A. soldadoensis (Figures 3b and 3e) due to a paucity of
pre‐excursion shells in our samples. In the A. subsphaerica records (Figures 3a and 3d), the δ13C and δ18O
values of the smallest size class (150–180 μm) never fully converge upon the more negative values registered
by the larger size class (250–300 μm); hence, the magnitudes of the isotope excursions recorded by the smal-
lest size class (Δ13C = −2.1‰ and Δ18O = −0.6‰) are not as great as those (Δ13C = −4.1‰ and
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Figure 3. Comparison of planktic foraminifer carbon and oxygen isotope records constructed with large (250–300 μm,
blue curves) and small (150–180 μm, gray curves) shells through the Site 690 PETM section. (a–c) Parallel carbon
isotope records for (a) Acarinina subsphaerica, (b) Acarinina soldadoensis, and (c) Subbotina spp. (d–f) Parallel oxygen
isotope records for (d) A. subsphaerica, (e) A. soldadoensis, and (f) Subbotina spp.
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Δ18O =−1.1‰) registered by the larger shells (Figures 3a and 3d). A similar phase lag is observed in the size‐
segregated records of Subbotina spp., where the CIE/OIE onset is registered by the larger (250–300 μm) size
class ~10 cm below where the same isotopic excursions initiate in the smallest (150–180 μm) size class
(Figures 3c and 3f). Much like in the A. subsphaerica records, the isotopic excursions recorded by the smal-
lest (150–180 μm) subbotinid size fraction are more gradual and somewhat muted compared to those
recorded by the larger (250–300 μm) size fraction.

3.2. Stratigraphic Change in δ13C‐Size Covariation

Stratigraphic series of samples showing secular change in the relationship between δ13C values and shell
sizes (δ13C‐size) for all three planktic foraminifer taxa show how smaller shells have been preferentially dis-
placed upward across the pre‐CIE to CIE transition (Figure 4). We follow the approach used in an earlier
study (Hupp et al., 2019) where the CIE onset in the δ13Cbulk record (170.63mbsf) is designated as a reference
horizon (0 cm), with the depths of our study samples being reported relative (±cm) to this chemostratigraphic
marker. Hupp et al. (2019) described the size‐dependent manner in which CIE values are sequentially regis-
tered in the δ13C‐size records of the acarininid species (A. subsphaerica and A. soldadoensis). Thus, for com-
parative purposes, the series of δ13C‐size records for the acarininid species (Figures 4a–4l) is shown alongside
a parallel series of δ13C‐size records for the genus Subbotina spp. (Figures 4m–4r).

All size classes of A. subsphaerica yield pre‐CIE values (~3‰ – 4‰) and delineate a δ13C‐size trend with
a positive slope in the lowermost three samples (Figure 4a). However, the δ13C values of larger shells
(>300 μm) abruptly decrease by ~4‰ in the overlying sample (−6 cm), while shells from the smaller size
classes continue to show pre‐CIE values (~3–3.5‰) and maintain the positive δ13C‐size trend (Figure 4b).
This sequential pattern of change, where each successive sample leads to the next smallest size class yielding
intermediate δ13C values before fully transitioning to CIE values, progresses up through the section until all
A. subsphaerica size classes converge on ~0‰ at +47 cm (Figures 4c–4e). A pronounced δ13C‐size relation
with a positive slope is restored in the uppermost sample at +62 cm (Figure 4f).

A similar size‐dependent pattern of sequential change unfolds in the δ13C‐size relation of A. soldadoensis
(Figures 4g–4l). The aforementioned paucity of larger (>250 μm) A. soldadoensis shells precluded the con-
struction of δ13C‐size trends for this species in the three lowermost pre‐CIE samples. As a result, δ13C data
measured from size‐segregated shells of A. soldadoensis from a late Paleocene (pre‐CIE) sample recovered
at tropical ODP Site 761 (Quillévéré et al., 2001) are shown purely for illustrative purposes (Figure 4g).
Regardless, larger shells ofA. soldadoensis return CIE values at−6 cm, while the smallest size class continues
to show a pre‐CIE value of ~3.2‰ (Figure 4h). Although the δ13C values of the two smallest size classes
remain higher than those of the larger size classes, this size‐dependent pattern of change progresses
up‐section in the A. soldadoensis δ13C‐size records until all size classes register CIE values at +3 cm
(Figure 4i). In overlying samples at +12 cm and +21 cm, all size classes converge on the δ13C value of
~0‰ (Figure 4j). A pronounced δ13C‐size relation with a positive slope is reestablished in A. soldadoensis
at the top (+62 cm) of the study section (Figure 4l).

The series of δ13C‐size records constructed for the genus Subbotina also record the CIE onset in a
size‐dependent manner (Figures 4m–4r). Within the pre‐CIE samples (Figures 4m and 4n), all size classes
return δ13C values (~1–2‰) characteristic of pre‐CIE subbotinids and delineate little to no positive δ13C‐size
relationship. Further up‐section at +3 cm, the two largest size classes return CIE values, while the smallest
size class (150–180 μm) continues to show a pre‐CIE value (~1.2‰), resulting in a δ13C‐size relationship with
a steep, negative slope (Figure 4o). This sequential pattern of size‐dependent change culminates at +12 cm,
where CIE values are registered by all the subbotinid size classes (Figure 4p). All subbotinid size classes con-
tinue to show CIE values (<0‰) with no clear δ13C‐size trend in the overlying samples at the top of the study
section (Figures 4q and 4r).

In summary, the δ13C‐size records of all three taxa show a similar pattern of stratigraphic change, where the
positive covariation recorded by pre‐CIE shells temporarily shifts to a negative phase of δ13C‐size covariation
before all of the size classes register CIE values with no clear δ13C‐size trend. The thicknesses of the strati-
graphic intervals required for all size classes to transition to CIE values vary between taxa, being greater in
A. subsphaerica (~27 cm) than in the other two taxa (~9 cm). Moreover, the core depth where the CIE onset is
first recorded by larger shells is stratigraphically staggered among the three taxa, with CIE values being first
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Figure 4. Stratigraphic series of size‐segregated carbon isotope records for three planktic foraminifer taxa through the
Site 690 PETM section. (a–f) Acarinina subsphaerica, (g–l) Acarinina soldadoensis, and (m–r) Subbotina spp. Dashed
lines with positive slopes show pre‐CIE values and trends, and horizontal dashed lines serve as visual aids and
approximate fully developed CIE values. Note pre‐CIE trend for A. soldadoensis (g) taken from the late Paleocene sample
of ODP Site 761 (Quillévéré et al., 2001) is shown purely for illustrative purposes. Core depths of samples reported
relative (±cm) to the stratigraphic level of CIE onset in bulk‐carbonate record.
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registered by larger (>250 μm) shells of both acarininid species at−6 cm (Figures 4b and 4h) and at +3 cm in
larger subbotinids (Figure 4o).

3.3. Stratigraphic Change in δ18O‐Size Covariation

The sequential pattern of size‐dependent change seen in the δ13C‐size records is also expressed in the com-
plementary δ18O‐size records of all three taxa (Figure 5). The onsets of the CIE and OIE occur at the same
core depth in the Site 690 bulk‐carbonate record; hence, the core depths of samples showing δ18O‐size trends
are reported relative (± cm) to the OIE onset in the δ18Obulk stratigraphy. The δ18O‐size trends of
A. subsphaerica best illustrate the size‐dependent change from pre‐OIE to OIE values (Figures 5a–5f). All
size classes ofA. subsphaerica return pre‐OIE values centered on−0.5‰ (Figure 5a). In the overlying sample
at −6 cm, the δ18O of the largest size class (>355 μm) decreases to an OIE value of −1.6‰, and the next lar-
gest size class (300–355 μm) registers a transitional value of−1.0‰, while the smaller size classes continue to
show pre‐OIE values (Figure 5b). In the succeeding sample at +3 cm, the three largest size classes record
OIE values, whereas the 212–250 μm size fraction yields an intermediate δ18O value of −0.7‰, and the
two smallest size fractions continue to record pre‐OIE values centered on−0.5‰ (Figure 5c). This sequential
pattern of size‐dependent change progresses up through the study section (Figures 5a–5e).

And while the two smallest size fractions (150–180 μm and 180–212 μm) never fully transition to OIE values
in the uppermost sample (+62 cm), the largest size fraction (300–355 μm) registers the lowest value (−2.1‰)
of the entireA. subsphaerica δ18O‐size series with the two next largest size fractions (250–300 μmand 212–250
μm) returning OIE values (Figure 5f). The size‐dependent pattern of change in the uppermost sample
(+62 cm) results in a pronounced δ18O‐size relationship with a negative slope (Figure 5f) that resembles
the negative δ18O‐size relationship seen at −6 cm (Figure 5b).

A paucity of pre‐OIE A. soldadoensis shells and the lack of suitable size‐segregated δ18O data from other
nearby locales precluded the construction of δ18O‐size records for the lowermost three samples in our study
section. Still, the four largest size classes of A. soldadoensis return OIE values at −6 cm, while the 180–212
μm size fraction registers an intermediate value (−0.7‰) and the smallest size fraction continues to show
a pre‐OIE value (Figure 5g). Only the smallest size class (150–180 μm) records a pre‐OIE value at 0 cm,
and all size classes have transitioned to OIE values by sample +3 cm (Figure 5h). In the sample at the top
of the study section (+62 cm), the four largest size classes undergo a secondary decrease where their δ18O
values fall just below −2.0‰, while the two smallest size classes continue to return slightly higher OIE
values (Figure 5k).

The series of δ18O‐size records for the subbotinids (Figures 5l–5q) show a sequential pattern of
size‐dependent change similar to that seen in the acarininid species. In the three lowermost samples, all size
classes of subbotinids register pre‐OIE values (Figure 5l). The δ18O of the largest size class (300–355 μm)
decreases by ~1.0‰ and approaches an OIE value in the overlying sample at −6 cm then abruptly increases
to a pre‐OIE value at 0 cm before fully transitioning to an OIE value (−1.6‰) at +3 cm (Figures 5m and 5n).
By contrast, the two smallest size classes from this same stratigraphic interval register pre‐OIE values
(Figures 5m and 5n). Finally, all subbotinid size classes fully transition to OIE values by +12 cm
(Figure 5o) and maintain OIE values through the remainder of the overlying study section (Figures 5o–5q).

4. Discussion

A hallmark of the PETM is a global decrease in the δ13C composition of both marine and terrestrial
carbon‐bearing materials (Bains et al., 1999; Bowen et al., 2015; Bowen & Bowen, 2008; Koch et al., 1992;
McInerney & Wing, 2011). This CIE signals the rapid (≤5 kyr) influx of isotopically light carbon into
Earth's surficial carbon cycle (Dickens et al., 1995; Kirtland Turner et al., 2017; Svenson et al., 2004; Zeebe
et al., 2009) and is accompanied by a negative OIE in pelagic records reflecting an average warming of
~5°C across Earth's surface ocean (Aze et al., 2014; Dunkley Jones et al., 2013). Thus, the CIE represents a
chemostratigraphic datum that is used for global correlation (Aubry et al., 2007).

4.1. Size‐Dependent Phase Lags

The CIE and OIE marking the PETM were first documented at Site 690 (Kennett & Stott, 1991), and this
record has since been treated as a type of reference section to which other PETM records are compared
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Figure 5. Stratigraphic series of size segregated oxygen isotope records for three planktic foraminifer taxa through the
Site 690 PETM section. (a–f) Acarinina subsphaerica, (g–k) Acarinina soldadoensis, and (l–q) Subbotina spp. Dashed
lines show pre‐OIE values and trends. Note paucity of shells in study samples and lack of suitable data in
literature precludes construction of pre‐OIE δ18O‐size relation for A. soldadoensis. Core depths of samples reported
relative (±cm) to the stratigraphic level of CIE onset in bulk‐carbonate record.
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(e.g., Bains et al., 1999; Kelly et al., 2010; Penman & Zachos, 2018; Zachos et al., 2005; Zhang et al., 2020).
However, the depth of the CIE/OIE onset in the δ13Cbulk and δ18Obulk records is ~14 cm above where the
onsets of these same isotopic excursions occur in the acarininid δ13C and δ18O records (Figures 2b and 2c).
An astronomically tuned age model constructed for the Site 690 PETM section (Röhl et al., 2007) indicates
that this 14‐cm offset equates to a temporal phase lag of about 7.31 ka. This stratigraphic offset may seem
immaterial at first blush, but pinpointing the stratigraphic level of the CIE/OIE onset is crucial to determin-
ing the relative timing of events that unfolded during the pre‐CIE to CIE transition (e.g., Kozdon et al., 2020;
Thomas et al., 2002).

There is now a wealth of evidence to indicate that the stratigraphy of the Site 690 PETM section has been
disturbed by sediment mixing processes. Mechanisms for such sediment mixing include winnowing and
redeposition by bottom‐water currents (Seibold, 1978) and the burrowing activity of benthic organisms
(bioturbation) (Berger & Heath, 1968; Berger & Johnson, 1978; Ridgwell, 2007; Schiffelbein, 1984). The
bimodal distribution of δ13C values compiled from individual foraminifer shells at, and directly above, the
CIE onset (Figure 2b) shows that these microfossil assemblages are mixtures of pre‐CIE shells with high
δ13C values and CIE shells with anomalously low δ13C values (Zachos et al., 2007). Core photographs also
show visible signs of bioturbation across the base of the Site 690 PETM section (Bralower et al., 2014), and
sedimentological records (i.e., wt% coarse fraction) from nearby Site 689 suggest that the area has been sub-
ject to winnowing by bottom‐water currents (Kelly et al., 2012). Finally, modeling studies have shown how
the bulk‐carbonate record and the stratigraphic distribution of individual foraminifer shells within the Site
690 PETM section may be manipulated by sediment mixing processes (Kirtland Turner et al., 2017;
Ridgwell, 2007).

Additional clues as to the cause of the phase lag seen between the Site 690 bulk‐carbonate and acarininid δ13C
records are provided by sedimentological studies. Grain‐size analysis has shown that fine‐grained (<10 μm)
nannofossils are the chief constituent of bulk carbonate in the Site 690 PETM section (Bralower et al., 2014);
thus, the bulk‐carbonate records primarily reflect the isotopic composition of fine‐fraction carbonate consis-
ting of calcareous nannofossils (Bralower, 2002; Stoll, 2005). Taken at face value, the stratigraphic offset sug-
gests a ~7 kyr delay between the responses of acarininid planktic foraminifers and calcareous
nannoplankton, but such a lengthy delay is unlikely given how well‐mixed dissolved inorganic carbon is
within the surface ocean (euphotic zone) where both the photosymbiont‐bearing acarininids and photoauto-
trophic nannoplankton dwelled (e.g., Kirtland Turner et al., 2017; Stoll, 2005). A diagenetic mechanism for
such a stratigraphic offset seems implausible since seafloor diagenesis tends to increase the δ18O of forami-
nifer calcite (Kozdon et al., 2013; Pearson et al., 2001), yet δ18O values decrease over the CIE/OIE interval.
Though the isotopic compositions of foraminifer shells within the Site 690 PETM section appear to have been
altered (Kozdon et al., 2020), studies indicate that stratigraphic trends in stable isotope records signaling
environmental change and secular variation in ocean chemistry are not expunged from the deep‐sea sedi-
mentary record by diagenesis (Edgar et al., 2015; Stainbank et al., 2020). Moreover, some of the smaller size
classes of reworked shells within the CIE interval register δ13C (~3‰) and δ18O (−0.5‰) values that are
remarkably similar to those of similarly sized shells within the underlying pre‐CIE interval (Figures 4a–4d
and 5a–5d). The planktic foraminifer δ13C and δ18O records herein reported show that successively smaller
size classes of shells sequentially record CIE/OIE values up through the Site 690 PETM stratigraphy
(Figures 3–5), which is consistent with fine‐sized materials such as nannofossils being more intensely mixed
than coarse‐sized (>250 μm) foraminifer shells. We therefore seek a taphonomic mechanism that accounts
for the differential displacement of fine‐fraction carbonate and larger‐sized planktic foraminifer shells.

Both model‐ and experimental‐driven studies indicate that deposit‐feeding benthic organisms preferentially
ingest smaller‐sized particles (Jumars et al., 1981; Taghon, 1982; Wheatcroft & Jumars, 1987) and that sub-
sequent deposition of fecal pellets can prolong the residence time of smaller particles within the surficial
mixing layer of pelagic sediments (Jumars et al., 1981). In addition, meiofaunas are an underappreciated
benthic biota composed of myriad interstitial microorganisms (~50 μm to 1 mm) that preferentially displace
finer‐grained sediments, and the “biological winnowing” of their activity transports finer particles to the
sediment surface (Murray et al., 2002). Based on the evidence at hand, the phase lag between the acarininid
and nannofossil‐dominated bulk carbonate records is likely an artifact of particle size‐selective feeding by
infauna (bioturbation), although physical winnowing of sediments by bottom‐water currents need not be
excluded.
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The stratigraphic offset between the bulk‐carbonate and planktic foraminifer records raises the following
question: Which of these two records should be used to delimit the CIE/OIE onset? Statistical analysis of
grain‐size data from pelagic sediments indicates that larger microfossils should be used in high‐resolution
stratigraphic studies (Wheatcroft & Jumars, 1987). The size‐dependent phase lags expressed in our δ13Cpf

and δ18Opf records support this view. We therefore recommend that, whenever possible, stable isotope data
acquired from relatively large (>250 μm) foraminifer shells that are less susceptible to upward displacement
in pelagic sediments be used to construct high‐resolution CIE/OIE records.

4.2. Attenuated Amplitudes and Inverted Isotope Gradients

The amplitudes of the CIE and OIE provide constraints on respective estimates of carbon input and degree of
ocean warming during the PETM (e.g., Dickens et al., 1995; Dunkley Jones et al., 2013; Kennett & Stott, 1991;
McInerney & Wing, 2011). However, the amplitudes of these isotopic excursions in the bulk‐carbonate
records are smaller than those registered by the acarininid records at Site 690. The amplitude of the CIE in
the nannofossil‐dominated δ13Cbulk record (~2.2‰) is only about half that (~4‰) registered by the acarininid
δ13Cpf record (Figure 2b). Likewise, the amplitude of the OIE in the nannofossil‐dominated δ18Obulk record
(~1‰) appears attenuated compared to that (~2‰) registered by the acarininid δ18Opf record (Figure 2c).

The differences between the amplitudes of these isotopic excursions are readily explained by SDSM.
Sediment mixing has long been recognized as a mechanism for blending sediments on the seafloor
(Bard, 2001; Berger & Johnson, 1978; Glass, 1969; Peng et al., 1979), and its time‐averaging effects have been
shown to smooth and attenuate paleoclimate signals preserved in pelagic records (Schiffelbein, 1984). The
size‐dependent nature of the phase lags seen in our δ13Cpf and δ18Opf records for shallow‐ and thermo-
cline‐dwelling taxa indicate that finer‐sized particles are more intensely mixed and preferentially displaced
upward in the Site 690 stratigraphy (Figures 3–5). We posit that the finer grain size composition of
nannofossil‐dominated bulk‐carbonate samples makes them more susceptible to upward displacement,
causing their isotopic excursions to be shifted up‐section and attenuated.

SDSMmanifests in the Site 690 PETM section in other ways. Most notably, the combined effect of the phase
lags and attenuated amplitudes results in transient inversions of the isotopic gradients between the
bulk‐carbonate and planktic foraminifer records. For instance, acarininid δ13C values are higher than those
of the nannofossil‐dominated δ13Cbulk curve within the pre‐CIE interval but abruptly drop to values lower
than the nannofossil‐dominated δ13Cbulk curve within the overlying CIE interval (Figure 2b). This δ13C
phase shift persists for ~50 cm above the stratigraphic level where the CIE onset occurs in the acarininid
δ13C record (170.78 mbsf) and abruptly ends at ~170.30 mbsf where δ13C values of larger (>250 μm) acari-
ninid shells increase by ~1‰. Such reversals in isotopic gradients have been attributed to changes in primary
productivity and water column stratification as the PETM unfolded at Site 690 (e.g., Kennett & Stott, 1991;
Stoll, 2005). However, we note that the δ13C values of the smallest size class (150–180 μm) of A. subsphaerica
do not fully transition to CIE values until ~47 cm above the CIE onset in the δ13Cbulk record (Figures 4a–4e).
This finding suggests that the deleterious effects of SDSM reach well beyond the pre‐CIE to CIE transition in
the Site 690 stratigraphy (Hupp et al., 2019), and we consider SDSM to be the cause of the transient inversion
of the gradient between the acarininid and bulk‐carbonate δ13C curves.

A similar but less pronounced phase shift occurs between the subbotinid δ18Opf and nannofossil‐dominated
δ18Obulk records. Subbotinid δ18O values are, on average, higher than those registered in the
nannofossil‐dominated δ18Obulk curve within the pre‐OIE interval but decrease to values lower than the
δ18Obulk curve across OIE onset and remain below the nannofossil‐dominated δ18Obulk curve for the remain-
der of the study section (Figure 2c). Given the size‐dependent nature of the OIE onset in our subbotinid
δ18Opf records (Figure 3f), we argue that the phase shift seen between the subbotinid δ18Opf and δ18Obulk

records (Figure 2c) is yet another artifact of SDSM where the negative amplitude of the OIE in the
nannofossil‐dominated δ18Obulk record has been attenuated by the upward reworking of pre‐OIE fine‐frac-
tion carbonate with higher δ18O values.

4.3. A Stepwise CIE: Fact or Artifact?

The CIE profiles delineated by the parallel δ13Cbulk and δ13Cpf stratigraphies constructed for the Site 690
PETM section differ in their fine‐scale structure. Specifically, the nannofossil‐dominated δ13Cbulk stratigra-
phy comprises a stepwise series of three smaller isotopic decreases bounded by periods of stasis that
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eventually culminate in a minimum δ13Cbulk value (−0.23‰) centered on ~170.00 mbsf (Figure 2a),
whereas the CIE in the acarininid δ13Cpf record is expressed as a single, abrupt decrease on the order of
~4‰ at 170.78 mbsf (Figure 2b). Thus, the stepped series of smaller isotopic decreases seen in the
nannofossil‐dominated δ13Cbulk record is not present in the complementary acarininid δ13Cpf record.

The series of “steps” embedded within the δ13Cbulk record was first recognized in the Site 690 PETM section
and interpreted as signaling multiple pulses of carbon input during the PETM (Bains et al., 1999). This
step‐like CIE structure has since been recognized in the δ13Cbulk records of other pelagic PETM sections
and used as a furthermeans of global correlation (e.g., Bains et al., 1999; Jiang&Wise, 2009; Kelly et al., 2012;
Röhl et al., 2007; Zachos et al., 2005). The stepped structure of the bulk‐carbonate CIE record has been repli-
cated in δ13C records constructed with near‐monogeneric concentrates of the nannofossil taxa
Chiasmolithus and Toweius taken from the Site 690 PETM section; hence, the steps were thought to reflect
true environmental change (Stoll, 2005). However, if the series of isotopic decreases seen in the Site 690
bulk‐carbonate CIE record chronicles a stepwise change to δ13C of dissolved inorganic carbon, then why
is this stepped structure not expressed in the complementary acarininid δ13Cpf record?

Here we examinemultiple lines of evidence to gain insight into themechanism(s) that may have given rise to
the stepped structure of the bulk‐carbonate CIE record. Census counts show that the two taxa
(Chiasmolithus and Toweius) used to construct the stepped, monogeneric δ13C records are the two most
abundant genera in pre‐CIE nannofossil assemblages and that their stratigraphic ranges extend across the
CIE onset at Site 690 (Bralower, 2002). It therefore stands to reason that the steps seen in both the monoge-
neric nannofossil δ13C and δ13Cbulk records share a common cause, namely, SDSM, where nannofossils are
preferentially displaced up‐section with the proportion of reworked pre‐CIE nannofossils decreasing in a
discontinuous (stepped) manner through the overlying CIE interval.

As a first‐order approximation of how the amount of reworked pre‐CIE material might vary up through the
overlying CIE interval, we constructed a series of deterministic mixing curves along which the proportions of
pre‐CIE and CIE carbonate are varied so that the resulting synthetic δ13Cbulk curves match the δ13C values
and stepped structure of the published δ13Cbulk record (Figure 6). Thus, the calculated proportion of pre‐CIE
carbonate is a function of the actual δ13Cbulk value reported for the sample and the δ13Cbulk values pre-
scribed to the two mixing components. The highest value (2.5‰) from the pre‐CIE interval of the published
Site 690 δ13Cbulk record was taken to represent the δ13Cbulk end‐member value of pre‐CIE carbonate in all
three mixing curves, whereas CIE carbonate is assigned a different δ13Cbulk value in each of the mixing
curves (Figure 6). We acknowledge that bulk‐carbonate samples are amalgamations of different microfossils
with disparate δ13C signatures and that assigning “fixed” δ13Cbulk values to the mixing components belies
their heterogeneous compositions. Still, we feel that this simplistic approach is acceptable because the dis-
tribution of δ13C values measured from individual foraminifer shells from multiple PETM sections lack
intermediate values and are distinctly bimodal (Zachos et al., 2007). Thus, for the purposes of this conceptual
exercise, we assume that a similar bimodality exists in the δ13C distributions of all carbonate substrates
within the narrow confines of the targeted study interval. All of the mixing curves initiate within the
pre‐CIE interval (171.20 mbsf) and extend upward to just above the stratigraphic level of the CIE minimum
(169.90 mbsf) in the published δ13Cbulk record.

The pre‐CIE records of the three mixing curves show a high degree of similitude because only minor
amounts (0–20%) of contamination from CIE carbonate are required to match the published δ13C values
(Figure 6). This result indicates that small quantities of CIE material have been displaced downward in
the stratigraphy, which is consistent with the handful of CIE acarininid shells within the underlying
pre‐CIE interval of the Site 690 PETM section (see Figure 2b). By contrast, the proportions of pre‐CIE carbo-
nate reworked into the overlying CIE interval differ between the three mixing curves (Figure 6). These dif-
ferences are a function of the δ13Cbulk values assigned to CIE carbonate in the mixing curves; nevertheless,
the computed proportions of pre‐CIE carbonate loosely constrain the amounts of reworked sediment up
through the CIE interval of the δ13Cbulk record.

The first mixing curve serves as a conservative “null” hypothesis (Figure 6a), where CIE carbonate is
assigned theminimum value (−0.23‰) in the published δ13Cbulk record under the assumption that it reflects
the true δ13Cbulk composition of pure (100%) CIE carbonate. This mixing curve shows that bulk carbonate

10.1029/2020PA004018Paleoceanography and Paleoclimatology

HUPP AND KELLY 11 of 19



associated with the initial isotopic decrease at 170.63 mbsf is composed of ~45% pre‐CIE material. In the
second mixing curve (Figure 6b), the mean δ13Cpf value of all planktic foraminifer shells (acarininids and
subbotinids) that returned CIE values (−0.40‰) is used to represent the δ13Cbulk of CIE carbonate. This
mixing curve suggests that bulk carbonate within the interval of the initial isotopic decrease consists of
~50% pre‐CIE material. Finally, the δ13Cbulk value assigned to CIE carbonate (−1.5‰) in the third mixing
curve reflects a change in δ13Cbulk commensurate with a CIE amplitude of −4‰ (Figure 6c). Owing to the
lower δ13Cbulk value assigned to CIE carbonate, an even greater amount of reworked pre‐CIE carbonate
(~65%) is required to reproduce the actual (published) δ13Cbulk value of the initial isotopic decrease
(Figure 6c).

All three mixing curves indicate that substantial quantities of fine‐fraction carbonate from the underlying
pre‐CIE interval have been reworked up into the CIE interval (Figure 6). This would explain why the initial
isotopic decrease (step) signaling the CIE onset in the δ13Cbulk record is only ~1‰ compared to the ~4‰
decrease registered in the acarininid δ13Cpf record. It also indicates that sedimentary calcite content (wt%
CaCO3) has been artificially elevated across the CIE onset, suggesting that carbonate dissolution was more
severe at Site 690 than wt% CaCO3 records indicate (Farley & Eltgroth, 2003; Kelly et al., 2005) and that the
base of this reference PETM section is truncated by a hiatus (e.g., Ajayi et al., 2020; Westerhold et al., 2018;
Zhang et al., 2020). In addition, studies have shown that calcareous nannofloras were profoundly perturbed
by the onset of PETM conditions at Site 690 (Bralower, 2002). Yet, even our most conservative estimate for
sediment mixing (Figure 6a) suggests that these nannofossil assemblages contain significant amounts
(~45%) of fine‐fraction carbonate reworked from the underlying pre‐CIE interval; thus, the magnitude of
taxonomic turnover in nannofloras at Site 690 is likely greater than perceived.

The series of mixing curves (Figure 6) also show that the stepped structure of the Site 690 δ13Cbulk record can
be reproduced by simply altering the proportions of pre‐CIE and CIEmaterial and that a lesser proportion of
pre‐CIE material is incorporated into the section with each step. This suggests that the steps in the δ13Cbulk

record are artifacts of discrete “jumps” in carbonate sedimentation that reduced the amount of reworked
pre‐CIE material incorporated into the overlying section. Rapid carbon input fueled ocean acidification
and carbonate dissolution at the onset of the CIE, causing the lysocline to shoal (e.g., Babila et al., 2018;
Dickens et al., 1997; Zeebe et al., 2009); however, the lysocline subsequently subsided to deeper depths as

Figure 6. Synthetic bulk‐carbonate carbon isotope records of the CIE generated using mixing curves based on two
components (pre‐CIE vs. CIE materials) with fixed bulk δ13C values. The pre‐CIE component is 2.5‰ in all three
mixing curves. (a) CIE component is the minimum δ13C value of −0.23‰ in the published bulk‐carbonate record.
(b) CIE component is the average planktic foraminifer CIE value of −0.40‰. (c) CIE component is −1.5‰ and assumes
an excursion magnitude of 4‰. Note synthetic curves reproduce the stepped structure of published bulk‐carbonate
record and provide first‐order estimates for the amount of pre‐CIE material, namely, fine‐fraction nannofossils, mixed
(reworked) into overlying CIE interval.
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marine carbonate chemistry began to recover from the initial perturbation (Kelly et al., 2005, 2010, 2012;
Penman et al., 2016; Zachos et al., 2005). Thus, we consider the series of steps in the δ13Cbulk record to signal
pulsed increases in carbonate sedimentation as the lysocline deepened. The initial rise and subsequent fall of
the carbonate lysocline occurred in all of the ocean basins (Dickens et al., 1997; Zeebe et al., 2009), so the
stepped structure of the CIE would likely manifest in the δ13Cbulk records at other pelagic sites and may still
be suitable for intersite correlation over broad geographic regions on millennial time scales (e.g., Bains
et al., 1999; Jiang & Wise, 2009; Röhl et al., 2000, 2007; Zachos et al., 2005).

4.4. Misguided Paleoecological Inferences

The stable isotope signatures of acarininids and subbotinids indicate that the paleoecologies of these two
genera differed. Acarininid shells consistently return lower δ18O and higher δ13C values than those regis-
tered by contemporaneous subbotinid shells (e.g., Berggren & Norris, 1997; Corfield & Cartlidge, 1991;
Quillévéré & Norris, 2003; Shackleton et al., 1985). In addition, the δ13C signatures of acarininid species con-
form to a size‐dependent trend that is similar to the positive δ13C‐size covariation seen in modern planktic
foraminifers that host algal photosymbionts, whereas δ13C‐size covariation is negligible in the subbotinids
(D'Hondt et al., 1994; Norris, 1996). These differences in stable isotope signatures indicate that the acarini-
nids likely harbored photosymbionts and inhabited the warm, sunlit waters of the oceanic mixed layer,
while the asymbiotic subbotinids inhabited deeper, cooler waters within the thermocline (D'Hondt
et al., 1994; Norris, 1996; Quillévéré et al., 2001; Quillévéré & Norris, 2003).

The δ13C‐size signal of photosymbiosis is evident in pre‐CIE samples of the A. subsphaerica and
A. soldadoensis records (Figures 4a and 4g) but disappears as successively smaller size classes register CIE
values up through the Site 690 PETM section (Figures 4a–4e and 4g–4k). A similar breakdown in the
δ13C‐size relation of acarininids has been reported in the PETM section of nearby Site 689 (Maud Rise),
where it was attributed to the loss of photosymbiosis in response to ocean warming (Si & Aubry, 2018).
Photosymbiosis is commonplace among modern planktic foraminifers (Hemleben et al., 1989), so invoking
symbiont “bleaching” for the temporary disappearance of its δ13C‐size signature in acarininids seems plau-
sible. However, the δ13Cbulk record of the Site 689 PETM section features an attenuated, stepwise CIE much
like that at Site 690, and there is sedimentological evidence to indicate that the CIE interval of the Site 689
PETM section has been strongly distorted by sediment mixing (Kelly et al., 2012). In addition, symbiont
bleaching in response to thermal stress would most likely occur in the tropics, yet size‐segregated δ13C
records show that tropical planktic foraminifers retained the δ13C‐size signature of photosymbiosis during
the PETM (Kelly et al., 1998). Thus, there is ample evidence, albeit somewhat circumstantial, to indicate that
the disappearance of the δ13C‐size relation in acarininids may be yet another taphonomic artifact of SDSM.
Here we revisit this issue and present evidence further implicating SDSM as the cause for the transient dis-
appearance of δ13C‐size covariation in acarininids at Site 690.

If symbiont bleaching occurred during the PETM, one would expect to see an immediate response where all
size fractions simultaneously record CIE values and a δ13C‐size relation with a negligible slope, as shown by
culturing studies (Spero & Lea, 1993). Instead, our time series of size‐segregated acarininid records show that
the δ13C values of larger shells (>250 μm) abruptly decrease by ~4‰, while smaller shells of A. subsphaerica
andA. soldadoensis continue to show pre‐CIE values (see Figures 5b–5c and 5h–5i). This size‐dependent pat-
tern of isotopic change is consistent with SDSM, where smaller shells are preferentially displaced up‐section
relative to larger shells. Even the “transitional” δ13C values returned by the smaller size classes are readily
explained by SDSM because these pooled, multishell samples are likely mixtures of varying proportions of
pre‐CIE and CIE specimens (Hupp et al., 2019).

A similar sequential pattern of size‐dependent change is seen in the δ13C‐size relation of the subbotinids
(Figures 4m–4q). The finding that larger (>212 μm) shells record CIE values before smaller shells among
the subbotinids (Figure 4o) is of interest because this genus is considered to have been asymbiotic owing
to its negligible δ13C‐size relation (Figure 4m). Yet the sequential manner in which the δ13C‐size relation
of asymbiotic subbotinids changes (Figures 4m–4q) is similar to that seen in the symbiotic acarininids.
Thus, the size‐dependent manner in which the δ13C‐size relation changes in the subbotinids contradicts
the view that acarininids expelled their photosymbionts during the PETM and instead points to SDSM as
a common cause.
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The δ13C‐size relations of all three taxa change in a similar sequential manner, but the relative timing and
apparent rate of this change differ between the taxa. All size fractions of A. soldadoensis complete the transi-
tion to CIE values by ~12 cm above the stratigraphic level of the bulk CIE onset (Figure 4j), whereas the var-
ious size classes of A. subsphaerica do not fully transition to CIE values until ~47 cm above the same datum
(Figure 4e). Furthermore, the transition to CIE values among the subbotinid size fractions occurs over a
much shorter stratigraphic interval than in the acarininids and first initiates ~9 cm above where it initiates
in the acarininid δ13C‐size records (Figures 4o and 4p). Mixing models indicate that such disparities in the
timing and rate of size‐dependent isotopic change may be related to differences in the relative abundances
of the three taxa (Kirtland Turner et al., 2017). For example, A. subsphaerica is more abundant than
A. soldadoensis within the pre‐CIE interval, whereas the opposite is true for the overlying CIE interval at
Site 690 (Kelly, 2002). Hence, the probability of encountering a reworked pre‐CIE shell within the CIE inter-
val is higher for A. subsphaerica than A. soldadoensis, and the greater proportion of pre‐CIE A. subsphaerica
shells in conjunction with SDSM would have the net effect of displacing the CIE onset further up‐section
among the smaller shells of this species. We suspect that the same principle applies to the subbotinids, as
their relative abundance decreases markedly across the bulk CIE onset (Kelly, 2002). Further, the subbotinid
time series was constructed at the genus level, so it does not capture the stratigraphic details seen in the
species‐level records constructed for the acarininids.

Planktic foraminifer communities responded to PETM warming through extratropical migrations, resulting
in the arrival of warm‐water, immigrant taxa at high‐latitude sites (Kelly, 2002; Lu & Keller, 1993). This
restructuring of planktic foraminifer biogeographic distributions is exemplified by the first appearance of
species belonging to the genus Morozovella spp. within the CIE intervals of high‐latitude Sites 689 and 690
(Kelly et al., 2012). The first appearance of morozovellids at Sites 689 and 690 is relevant because the stable
isotope compositions of morozovellid shells are very similar to those of acarininids (Norris, 1996), and it has
been shown that the distinctive δ13C‐size signature of photosymbiosis is maintained by morozovellids while
it disappears among the acarininids through the CIE interval of Site 689 (Si & Aubry, 2018). We posit that
this intergeneric discrepancy is also due to differences between the relative abundances of acarininids and
morozovellids in the Site 689 PETM section. Unlike the acarininids, morozovellid populations did not exist
in the Weddell Sea region prior to the CIE onset (Kelly, 2002; Kelly et al., 2012), so all morozovellid size
fractions are composed solely of CIE shells. As a consequence, the positive δ13C‐size relation signaling
photosymbiosis is conserved in the morozovellids.

The series of δ18O‐size records constructed for the acarininids show a sequential pattern of size‐dependent
change that is nearly identical to that seen in complementary δ13C‐size records. The two largest size classes
of A. subsphaerica first register CIE and OIE values at −6 cm, while smaller size classes of the same sample
continue to return pre‐CIE and pre‐OIE values (Figures 4b and 5b). In the succeeding sample (+3 cm), shells
from the three largest size class ofA. subsphaerica return CIE/OIE values, while the 212–250 μm size fraction
registers transitional δ13C and δ18O values and the two smallest size fractions (<212 μm) continue to show
pre‐CIE and pre‐OIE values (Figures 4c and 5c). Thus, a sequential pattern of size‐dependent change pro-
gresses up through the series of δ18O‐size records much as it does in the series of δ13C‐size records until
all A. subsphaerica size classes eventually register OIE values at +47 cm (Figures 5a–5e).

Likewise, a high degree of similitude exists between the parallel δ13C‐ and δ18O‐size records generated for
Α. soldadoensis (Figures 4h–4k and 5g–5j) and the subbotinids (Figures 4n–4r and 5l–5q). However, a direct
comparison of the subbotinid δ18O‐ and δ13C‐size records reveals a couple of minor irregularities between
these two complementary records. The first involves the sample at −6 cm, where the δ13C ratio recorded
by the largest subbotinid size fraction (300–355 μm) is clearly a pre‐CIE value (Figure 4n), yet the same sub-
botinid size fraction (300–355 μm) registers a δ18O ratio approaching an OIE value (Figure 5m). This appar-
ent inconsistency is also evident in the single‐shell stable isotope records published for the Site 690 PETM
section (Figures 2b and 2c) and may reflect ocean warming prior to carbon input as previously reported
(Thomas et al., 2002). The other minor departure from the overall stratigraphic pattern of δ18O‐size variation
occurs at 0 cm, where the largest subbotinid size fraction (300–355 μm) registers a δ18O value that is slightly
higher than those of the smaller size fractions (Figures 5n).

We consider the minor vagaries of the subbotinid δ18O‐size records immaterial since there is no δ18O‐size
signature indicative of photosymbiosis (D'Hondt et al., 1994; Norris, 1996; Spero & Lea, 1993), yet the
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series of δ18O‐size records constructed for the symbiotic acarininids reproduce all salient aspects of the com-
plementary δ13C‐size records. Moreover, the interspecies differences in timing/rate at which the δ13C values
of various size classes record CIE values are closely tracked by the δ18O‐size records of all three taxa
(Figure 5). The congruency between the δ13C‐ and δ18O‐size records of the symbiotic acarininids and asym-
biotic subbotinids is incompatible with a paleoecological explanation involving the loss of photosymbiosis.

The apparent “flattening” of the δ13C‐size slope delineated by A. subsphaerica shells at +47 cm (Figure 4e)
and A. soldadoensis shells over the interval spanning +12 to +47 cm (Figures 4j–4k) may seem consistent
with the loss of photosymbiosis, but it should be kept in mind that the δ13C‐size (Figures 4a–4e and
4g–4i) and δ18O‐size (Figures 5a–5e and 5g–5h) records of these same species clearly show that SDSM caused
the disappearance of positive δ13C‐size covariation to begin with. It therefore stands to reason that the
pooled, multishell analyses used to measure the δ13C of the smaller size fractions likely contain pre‐CIE
shells with higher δ13C values. This supposition is supported by the sediment‐mixing curves indicating that
this part of the CIE interval (~170.51–170.16 mbsf) still contains minor amounts of fine‐fraction carbonate
from the underlying pre‐CIE interval (Figure 6). The presence of even a few pre‐CIE shells would elevate
the δ13C values of the smaller size classes relative to those of the larger size classes, thereby flattening the
slope of the δ13C‐size relation over this part of the stratigraphy.

The δ13C values of larger (>250 μm) acarininid shells increase by ~1–2‰ in the uppermost sample (+62 cm)
of the study section, resulting in the reappearance of positive δ13C‐size covariation among the acarininids
(Figures 4f and 4l). The restoration of this positive δ13C‐size relation could be construed as signaling the reac-
quisition of photosymbionts by acarininids; however, the δ13C increase registered by large (>250 μm) acari-
ninid shells coincides with the CIEminimum in the δ13Cbulk record (Figures 2a and 2b). Thus, δ

13C values of
large acarininid shells begin to recover to higher values over the same interval where nannofossil‐dominated
δ13Cbulk values continue to decline. These antithetic δ

13C trends are readily reconciled by SDSM; only at this
point in the stratigraphy is fine‐fraction carbonate from the CIE interval being mixed upward into the
overlying CIE “recovery” interval. The blending of smaller CIE shells with anomalously low δ13C values
and larger recovery shells with higher δ13C values would enhance positive δ13C‐size covariation among
the acarininids as is seen in the uppermost sample (+62 cm) of our study section (Figures 4f and 4l).
Moreover, published records (Kennett & Stott, 1991) show that the δ13C values of asymbiotic subbotinids also
increase ~50 cm (~169.75 mbsf) above the stratigraphic level where acarininid δ13C values begin to increase.
Thus, both asymbiotic subbotinids and symbiotic acarininids show a similar δ13C increase, which further
contradicts the view that the reestablishment of photosymbiosis caused the δ13C increase in acarininids dur-
ing the earliest stage of the CIE recovery at Site 690.

Finally, the δ13C increase registered by large (>250 μm) acarininid shells at ~170.26 mbsf is accompanied by
a secondary ~1‰ decrease in corresponding δ18O values (Figures 2b and 2c). Paired δ18O:Mg/Ca ratio
measurements have shown that this secondary decrease in acarininid δ18O values reflects a significant
decrease in surface‐ocean δ18O composition at Site 690 (Kozdon et al., 2020). Yet only large shells
(300–355 μm) of A. subsphaerica clearly record this decrease in surface‐ocean δ18O composition at +
62 cm, while shells from the two smallest size fractions (150–180 μm and 180–212 μm) continue to show
higher δ18O values centered on −1‰ (Figure 5f). A similar size‐dependent pattern of isotopic change is
expressed in the δ18O‐size relation of A. soldadoensis at +62 cm (Figure 5k), although smaller shells in some
of the preceding samples return unusually low δ18O values (Figures 5i and 5j). Apart from the minor incon-
sistencies noted in theA. soldadoensis δ18O‐size records, the δ18O‐size relations of the acarininid species at +
62 cm (Figures 5f and 5k) also implicate SDSM as a causal factor in the initial reappearance of positive δ13C‐
size covariation. This being said, we close by noting that the identifiable effects of SDSMwill dissipate as one
moves into parts of the Site 690 record that lie beyond the stratigraphic scope of isotopic change associated
with the PETM or other intervals of abrupt isotopic change. Thus, the reappearance of the δ13C‐size signa-
ture of photosymbiosis is an expected outcome consonant with the SDSM model herein proposed.

5. Conclusions

Stable isotope (δ13C and δ18O) records constructed with graduated series of size‐segregated shells of three
planktic foraminifer taxa (A. subsphaerica, A. soldadoensis, and Subbotina spp.) show that stratigraphic
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positions of the onsets of both the CIE and OIE are dependent upon shell size in the Site 690 PETM section.
The sequential manner in which each successive sample leads to the next smallest size fraction registering
CIE/OIE values up through the Site 690 PETM section is best explained by SDSM, where finer‐sized materi-
als are more intensely mixed and preferentially displaced up‐section relative to coarser‐sized materials. The
size‐dependent patterns of isotopic change indicate that taphonomic processes such as size‐selective feeding
by infauna (i.e., bioturbation) and/or bottom‐water currents have winnowed the sedimentary record of the
CIE interval. As a result, the use of relatively large (>250 μm) foraminifer shells to construct high‐resolution
records of the CIE/OIE is encouraged, as larger shells are less susceptible to upward displacement in pelagic
sedimentary records.

SDSM gives rise to phase lags between parallel isotope stratigraphies constructed with differing foraminifer
size fractions, where the records of smaller shells are shifted up‐section relative to those of larger shells. The
sense and direction of these size‐dependent phase lags suggest that the δ13Cbulk and δ18Obulk records, which
primarily reflect the isotopic composition of fine‐fraction nannofossil carbonate, have also been shifted up‐
section. This inference accounts for the stratigraphic offset in the CIE/OIE onset between the records of
nannofossil‐dominated bulk‐carbonate and large shells of shallow‐dwelling acarininids. Moreover, the
time‐averaging effects of SDSM have clearly smoothed and attenuated the isotopic excursions in the
nannofossil‐dominated bulk‐carbonate records. The combined effects of preferential upward displacement
and smoothing of isotopic excursions also result in transitory inversions of isotope gradients between the
records of bulk‐carbonate and larger foraminifer shells.

Deterministic, two end‐member mixing curves suggest that the stepped structure of the bulk CIE record is a
taphonomic signal of varying proportions of pre‐CIE material reworked up through the overlying CIE inter-
val. The series of fine‐scale decreases (steps) in the δ13Cbulk record reflect minor jumps in the accumulation
rates of CIE carbonate, which dilute the amount of pre‐CIE contamination and cause δ13Cbulk values to
decrease in an intermittent fashion. The series of upticks in CIE carbonate accumulation rates are related
to progressive, but discontinuous, redeepening of the carbonate lysocline following its initial shoaling in
response to carbon input at the CIE onset. The stepped CIE structure in δ13Cbulk records of other pelagic
PETM sections attests to the pervasive nature of SDSM in pelagic sediments and indicates that the history
of lysocline redeepening may have been more complex than presently perceived. This being said, the
fine‐scale steps in δ13Cbulk are still considered reliable datums for intersite chemostratigraphic correlation
over broad geographic regions, mostly in the Atlantic Ocean basin.

The stratigraphic series of size‐segregated δ13C and δ18O records also show that SDSM temporarily masks
δ13C‐size covariation among planktic foraminifers within the CIE interval of the Site 690 section. The
δ13C‐size and δ18O‐size records of both symbiotic acarininids and asymbiotic subbotininds show similar
sequential, size‐dependent patterns of change. Thus, the transitory loss of this size‐dependent δ13C signal
is not a paleoecological signal of symbiont “bleaching” during the PETM.

The rich data set herein reported has far‐reaching implications for pelagic sedimentary records of the PETM
and other paleoclimate events marked by abrupt changes in geochemistry. Cursory examination of the pub-
lished literature reveals that size‐dependent phase lags and shifts similar to those found in this study occur in
the stable isotope stratigraphies and geochronologies constructed for deep‐sea records of Quaternary climate
change (e.g., Ohkouchi et al., 2002; Paull et al., 1991). This realization indicates that SDSM pervades the
pelagic sedimentary record, and failure to recognize its taphonomic signature can lead to erroneous
interpretations.

Data Availability Statement

Carbon and oxygen isotope data can be accessed via the NOAA Paleoclimatology Database at https://www.
ncdc.noaa.gov/paleo‐search/study/30852.
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