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Abstract Understanding past deep-sea temperature and sea-water oxygen isotope ratios is fundamental to
environmental Earth science. For example, it provides crucial insight into past ice-volume variations, an
important climate system feedback. Moreover, deep-sea temperature is important to deep-sea ecology and
biogeochemical cycling. Here we compare deep-sea temperature and sea-water oxygen isotope ratios from
model-based deconvolution of benthic foraminiferal carbonate 8'*0 with clumped isotope-based deep-sea
temperature data in 1000-year timesteps over the Cenozoic. To assess wider implications of the observed
differences, we quantitatively evaluate a range of potential explanatory hypotheses—such as diagenetic
overprints, carbonate ion effects, ice-sheet morphology changes, and warm saline deep-water admixture—but
find that, individually, none can explain the observed differences satisfactorily. We then evaluate the
implications of possible combined effects and recent advances in clumped isotope temperature calibration. We
find that combined consideration of a recently proposed cool clumped isotope calibration and possible carbonate
ion or pH influences can provide results that approximate deep-sea temperature reconstructions based on
conventional 5'0, deconvolution. The match can be further improved if modest warm saline deep-water
contributions are considered during past warm periods. This contrasts with ice-volume and ice-sheet
morphology changes, which appear unrealistic or insignificant, respectively. Our quantitative comparison offers
a means toward formulation of a comprehensive and internally consistent understanding of Cenozoic variability
in sea level (ice volume), GIA-corrected ice-sheet heights and mean ice 6180, sea-water 6180, sea-water 6180w,
deep-sea temperature, and deep-sea [CO,>~] variations.

1. Introduction

Past deep-sea water temperature (T,,) can be reconstructed using proxies, notably Mg/Ca ratios and clumped
isotopes in benthic foraminiferal carbonate (e.g., Elderfield et al., 2010, 2012; Lear et al., 2004; Meckler
et al., 2022; Modestou et al., 2020), or using model-based deconvolutions of stable oxygen isotope records of
deep-sea benthic foraminiferal carbonate (61800; e.g., Bintanja et al., 2005; Bintanja & van de Wal, 2008; de Boer
et al., 2010; Hansen et al., 2013; Berends et al., 2021; Rohling et al., 2021, 2022). 8180C records are conven-
tionally thought to have two dominant controls, namely the seawater oxygen isotope ratio (8'*0,,) and T,-
dependent water-to-carbonate oxygen isotope fractionation (here represented in simplified form by
5'80, ~ —0.25T,,; e.g., Marchitto et al., 2014; Rohling et al., 2021, 2022), so that §'*0, ~ §'%0,, + 8'%0, (e.g.,
Berends et al., 2021; Bintanja et al., 2005; Bintanja & van de Wal, 2008; de Boer et al., 2010; Hansen et al., 2013;
Rohling et al., 2021, 2022; Shackleton & Opdyke, 1973). Note that, throughout, we express our analyses in terms
of changes relative to present (i.e., as relative changes, not absolute values), so that full notation here would be
AS"80, = A8"%0,, + A'®0,. We merely omit the As to avoid clutter.

Running-average (7-point) Mg/Ca-based deep-sea temperatures of Lear et al. (2004) are largely coherent with
deep-sea temperatures obtained from deconvolution of benthic foraminiferal 6180C data with a similar method to
that used here (see Figure 16 of Rohling et al., 2022). In other cases, there is a discrepancy between &' 8Ol records
inferred from measured 5'®0, and sea-level/ice-volume-derived 8'%0,,, and 8'%0, data inferred from deep-sea
temperature proxies, with both clumped isotopes and Mg/Ca ratios in foraminiferal carbonate indicating more

ROHLING ET AL.

1 of 18


https://orcid.org/0000-0001-5349-2158
https://orcid.org/0000-0002-7717-2092
https://orcid.org/0000-0001-8245-0555
https://orcid.org/0000-0002-7256-2243
https://orcid.org/0000-0003-0566-8117
https://orcid.org/0000-0002-3896-1777
mailto:eelco_rohling@me.com
https://doi.org/10.1029/2024PA004872
https://doi.org/10.1029/2024PA004872
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2024PA004872

Writing — original draft: E. J. Rohling,
T. M. Gernon, D. Heslop, G. J. Reichart,

A. P. Roberts, J. Yu

Writing — review & editing:

E. J. Rohling, T. M. Gernon, D. Heslop,
G. J. Reichart, A. P. Roberts, J. Yu

elevated deep-sea temperatures in the past (e.g., Leutert et al., 2021; Meckler et al., 2022; Modestou et al., 2020;
Rohling et al., 2021, 2022). For example, Modestou et al. (2020) revealed up to ~6—7°C higher Mg/Ca-based T,,
and ~6-9°C higher clumped isotope-based T, for the Middle Miocene SE Indian Ocean relative to present,
whereas deconvolution of global benthic foraminiferal 8180c only yields up to ~3-4°C higher T,, values than
present (Rohling et al., 2022). Hence, not only proxy-versus-model differences but also proxy-versus-proxy
(notably, Mg/Ca vs. clumped isotope) differences may need to be addressed (Leutert et al., 2021) although the
difference between Mg/Ca and clumped isotope-based T,, estimates often falls within the generous reported
uncertainties; Modestou et al., 2020).

Here we focus on proxy-versus-model comparison, with emphasis on the clumped isotope proxy (e.g.,
Eiler, 2007; Eiler, 2011; Ghosh et al., 2006), which may have lingering uncertainties in benthic species calibration
(e.g., Daéron & Gray, 2023), but which lacks major additional uncertainties as found in the Mg/Ca proxy, related
to fluctuations in the deep-water carbonate ion concentration [CO32_] (Yu & Elderfield, 2008) and the sea-water
Mg/Ca ratio. For the clumped isotope data, we choose to minimize the risk of introducing errors during recali-
bration between studies and during normalization to modern (core-top) values from the same location and same
method, by using a single, uniformly processed data set that temporally spans the Cenozoic (Meckler et al. (2022).
However, we add clumped-isotope data from Modestou et al. (2020) and Hou et al. (2023) to fill in major
temporal gaps (adjusting the calibrations where necessary). We acknowledge that better-resolved Mg/Ca and
clumped isotope records through a brief interval of time (3.36-3.16 Ma) suggest potential deep-water contrasts
between the Pacific with an absolute values range of 0-5°C (today, 1.6°C) and the Atlantic with ~5-10°C (today,
2.6°C) (Braaten et al., 2023), so that the largely Atlantic Meckler et al. (2022) data set might somewhat over-
estimate global mean values. To judge the importance of this potential offset to our comparison, a major analytical
campaign toward improved global coverage over the entire Cenozoic would be needed. Such addition of large
numbers of new clumped isotope data would also help to reduce uncertainty in the reconstructed variability
through time.

We initially use the clumped isotope temperature data based on the calibration applied in Meckler et al. (2022).
Thereafter, we evaluate the potential implications of lower reconstructed temperature values based on the cali-
bration discussed by Daéron and Gray (2023), which is found to result in on average ~2.2°C lower temperatures
over the data set considered. This relatively cold calibration (Daéron & Gray, 2023) relies on planktonic fora-
miniferal data, and tends to return anomalously low values at the cold end, relative to the “MIT” calibration shown
by Daéron and Gray (2023) and broader comparisons in Daéron and Vermeesch (2024). Given that we do not
know which calibration is best, and that other published calibrations largely fall between the two used here (e.g.,
Daéron & Vermeesch, 2024), we instead opt to consider a realistic envelope between the relatively warm Meckler
et al. (2022) and relatively cold Daéron and Gray (2023) calibration endmembers.

Next, we use model-based benthic 8'%0, deconvolution as an internally consistent template for comparison with
proxy-based T,, reconstructions. Even if the partitioning between &' 8OW and &' 8Ot might be challenged, the key to
using this template is internal consistency within the 8'%0, ~ 6'®0,, + 8'%0, deconvolution that should be
maintained unless valid (quantified) reasons can be given against it. That is, if we assume that proxy-based T,,
reconstructions are correct, then discrepancies between these values and those from model-based benthic 5'%0,
deconvolution require explanation of why benthic 6180C deconvolution would give different results, which
challenges either (a) the understanding of Rayleigh Distillation impacts on '°0 and '®0 during evaporation,
atmospheric transport, and precipitation, which derives from §'%0 measurements in both nature and laboratories
on evaporating water bodies, vapor, clouds, rain, snow, and ice (e.g., Ellehoj et al., 2013; Jouzel & Merlivat, 1984;
Lamb et al., 2017; Majoube, 1970, 1971; Merlivat, 1978; Merlivat & Jouzel, 1979); or (b) foundational concepts
in paleoceanography about 8'%0,-to-8'%0,, fractionation (Epstein et al., 1951, 1953; Erez & Luz, 1982, 1983;
Harmon & Schwarcz, 1981; Kim & O’Neil, 1997; Marchitto et al., 2014; McCrea, 1950; O’Neil et al., 1969;
Rohling & Cooke, 1999; Shackleton, 1974; Shackleton & Opdyke, 1973; Urey, 1947).

Specifically, a major discrepancy raises questions of whether the 8'%0, measured today is representative of the
original shell 830, (has there been alteration?), whether the conventional view that 5'%0, ~ §'%0,, + 5'%0, might
be incorrect (are there other major contributors?), or whether conventional views of the relationship between
5'80,, and ice-volume changes may be incorrect (was Rayleigh Distillation of oxygen isotopes in precipitation
over ice sheets fundamentally different than today, or were there other major influences on 8'%0,, such as major
changes in continental groundwater volumes?). To address these questions, we quantify the discrepancy between
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Ice sheet volumes 8'80, records inferred from model-based 6'®0, deconvolution and §'%0, data

from deep-sea temperature proxies (notably, clumped isotopes), and calculate

5 ] E E‘E the implications of different potential explanatory scenarios; first in a one-by-
~ © ] cris one approach, and subsequently considering potential combinations. Next, we
g ] discuss these implications to eliminate unlikely explanations, and finally we
2 Sl evaluate how recent advances in clumped isotope paleotemperature recon-
E ] struction help to address the perceived discrepancies.

o o _
= 8 Similar to the deep-sea clumped isotope data used in this study (above), the
5 _: [ m Cenozoic 8'%0, record used here (Westerhold et al., 2020) has considerable
LR L L B L L L L B Atlantic bias. Hence, our findings are primarily applicable to the Atlantic
0 10000 30000 40000 50000 60000 domain. Yet, given that we consider all variability after normalization to
Ag={la) present-day (core-top) values, we contend that the long-term patterns we
Figure 1. Ice-volume variations (in meters sea-level equivalent; m._.) over discuss are likely to have been largely homogenized throughout the global

seq;

the past 66 million years for the four ice sheets considered, following the ocean. The normalization we apply in addition avoids the need for conversion

method of Rohling et al. (2021, 2022).

calculations between 8'%0 variations in carbonates that are measured versus

the Vienna PeeDee Belemnite (VPDB) standard and §'%0 variations in water,
vapor, and ice that would be measured versus the Vienna Standard Mean Ocean Water (VSMOW) standard.
Despite offsets between absolute values on these scales, relative variations are similar within 3%, given that
8" 0ysmow = 1.03092 8'80yppg + 30.92 (Coplen et al., 1983; NIST, 1992; Rohling & Cooke, 1999).

Finally, we emphasize that this study does not pretend to offer a final solution to the observed discrepancies.
Instead, it provides a first-order quantification of the discrepancies, and quantitatively evaluates the likelihood (or
not) of possible explanations, including uncertainty propagation. This allows several suggested explanations to be
rejected, while highlighting others as targets for further investigation.

2. Approach and Results
2.1. Framework

To portray the general relationship between changes in ice volume and global mean §'%0,,, we use ice-volume
histories after Rohling et al. (2021, 2022) (Supporting Information S1). These essentially stipulate that sea-level
changes below present-day sea level are dominated by the relatively low-latitude Laurentide and Eurasian ice
sheets (LIS and EIS), and that sea-level changes above present-day level are dominated by changes in the high-
latitude Greenland and especially Antarctic ice sheets (GrIS and AIS) (Figure 1, Figure S1 in Supporting In-
formation S1). No matter how volume changes are partitioned within these ice-sheet pairs, the mean ice-elevation
implications for each pair are relatively robust. That is, assuming that Rayleigh Distillation of oxygen isotopes
over ice sheets is adequately understood, the major 5'®0,, trend relative to ice volume can be reasonably
approximated.

A caveat in the application of this method for determining 8'%0,, changes from past records of 8'%0,, fluctuations
(relative to present) is that sea-level/ice-volume history is first estimated from a Pleistocene convex 61800: sea-
level relationship (Rohling et al., 2021, 2022; with the relationship first described by Spratt & Lisiecki, 2016).
While precise validity of extrapolation of this relationship into more ancient times cannot be guaranteed, its
nature is theoretically robust (Figure 17 of Rohling et al., 2022) and plausible extrapolation uncertainties (at 1)
have been evaluated at <+10 m for sea levels between 0 and +65.1 m (Figure 6 of Rohling et al., 2022), which is
<+0.1-0.13%o in 6180W for different ice-sheet morphologies in the present study (below). Note that values are
unlikely to fluctuate randomly within these bounds from timestep to timestep, but rather would follow sys-
tematic, long-term autocorrelated deviations related to potential long-term changes in ice-sheet properties (cf.
Figure 18 of Rohling et al., 2022).

We use the same lens-shaped ice-sheet morphologies with parabolic radial profiles as used by Rohling
et al. (2021, 2022). Different from those studies, however, we here also calculate the glacio-isostatic adjustment
(GIA) history of bedrock beneath ice sheets (Supporting Information S1) following van den Broek (2006; their
Figures 6.1 and 6.3) and de Boer et al. (2010) (Supporting Information S1). In addition, we here include the
largely ice-free period between 40 and 66 Ma. Initial ice-free continent shapes are set to be conical, after de Boer
et al. (2010) (Table 1). The calculated position/height of each ice-sheet summit and GIA-related bedrock
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Table 1
Initial Bedrock Height and Slope for the Continents on Which the Model Grows Ice, and Relaxation Timescale and Density
Ratio Used in the GIA Approximations (After de Boer et al., 2010)

AIS LIS EIS GrIS
Initial bedrock peak height (m asl) 1,270 1,400 1,250 800
Initial bedrock slope 0.001 0.0017 0.0016 0.0014
Asthenosphere relaxation timescale (ky) 3 3 3 3
Density ratio bedrock and ice 3 3 3 3

depression, relative to present-day sea level, are shown in Figures 2a—2d. X-axis scales vary between plots
because only time intervals with notable variability are shown. When no ice sheet is present, bedrock eventually
relaxes toward the initial position (Table 1). A zoomed-in portion of Figure 2b is shown in Figure S2 of Sup-
porting Information S1, to demonstrate in detail the timing-offset between changes in LIS summit height and
bedrock position, which is obscured when plotting lines over long timescales in Figure 2b. Using the radial ice-
height and GIA-depressions related to the summit values shown in Figures 2a—2d, mean ice elevations are
calculated through time for each ice sheet. These mean ice elevations are corrected for sea-level changes because
sea-level lowering causes a relative continental ice-elevation increase, and vice versa.

Sea-level-corrected mean ice elevation for each ice sheet is used in stable O-isotope Rayleigh Distillation
equations (Supporting Information S1), which are based on thermodynamic first-principles assessments and
observations in vapor, precipitation, snow, ice, and cloud environments as well as laboratory experiments (e.g.,
Ellehoj et al., 2013; Jouzel & Merlivat, 1984; Lamb et al., 2017; Majoube, 1970, 1971; Merlivat, 1978; Merlivat
& Jouzel, 1979). This approach of calculating the 5'®0 of precipitation over ice sheets replaces the phenome-
nological approximations used by Rohling et al. (2021, 2022). Based on the new 8'%0 of precipitation values, we

AIS summit height using summit thickness and max. GIA € LIS summit height using summit thickness and max. GIA
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Figure 2. Reconstructed summit heights of the four major ice sheets (i.e., at the center for the radially symmetric ice sheet morphologies considered) and vertical bedrock
displacements at that location for our main experiment with relatively steep ice-sheet morphologies (using an aspect ratio similar to that of the modern AIS). The
distance between the two curves in each panel indicates the maximum ice-sheet thickness. (a) AIS. (b) LIS. (c) EIS. (d) GrIS.
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Mean ice-sheet 580 versus volume
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Figure 3. (a) Reconstructed mean ice-sheet 8'80 versus ice volume through time for each of the four ice sheets considered in
the main model experiment. (b) Global ice volume (in m,) versus mean global sea-water 8'%0 (ie., SISOW) in the main
model run, with loess fit (span = 0.05) that allows approximate model inversion so that global ice volume can be determined
from any given SISOW.

determined histories of mean ice-sheet §'80 as in Rohling et al. (2021, 2022) (Figure 3a) for each ice-sheet, and
the resultant record of total (all ice-sheet) mean sea-water SISOW (Figure 3b). Under the conventional SISOC
deconvolution assumption, this allows calculation of changes in 8'%0, (x—0.25T,,) using §'%0, = 5'%0, — 8'%0,,.
As mentioned before (Introduction), full notation would be A§'*0, = A8'®0, — A8'®0,,, but we omit the As to
avoid clutter.

In Figure 3b, global ice volume is shown relative to global mean 8'®0,,, and a locally estimated scatterplot
smoothing (loess) fit (span = 0.05) provides an approximation of the general relationship shape. This loess fit
effectively allows inversion of the 5'%0, deconvolution method including reasonable partitions between low- and
high-latitude ice sheets, with limited sensitivity to initial sea-level assumptions, and including GIA influences on
mean ice-surface elevation and, thus, on Rayleigh Distillation of O isotopes in precipitation. The loess fit thus
provides a means to test the implications of clumped isotope derived T,, data.

Given the conventional concept that, in terms of relative changes, 5'%0, ~ 8'*0,, + §'%0,, we can test two
extreme scenarios. We can: (a) determine implied 6]80C values for proxy-based 6]80t reconstructions assuming
that ice volume (sea level) and 8'®0,, are understood reasonably; or (b) determine the implied 5'0,, (hence, ice

RIGHTS LI M Hiy

5of 18

851901 SUOLULLOD SANER.D B|qedt|dde au) Aq pausenob a2 sapie YO BsN JO S3InJ 10J AkeiqiT 8UliUO AB]IM UO (SUOIPUOD-PUE-SWBILI0D" A3 1M AReIq 1 [Bu UO//SaNY) SUORIPUOD puUe SLue 1 31 39S *[7202/TT/T0] uo ARIqITauliuo As|IM ‘SpuelieypN aueiyo0D Aq Z/8700VdbZ0z/620T OT/10p/wod K| Al puljuo sandnBe//sdny wouy pspeojumod ‘TT 'v202 ‘SZve.Se


https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2024PA004872&mode=

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2024PA004872

Tw-modified to fit clumped isotope data

wn _]
N o Ty initial
—~ -| e=ss Clumped isotope T, data with 10 interval
OO o _| Tw_modified
= N Tuw_modifed 68% uncertainty bounds
5 - T
o _|
g —
= a
o
o o _|]
o -
o i
>
= 0
)
o
o -
2
= i
L{I) — | Combines both scatter of means around Ty,_moaifies and average data measurement uncertainties

0 10000 20000 30000 40000 50000 60000
Age (ka)

Implied mean 6180C change assuming known 6180W and clumped-based 6180t

— 5"°0; gata
8 "Oy,_initial

5 Ot initial

@ 5 O\ modified

8O _implied

5'%0 relative to present (%o)
2
TN T T A B

0 10000 20000 30000 40000 50000 60000
Age (ka)

Figure 4. (a) Clumped isotope based T, data relative to the present (blue open dots with 68% uncertainty intervals; Meckler
et al. (2022), Modestou et al. (2020), and Hou et al. (2023)) compared with T,, from the main model's conventional benthic
foraminiferal E’)mOC deconvolution (black), and a version of the black curve perturbed with a long-term empirical polynomial
fit (light blue) that offers a reasonable visual long-term fit through the clumped isotope based T, data, with 68% uncertainty
interval (orange). (b) Implied 6'80C under the assumptions of scenario (a), for the hypothesis that 6180c is insufficiently
understood. “Initial” stands for model results from conventional benthic foraminiferal BISOC deconvolution, “modified” for
records after modification of the initial record based on the clumped isotope data, and “implied” for the resultant 6180C
record.

volume) for proxy-based 8'%0, reconstructions assuming that measured 8'%0, records adequately reflect past
conditions (i.e., they are not affected by influences other than 8'%0, or §'%0,). As outlined before, we first focus
on the clumped isotope deep-sea temperature record based on the calibration used in Meckler et al. (2022), and
later apply the cooler, planktonic foraminifer-based, clumped isotope calibration from Daéron and Gray (2023).
The record based on the calibration from Meckler et al. (2022) yields past T, values (blue circles) that are
considerably higher than the T, values obtained from conventional 8'30, deconvolution (black line) (Figure 4a).
For the sake of evaluating the large-scale implications, we construct a hypothetical high-resolution fit (light blue
in Figure 4a) through the clumped isotope T, data by adding short-term T,, variability from our conventional
deconvolution run to a long-term smoothing fit through the low-resolution clumped isotope data. This smoothing
is obtained using a polynomial to present a reasonable visual fit (see R scripts and Supporting Information S1),
given that it serves only to indicate first-order quantitative implications of the contrast between clumped isotope
T,, and that from 8'®0, deconvolution, rather than a precise paleo-reconstruction.
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The thus constructed record of clumped isotope-inspired T,, changes is then translated into a record that we term
6180‘7m0diﬁed (Figure 4b, red). We check the notable Mio-Pliocene shift inferred in Figure 4a using additional
data. Based on clumped isotope data with the same calibration as Meckler et al. (2022) and additional Mg/Ca
results, Braaten et al. (2023) calculated that T,, at 3.36-3.16 Ma was on average 1-2°C higher than present in the
eastern equatorial Pacific and ~4.5°C higher than present in the North Atlantic. On average, this corroborates the
marked Pliocene upward mean Ty, ,oqifieq bulge to ~2.5°C (light blue in Figure 4a) and, thus, the related mean
SISOLmodiﬁed bulge (red in Figure 4b), but also emphasizes the need for more global data coverage.

2.2. Scenario Testing: Main Experiment

The main experiment considers clumped isotope data using the same calibration as Meckler et al. (2022). First, we
evaluate scenario (a), estimating implied 8'®0, values for proxy-based §'®0, reconstructions assuming that sea
level and 618OW are understood reasonably (Figure 4b). We show the (normalized) measured 6180C data (black),
the conventional deconvolution-based 8'%0, record (orange, labeled “initial” because it derives from the initial
deconvolution before clumped isotopes were considered), and the resultant initial §'20, record (purple). We then
show the clumped isotope-based Slgolin]odiﬁed record (red) and calculate the 518004mpned record (light
blue = orange + red). This 5180c7impned would be what 8'80, should have looked like under the stated as-
sumptions of this scenario. The difference between SISOC_imphed (light blue) and §'®0, (black), which is of the
order of 1.5-2%o, would then reflect processes other than those conventionally considered in the sum
8180C ~8'%0, + 818Ot. In the discussion, we evaluate these potential processes in terms of benthic foraminiferal
580, sensitivity to deep-water carbonate ion concentration or pH (Figures 5a and 5b; Figures 6a—6c¢).

Next, we evaluate scenario (b), estimating the implied 6180W and therefore ice-volume (sea-level) values for
proxy-based 8'®0, reconstructions assuming that measured 8'%0, records adequately reflect past conditions; that
is, that they were not affected by influences other than 8'*0,, or 8'%0, (Figure 7a). Again, we show (normalized to
their most recent value) the measured 5]80c data (black), the conventional (initial) deconvolution-based 8180W
record (orange), and the resultant initial &'80, record (purple), and the clumped isotope-based 6180Lm0diﬁed re-
cord (red). We then calculate the SISOwiimphed record (light blue = black minus red), which indicates what the ice-
volume/sea-level related global seawater 8'%0 changes would need to have been under the stated assumptions of
this scenario. The SISOW_imphed record can be used with the loess fit of Figure 3b (within its constraining data
range) to determine implied ice-volume variations (Figure 7b). Uncertainties are based on propagation of the 68%
uncertainty bounds to Ty, ,ogifieq in Figure 4a. In Figure 7b, ice-volume reconstructions for the clumped isotope-
based T,, experiment “saturate” at around +185 m,., because that is the constraining data limit for the loess fit.
Because of the high clumped isotope T,, values (Figure 4a), this experiment indicates extreme ice volumes
(equivalent to Pleistocene glacial maxima) throughout most of the Cenozoic, even including the Paleocene-
Eocene greenhouse state (Figure 7b).

It is also possible that there have been major influences on 8'®0,, variation other than ice-volume change.
Variations in continental groundwater volumes might be considered, but given that groundwater 5'%0 is closely
related to precipitation 8'%0 (in ice free regions, this is generally much more positive than ice-sheet 5'°0), these
volume variations would have had to have been considerably larger than the inferred continental ice-volume
variations. For example, with ice-volume §'%0 easily of the order of —30%o (Figure 3a) and median ground-
water 8'30 of the order of —10%o or more positive when excluding snow and ice-bound regions (Jasenchko
et al., 2014), ground-water volume fluctuations would need to be three or more times larger than glacial water-
volume fluctuations to have similar impacts on 8'%0,,. Hence, we consider it unlikely that the entire inferred
discrepancy could be explained in terms of continental groundwater fluctuations.

Oxygen isotope exchange changes between the ocean and lithosphere could also introduce long-term 8'#0,, shifts
(e.g., Huntington & Petersen, 2023; Meckler et al., 2022; Rohling et al., 2022), but seafloor spreading and
production rate changes were relatively small, notably over the last 40 Myr (Gernon et al., 2021; Matthews
et al., 2016; Rohling et al., 2022; Young et al., 2019), although recent results indicate a crustal production
decrease of 30%—40% from ~15 Ma until 5 Ma (Herbert et al., 2022). The latter study, however, suggests that
crustal production is a proxy for tectonic CO, degassing, and modeling under that condition indicates that 5'0,,
(including any ice sheets) is unlikely to have varied more than =1%o even over the entire Phanerozoic (Coogan
et al., 2019). This process is, therefore, unlikely to have played a substantial role in 8'80,, change, whereas
clumped isotope data suggest major deviations from deconvolution-based T, even in the Pliocene (Figure 4a),
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Figure 5. (a) Offset in core top data between benthic foraminiferal 6180C and

6180W relative to deep-water carbonate ion concentrations, for C.

wuellerstorfi (red) and C. mundulus (blue) and all combined (black). For all

regressions, 68% prediction intervals are indicated with dashed lines.

(b) Similar to panel (a) but with respect to pH. Regressions are ordinary least

squares regressions and oxygen isotope offsets on the Y axis have been
temperature corrected (see Supporting Information S1). In the legend, “s”

stands for slope, and

[t
1

for intercept.

which imply dramatic 8'%0,, changes (up to 1.5-2%0) by the Pliocene and
before (Figure 7a). Hence, we hereafter ignore changes in oxygen isotope
exchange between the ocean and lithosphere for the time-interval studied.

A further suggestion that can be tested is that large deep-sea &' 8OW variations
may be related to changes from warm saline deep water (WSDW) in certain
periods to cold less-saline deep water in other periods (Meckler et al., 2022).
To test this, we take guidance from extreme conditions in the modern ocean.
First, active WSDW formation occurs today in the Red Sea and Mediterra-
nean Sea. In the Red Sea, the freshwater budget is dominated by evaporation,
given that runoff and direct precipitation into the basin are negligible. Red Sea
salinities reach more than 40 psu, and the Red Sea surface-water 8'%0,:S
slope is ~0.3%o psu~" (Rohling, 1994) (although salinity based on modern
relative conductivity measurements is dimensionless, we refer to “practical
salinity units” or psu for clarity of presentation in the considered ratios). In the
modern Mediterranean, with high evaporation but also substantial runoff and
precipitation, salinities reach 39 psu, and the 8'30,,:S slope is similar to that
in the Red Sea, at 0.28%o psuf1 (Pierre, 1999; Pierre et al., 1986; Rohling &
Bigg, 1998). Second, cold and relatively low-salinity deep-water formation
characterizes the open ocean during the Holocene interglacial and the Last
Glacial Maximum. Today, typical mean &' 8OW:S slopes throughout the North
Atlantic are ~0.6%0 psu~' (Rohling & Bigg, 1998), while mean Arctic
outflow (East Greenland Current) ranges between ~0.4 and ~0.8%o psu™"'
(Cox et al., 2010). A modern extratropical §'%0,,:S slope of ~0.6%o psu™" is
recognized throughout the ocean (Bigg & Rohling, 2000; Craig & Gor-
don, 1965), and may have increased to ~1%o psu~" during the Last Glacial
Maximum (LGM; e.g., Adkins & Schrag, 2000; Adkins et al., 2002; Wadley
et al., 2002; Miller et al., 2015). The ~0.3%0 psu™' slope under strongly
evaporative conditions is robust because the net 5'0 fractionation due to
evaporation is about —10%o relative to surface water, which dominates the net
freshwater endmember with (S, 6180) = (0, —10) versus observed marine
endmembers of (39, 1) or (39.5, 1.5). The steeper slopes observed during cold
periods are due to net freshwater endmembers with lower §'%0, mainly
because of important snow and ice-melt contributions (e.g., Cox et al., 2010).
Deviation from the modern 8'®0,:S slope in the ocean toward more evapo-
rative climate conditions that create the potential for WSDW formation,
therefore, are likely associated with decreasing 6]SOW:S slopes, down to an

evaporation-dominated extreme of ~0.3% psu™".

Mediterranean and Red Sea saline deep waters today are some 3—4 psu more
saline than surface waters. Modern open oceanic cold deep waters have
relatively similar salinities relative to surface water. If we use modern cold,
relatively low-salinity deep-water as a reference, and assume a generous 5 psu
deep-water salinity increase for WSDW (which implies that global mean
salinity would approach 40 psu, similar to the Mediterranean and Red Sea),
then the evaporative effect can impart a rough maximum of 5 X 0.3 = 1.5%o of
deep-water 5'®0,, difference (increasing values with a greater WSDW pro-
portion). Assuming a linear 8'80,:S slope change between the extremes of
cold, less saline deep water and WSDW (i.e., mixing between only two

fundamental components), the SISOWJmphed record (Figure 7a) can be translated into a WSDW percentage
contribution to global deep water (Figure 7c). We perform this calculation relative to 8'%0,, from the main model

experiment (orange in Figure 7a). Uncertainties are based on propagation of the 68% uncertainty bounds to

T

w_modifie

4 1n Figure 4a. This is a crude comparison, which focuses only on potential long-term WSDW impli-

cations (long-term fits) (Figure 7c).
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Figure 6. (a) Implied pH changes (relative to present) for scenario (a2) in our
main experiment with relatively steep ice-sheet morphologies. Black is
based on the slope of the regression through all data in Figure 5b. Red is
based on the slope of the theoretical relationship discussed in Zeebe (1999,
2001). (b) Inferred adjustment from the 5180C that would have been
deposited originally based on clumped isotope T, reconstruction (light
blue), toward the 6180C that is measured on the benthic foraminifera (black),
given the [CO327] bounds discussed in the text. Red is the mean based on the
regression through all data in Figure 5a, and orange delineates the fully
propagated 68% uncertainty interval. (c) Inferred [CO327] changes through
time based on assessment of carbonate ion effects in scenario (a2) in our
main model run with clumped isotope calibration as in Meckler et al. (2022)
and relatively steep ice-sheet morphologies.

Finally, combined effects are considered (for all experiments). Here we allow
for the maximum carbonate ion-related shift in 8'%0,, which yields the red
line in Figure 6b, and determine the remaining offsets with respect to
measured 8180C data (black in Figure 6b). We then translate these into implied
changes in either WSDW contributions or ice-volume (Figures 8a and 8b).
Uncertainties are based on propagation of the 68% uncertainty bounds (or-
ange) around the red record in Figure 4a.

2.3. Additional Experiments

Next, we test implications of potential changes in the height/radius aspect
ratio of ice sheets. The aspect ratio is essentially a function of bed friction
(Bailey et al., 2010; Clark & Pollard, 1998; Willeit et al., 2019). In the main
experiment, we assumed that ice-sheet morphology always had the same
aspect ratio, which was selected based on the present-day AIS (Rohling
et al., 2021, 2022). However, the so-called regolith hypothesis proposes that
early ice sheets, which formed when there was still a substantial regolith
cover on the continents, formed with lower bed friction and, thus, had a lower
aspect ratio (Clark & Pollard, 1998; Willeit et al., 2019). Such ice sheets have
been named “low-slung, slippery ice sheets” (Bailey et al., 2010). To explore
the impacts of a lower aspect ratio on our results, we ran a new experiment
with the same ice-volume histories, but with an ice-sheet aspect ratio that is
half that used in the main experiment, and produced the same suite of figures
(Figures S3-S7 in Supporting Information S1). Since there is no conclusive
information on when, and to what extent, the aspect ratio of the ice sheets may
have changed, we present solutions for low-slung slippery ice sheets
throughout the interval of study (Figures S3-S7 in Supporting Informa-
tion S1), for comparison with the steeper ice-sheet main-experiment results
(Figures 1-7).

Finally, we repeated all of the above using lower clumped-isotope T,, values,
based on the planktonic foraminiferal clumped isotope calibration of Daéron
and Gray (2023) (Figures 9 and 10; Figures S8 and S9 in Supporting Infor-
mation S1). In Figures 9 and 10, we consider implications of the cooler
clumped-isotope calibration while maintaining the steep ice-sheet aspect ratio
of the main experiment. In Figures S8 and S9 of Supporting Information S1,
we consider implications of a combination of cooler clumped-isotope cali-
bration with a reduced ice-sheet aspect ratio (low-slung ice sheets).

Below, we discuss the various tests on an individual basis, followed by
clumped isotope calibration implications, and the impacts of combined
influences.

3. Discussion
3.1. Hypothesis That 8180c Is Understood Insufficiently

Scenario (a), portrayed in Figure 4b, suggests either (a/) that 6180c would
need to have been markedly different when the benthic foraminifera were
forming their shell carbonate than the 8'%0, measured on these shells today,
or (a2) that additional factors exist that control SISOC, which caused the
difference to be locked in during shell carbonate deposition.

In case (al), diagenetic effects within sediments are the most likely culprit.
However, Leutert et al. (2019) state: “We find that overall, primary A [i.e.,

clumped isotope] signatures appear similarly sensitive to diagenetic overprinting as 550, with differences in

sensitivity depending on pore fluid chemistry and the amount of secondary calcite. ... The A, and 5'80 values of
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Figure 7. (a) Implied 8'%0,, under the assumptions of scenario (b), for the
hypothesis that 6180“, and/or ice volume are insufficiently understood.
“Initial” stands for model results from conventional benthic foraminiferal
6180C deconvolution, “modified” for records after modification of the initial
record based on the clumped isotope data, and “implied” for the resultant
6180W record. (b) Implied ice volume, relative to present, if scenario () is
fully ascribed to a poorly understood ice-volume history. Black indicates the
main experiment-based ice volume, light blue the ice volume based on the
mean clumped-isotope-based T,, (Figure 4a), and orange the 68%
uncertainty levels. (c) Implied WSDW percentages, relative to the present,
for the hypothesis that (implied) large SISOW variations can be explained in
terms of the SlgOW contrast between warm saline deep water and cold, less
saline deep water. Light blue and orange as in (b).

benthic ... foraminifera are less affected by diagenesis and thus likely to yield
robust foraminiferal calcification temperatures” (see also Huntington &
Petersen, 2023). Note that hypothesis a/ would require virtually complete
recrystallization within sediments at temperatures up to 6-8°C lower than
bottom-water temperatures (offsetting the difference between T, | ,qifieq and
T,, in Figure 4a). For only partial (e.g., 1/3) recrystallization, within-sediment
temperatures would need to have been even lower (roughly 3X the offset in the
example above) to achieve the same weighted mean result. This seems un-
likely, as temperatures within sediments are more likely to be higher due to the
geothermal gradient. Moreover, we emphasize, following Leutert et al. (2019)
that such large-scale recrystallization at substantially different temperatures
would have shifted clumped isotope temperatures as well as 8'%0...

In case (a2), changes in bottom-water carbonate ion concentrations (i.e.,
[CO32_], a function of pH) would be the most likely culprit (Meckler
et al., 2022), causing (part of) the up to 1.5-2%o offset between 5180c4mp1ied
from clumped isotopes and measured 8' 0, (light blue and black in Figure 4b).
To assess this, we obtained new species-specific epifaunal benthic foramin-
iferal data (C. wuellerstorfi and C. mundulus) from global core-top sedi-
ments and find that, for the combined data set, '%0, — §'%0,, = - 0.011
[CO,%71-0.804, or 8'%0, — 8'%0,, = —1.84pH-14.28, both with 68% predic-
tion intervals of the order of + 0.35%¢ (black solid and dashed lines in
Figures 5a and 5b). Using linear extrapolation, we back-calculate pH change
relative to present, based on the shift (in a positive direction) inferred from
SISOC_implied to the measured SISOC_dam, using either the regression-based
slope (Figure 5b) or the theoretical —1.42%o per pH unit of Zeebe (1999,
2001) (Figure 6a). The pH-change calculation is slope-dependent only, so that
it is not straightforward to propagate the prediction intervals. Moreover, the
linearity of extrapolation in pH space may be questioned, given that planktonic
foraminiferal 8'80,, relates non-linearly to pH in cultures, in contrast to an
approximately linear relationship with [CO32_] (Bijma et al., 1999). Unfor-
tunately, data scatter and limited coverage of natural data along the ranges of
the X-axes in Figure 5 preclude detection of any non-linearity. With these
caveats in mind, and noting that our approach can yield smooth long-term
changes only because short-term variability was kept the same between T,,
and Ty, ,odgifiea (hence, only the long-term T, adjustment to fit clumped
isotope data affects the solution), calculated pH changes seem excessive
through most of the Cenozoic, even exceeding —1 pH unit (Figure 6a).

For [CO5%7] (Figure 6b), we followed a different approach and calculate the
largest possible [CO;>"]-based impact on §'®0, by applying the regression
for both combined species (black in Figure 5a) starting from a high modern
deep Atlantic reference value of ~105 pmol/kg (Yu & Elderfield, 2007),
given that the §'%0, stack is predominantly Atlantic in nature. We curtail the
calculations at a minimum [CO327] limit of 0 pmol/kg, so that the calcula-
tions yield the maximum potential impact of the carbonate ion effect,
although we note that the minimum [CO32_] limit today (in the deep Pacific),
is considerably higher at ~50 pmol/kg (Broecker and Sutherland (2000). The
reconstructed maximum [CO32_] impacts (red in Figure 6b) are shown with
68% uncertainties bounds (orange) that are based on propagation of the
combined Ty, ,odgifieq UNCertainty bounds (Figure 4a) and [CO;>7] regression

prediction intervals (Figure 5a). In Figure 6¢c, we show inferred deep-water [CO5>~] for this maximum-impact
assessment, with uncertainty bounds. Here we note that, given the continuation (to some variable extent) of

carbonate deposition in the world ocean throughout the Cenozoic, extended intervals with carbonate ion con-

centrations approximating zero are unlikely to have existed in reality. Regardless, even considering the maximum
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Figure 8. Implied changes in WSDW contribution or ice volume in the main model experiment after allowing for maximum
carbonate ion impacts; that is, to explain residual differences between the red and black records in Figure 6b (a) Attributing
the remaining offsets entirely to WSDW variations. (b) Attributing the remaining offsets entirely to ice-volume variations.
Light blue indicates mean values, and orange lines delimit 68% uncertainty intervals. For comparison, we also show in (b) the
initial ice-volume variations in the main model experiment (black).

carbonate ion impacts inferred here leaves obvious residual offsets between the red and black lines in Figure 6b,
which means that scenario (¢2) cannot satisfactorily address the discrepancies between clumped isotope-based T,
(Meckler et al., 2022; their original values) and T,, from &'#0, deconvolution, unless pushed toward uncertainty
limits. Yet, it is also clear that consideration of plausible [CO32_] fluctuations offers considerable potential to
reconcile reconstructions if at least one additional major influence could be identified, which offers a more
constructive way forward. We revisit the concept of combined effects later, after discussion of scenario (b) and of
the potential impacts of different ice-sheet profiles.

3.2. Hypothesis That §'%0,, and/or Ice Volume Are Understood Insufficiently

Scenario (b), portrayed in Figure 7, provides insight into 6180W7imp“ed (light blue) from the clumped isotope based
6180[_m0diﬁed (red) and measured &'0, (black). This scenario indicates a strong positive 8'%0,, bias, which—
when translated using the loess fit between global ice volume and 8'30,—produces extreme global ice-
volume estimates (Figure 7b, light blue for the clumped isotope-based experiment vs. black for the initial
model run). This would suggest that the Miocene, including the Middle Miocene Climate Optimum (MMCO;
~17-12 Ma), was characterized by maximum ice volume, which then decreased toward the Pleistocene and was
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Figure 9. (a) As Figure 4a, but for a model experiment using a cooler clumped isotope temperature calibration (Daéron & Gray, 2023). Note that Taylor et al. (2023),
using a similar calibration, find similar T,, change across the Eocene-Oligocene Transition, but in higher resolution. They observe cooling from ~11 to ~6°C in the
eastern equatorial Pacific, where modern T, is about 1.6°C, so that values relative to the present anomaly change from ~9 to ~4°C. (b) As Figure 4b but based on the
temperatures from panel (a). (c) As Figure 6a but based on the temperatures from panel (a). (d) As Figure 6b but based on the temperatures from panel (a).

equaled only during the most severe Late Pleistocene ice ages (Figure 7b). In addition, similarly large ice volumes
are suggested during the Paleocene-Eocene greenhouse interval (Figure 7b). Ice volume is presented in meters
sea-level equivalent, so that sea-level change by first approximation equals negative ice-volume change. Hence,
extremely low sea levels are suggested; below —100 m from ~24 to ~6 Ma and between ~60 and 40 Ma. Such an
implied global ice-volume/sea-level history makes no sense in view of other data that the global glaciation state
increased from the MMCO to the Pleistocene (for overviews, see: Rohling et al., 2021, 2022; Steinthorsdottir
etal., 2021) and that little to no ice existed during most of the Paleocene-Eocene. So, might the explanation lie in a
radical misunderstanding of Rayleigh Distillation over continental ice sheets? From this perspective, the large
positive SISOW_imp“ed (light blue) deviation and its shift in a more negative direction toward the Pleistocene ice
ages (Figure 7a) would imply not only a misunderstanding of the Rayleigh Distillation magnitude, but even of its
sign. That is, global mean ice-sheet 8'30 would need to have become progressively more positive from the warm
MMCO to the Pleistocene ice ages to explain the SISOW_implied drop (Figure 7a). This is contrary to all ther-
modynamic understanding and laboratory and field observations of how Rayleigh Distillation affects §'%0 (e.g.,
Ellehoj et al., 2013; Jouzel & Merlivat, 1984; Lamb et al., 2017; Majoube, 1970, 1971; Merlivat, 1978; Merlivat
& Jouzel, 1979). Similar to scenario (a), scenario (b) therefore also fails to satisfactorily explain the stable oxygen
isotope implications of clumped isotope T,, measurements.

3.3. Hypothesis That Large ﬁlsOw Variations Can Be Explained by Warm Saline Deep Water

The mean WSDW scenario requires large (>50%) WSDW contributions throughout the Cenozoic, and up to
100% or more between ~22 and ~10 Ma, as well as between ~60 and ~40 Ma (Figure 7c). Values below 0% and
over 100% are evidently unrealistic and indicate that the WSDW mechanism by itself cannot explain the 5'%0,,
implications of clumped isotope T,, data. Moreover, the generally high WSDW percentages inferred in both
scenarios, and the relatively similar values before and after the Eocene-Oligocene Transition at ~34 Ma, when
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Inferred deep-sea carbonate ion concentration
Cooler clumped isotope temperatures (Daéron and Gray, 2023)
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Figure 10. (a) As Figure 6¢ but based on the temperatures from Figure 9a
(b) As Figure 8a but based on the temperatures from Figure 9a (b) As
Figure 8b but based on the temperatures from Figure 9a.

Table 2
Surface-Water Density (p) Changes for Salinity Reduction From S = 40 to
35 psu, and Cooling From T = 15 to 0°C (Chapman, 2006)

S =40 5=375 §=35
T=15 p=1.0298 p=10279 p = 10260
T=10 p = 1.0309 p = 10289 p=1.0270
T=5 p=10316 p=1.0297 p = 10277
T=0 p=10321 p = 1.0301 p = 10281

Note. Units: p in kg 17", § in psu, T in °C.

major Antarctic glaciation occurred, seem unrealistic in view of evidence of
high-latitude-focused deep-water formation during the early Oligocene (Liu
et al., 2009) and the (at least Southern Hemisphere) development of sub-
stantial ice masses (thus, snow cover), which provides a major potential
source for summer fresh-water input, which would have reduced surface
salinities.

Surface-water density changes for salinity reduction from S = 40 to 35 psu,
and cooling from T = 15 to 0°C are shown in Table 2 (Chapman, 2006). If
these are used as potential deep-sea densities, then WSDW of T = 10-15°C
and S = 37.5 psu could theoretically coexist/mix with cold deep water of
T = ~0°C and S = 35 psu. Yet, major contributions to global deep-water
volume depend not only on possible water density, but also on the likeli-
hood of sufficient volumes of deep-water production (volume flux). Given
that major evaporative basins such as the Mediterranean and Red Sea produce
only of order 1 Sverdrup (Sv; 1 x 10° m® s™') of WSDW each, and that no
other major WSDW source basins are available under near-modern paleo-
geographic conditions, the inferred ~30%—70% WSDW contributions to the
global deep-water volume in Late Miocene to mid-Pliocene times (Figure 7c)
seem unlikely. Moreover, following low-latitude Tethys Ocean closure at
~50 Ma (Zahirovic et al., 2016), except for some Red Sea-Mediterranean
connectivity (Bialik et al., 2019), the entire time interval since ~50 Ma at
least has lacked likely high-volume WSDW source regions. Hence, the large
WSDW contributions inferred throughout the 40—1 Ma interval in Figure 7c
seem unrealistic. The WSDW hypothesis to explain large deep-sea 6180W
variations (Meckler et al., 2022), therefore, is rejected as a sole explanation.
We will revisit this later in the section on combined effects.

3.4. Hypothesis That Ice-Sheet Aspect-Ratio Changes Might Explain the
Discrepancies

Rayleigh Distillation impacts of precipitation 8'®0 over flatter ice sheets
(Figures S4 in Supporting Information S1) are less intense, producing ice
sheets with less-negative mean 8'%0 values (Figure S5a in Supporting In-
formation S1), which in turn impart less-positive 8'%0,, changes (Figure S5b
in Supporting Information S1). Based on these changes, we repeat the
hypothesis-testing analyses using the relatively warm Meckler et al. (2022)
clumped isotope calibration (Figures S6 and S7 in Supporting Informa-
tion S1). It appears that considering low-slung, slippery ice sheets does not
substantially alter the comparisons between reconstructions using clumped
isotope-based T,, data or straightforward (“initial”) 8'*0, deconvolution.

3.5. Impacts of Different Clumped Isotope Calibrations and of
Combined Effects

The hypotheses evaluated above all assume that paleotemperatures inferred
from clumped isotope data are correct. However, Looser et al. (2023)
concluded that: “our results demonstrate the importance of material-specific
kinetic parameters and we urge caution when interpreting A ,,-derived tem-
peratures of biogenic carbonates from deep-time archives.” Yet, careful
calibrations by Peral et al. (2018) and Piasecki et al. (2019) suggest that ki-
netic effect influences on mean clumped isotope-based paleotemperatures of
benthic foraminifera may be small, despite spread in individual analyses.
Moreover, deep-sea clumped isotope paleotemperatures are not far from Mg/
Ca-based paleotemperatures (e.g., Braaten et al., 2023; Leutert et al., 2021;
Modestou et al., 2020). While healthy caution remains necessary when
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assuming that no complications exist in clumped isotope data, especially from ancient sequences, it is important to
note that similar caution applies when assuming that species-specific kinetic effects remained constant through
time in stable isotope fractionation (cf. Daéron & Gray, 2023). It seems desirable for future work to constrain such
influences in either method, including in applications to ancient sequences.

Regardless, there is a more obvious issue that affects the T, comparisons made here. Daéron and Gray (2023) re-
evaluated clumped isotope temperature calibrations and proposed a different, cooler, planktonic foraminifera-
based version. Applied here, that calibration results in an average ~2.2°C shift to lower reconstructed temper-
atures, with greater change at the colder end than at the warmer end. As argued before (Introduction), we use the
Meckler et al. (2022) and Daéron and Gray (2023) calibrations as warm and cold endmembers. Hence, we apply
the Daéron and Gray (2023) calibration and revisit the various scenarios evaluated above, both for the experiment
with steep ice sheets (Figures 9 and 10) and for the experiment with low-slung ice sheets (Figures S8 and S9 in
Supporting Information S1). The lower clumped-isotope temperatures reduce the T,, discrepancy relative to that
from 8'%0,, deconvolution (Figure 9a and Figure S8a in Supporting Information S1). Relative to experiments with
the relatively warm clumped isotope calibration (Figure 6a and Figure S6c¢ in Supporting Information S1), the
range of inferred pH variations is somewhat reduced, now rarely exceeding —1 pH units (Figure 9c and Figure S8c
in Supporting Information S1).

Similarly, it appears that combining carbonate ion effects with use of a cooler clumped isotope recalibration can
and measured 5'%0,
(light blue and black, respectively) (see Figure 9d vs. Figure 6b, and Figure S8d vs. Figure S6d in Supporting

explain a slightly larger portion of the offsets between clumped isotope-based SISOC_impned
Information S1; where red indicates the mean record shifted due to carbonate ion variations, and orange indicates
68% uncertainty bounds). Whichever experiment we investigate, however, evaluation of the mean carbonate ion
effect leaves some residual discrepancies between ~24 and ~12 Ma, and between ~56 and ~36 Ma. Given the
generous uncertainty bounds, this could be simply dismissed as “unresolved,” but we consider it more instructive
to consider what these residual discrepancies might imply about additional processes that may have operated in
combination with carbonate ion changes. Hence, we quantify the residual discrepancies in terms of either implied
WSDW contribution or implied ice volume, both with propagated uncertainties at the 68% level (Figures 8a, 8b,
10b and 10c). Mean WSDW implications reach up to ~60% for the warm Meckler et al. (2022) calibration
(Figure 8a), and lower values for the cool Daéron and Gray (2023) calibration (Figure 10b). In the warm periods in
which these WSDW contributions are suggested, such levels might be feasible; this may be tested with future
research. In contrast, mean ice-volume implications reach present-day values or greater, which seems unlikely for
the warm periods in question (Figures 8b and 10c). We contend that consideration of major carbonate-ion impacts
combined with additional WSDW influences may be promising for reconciling clumped isotope T, records with
benthic 8'%0,, records in detail.

3.6. Implications and Future Development

Our reconciliation between deep-sea T,, estimates from benthic 8'%0, deconvolution and from clumped isotopes
contains many simplifications and educated guesses. Yet, it opens a new avenue for internally consistent
quantitative understanding of Cenozoic variability in sea level (ice volume), GIA-corrected ice-sheet heights and
mean ice 8180, sea-water 6'80, sea-water 6'80, deep-sea temperature, and deep-sea [C032_] variations (with
implications for global pCO,). Formulation of a more precise and extensively tested framework will require
improved modeling, construction of a more globally representative and higher-resolution clumped isotope record,
further advances in clumped isotope calibration for benthic foraminifera, addition of other paleotemperature
constraints, targeted investigation of potential WSDW admixtures, and long-timescale deep-sea [CO32_]
reconstruction using benthic foraminiferal B/Ca or deep-sea pH using B isotopes.

4. Conclusions

We present new sea-level (ice-volume) and deep-sea temperature reconstructions based on 8'%0,, deconvolution,
and compare these with clumped isotope-based deep-sea temperature data. We find that the results from these two
approaches can be reconciled with each other if realistically possible [CO32_] or pH influences on 6180C are
considered along with modest Warm Saline Deep Water contributions during warm intervals, especially if the
clumped isotope-based deep-sea temperatures are obtained using a cooler calibration (e.g., as proposed by Daéron
and Gray (2023), although we acknowledge that this is a cold endmember among available calibrations).
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Consideration of low-slung ice sheets only marginally affects these findings, and does not seem to be a partic-
ularly promising avenue for reconciling clumped isotope T,, records with benthic 820, records. Our first iteration
of an internally consistent suite of Cenozoic variability in sea level (ice volume), GIA-corrected ice-sheet heights
and mean ice §'%0, sea-water 5'0, deep-sea temperature, and deep-sea [CO5>~] variations (with implications for
global pCO,) still is relatively unrefined and Atlantic-focussed due to the origins of both the clumped isotope and
880, records that are used, but lays a comprehensive foundation for advances through model improvements and
additional analytical work.
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