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Abstract. Stable hydrogen isotopic compositions of long-
chain alkenones with 37 carbon atoms (δ2HC37 ) have been
shown to reflect seawater salinity in culture and environ-
mental studies, and this potential sea surface salinity proxy
has been applied to several downcore records from differ-
ent regions. However, previous studies were based solely
on a single sediment core and often suggested unlikely
large changes in salinity based on existing proxy calibra-
tions. Here we present a new δ2HC37 record, in combina-
tion with oxygen isotopes of benthic foraminifera from the
same samples, from a sediment core from the Chilean Mar-
gin (ODP Site 1235). The observed negative shift in δ2HC37

of 20 ‰ during the last deglaciation was identical to that
of a previously published δ2HC37 record from the nearby,
but deeper, ODP Site 1234, suggesting a regionally consis-
tent shift in δ2HC37 . This change translates into a negative
hydrogen isotope shift in the surface seawater of ca. 14 ‰,
similar to glacial–interglacial reconstructions based on other
δ2HC37 records. The reconstructed bottom seawater oxygen
isotope change based on benthic foraminifera during the last
deglaciation is approximately −0.8 ‰, in line with previous
studies. When translated into hydrogen isotopes of bottom
seawater using the modern open-ocean water line, this would
suggest a negative change of ca. 5 ‰, smaller than the re-
constructed surface seawater shift based on alkenones. The
larger change in surface water isotopes suggests that it ex-
perienced more freshening during the Holocene than bot-
tom waters, either due to increased freshwater input, reduced
evaporation, or a combination of the two.

1 Introduction

The stable oxygen and hydrogen isotope composition of sea-
water (δ18OSW and δ2HSW, respectively) reveal crucial infor-
mation about (sea)water physicochemical properties, which
improves our understanding of past global ocean current dy-
namics and changes therein. Several oceanographic factors
can cause shifts in the isotopic composition of seawater: for
example, the bottom seawater isotopic composition depends
on the source area of the water and reflects the history of ad-
vection associated transport, mixing, upwelling, and down-
welling of ocean currents (Rohling and Cooke, 1999). Re-
gional factors affecting the surface seawater isotopic compo-
sition are the evaporation–precipitation balance, river water
input, iceberg melting, and the local climate regime (Rohling
and Cooke, 1999). On a more global level, land ice forma-
tion is an important process that affects oxygen and hydro-
gen isotopes of seawater, where during glacial periods large
amounts of water with relatively low, more negative δ18O
and δ2H values are stored as ice on land, increasing seawater
δ18O values (e.g. Schrag et al., 2002). Decreasing global ice
volume during warmer interglacials releases this fresh, low-
density water with relatively low δ18O and δ2H values into
the surface ocean (Rohling and Bigg, 1998). Since both sea-
water isotopes and salinity increase as a result of evaporation
and decrease as a result of precipitation or freshwater input,
seawater isotopes and salinity are tightly coupled (Rohling,
2007; Craig, 1961; Craig and Gordon, 1965). Therefore, sea-
water isotopes are often reconstructed and used to infer past
salinity changes (e.g. Lamy et al., 2002; Schrag et al., 2002;
Rousselle et al., 2013).
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There are several methods available to reconstruct the
isotopic composition of seawater. The stable oxygen iso-
topic composition of foraminifera (δ18Oforam) is a function
of δ18OSW and calcification temperature (Bemis et al., 1998;
Epstein et al., 1953; Shackleton, 1974) with a minor ef-
fect of carbonate ion concentration (Spero et al., 1997).
Temperature-corrected δ18Oforam is thus assumed to reflect
δ18OSW, though with some uncertainty (Duplessy et al.,
1991; Rostek et al., 1993). Generally, temperature correc-
tions of δ18Oforam to reconstruct δ18OSW are done based
on temperature proxies derived from the same foraminifera,
such as Mg/Ca (e.g. Billups and Schrag, 2002, 2003; Lear
et al., 2000, 2004, 2015; Martin and Lea, 2002) or carbon-
ate clumped isotopes (147) (e.g. Petersen and Schrag, 2015).
In some cases, independent temperature proxies based on or-
ganic geochemical indices, such as UK′

37 and TEX86 (Bras-
sell et al., 1986; Prahl and Wakeham, 1987; Schouten et
al., 2003), are used to correct for temperature (Rostek et
al., 1993, 1997). Several studies based on δ18Oforam records,
δ18O values of porewaters, and modelling estimate a negative
global average change of 0.8 ‰–1.1 ‰ in the oxygen isotope
ratio of seawater during the last deglaciation (e.g. Adkins
and Schrag, 2001; Adkins et al., 2002; Duplessy et al., 2002;
Oba and Murayama, 2004; Waelbroeck et al., 2002). Based
on this, the salinity change is thought to be around 1–2 psu
(Adkins et al., 2002; Broecker and Comer, 2002). Deriving
salinity from local δ18OSW estimates, i.e. those corrected
for global δ18OSW changes, requires knowledge of the re-
gional relationship between δ18OSW and salinity (LeGrande
and Schmidt, 2006; Rohling, 2007). However, it is uncertain
whether this relationship is consistent through time.

The hydrogen isotopic composition of seawater is more
difficult to reconstruct. Schrag et al. (2002) measured the hy-
drogen isotopic compositions of pore fluids in deep-sea sed-
iments and showed a negative shift of 6 ‰–9 ‰ in the hy-
drogen isotopic composition of bottom seawater (δ2HBSW)
during the last glacial to interglacial transition. A potential
proxy for reconstructing surface seawater (δ2HSSW) is based
on the combined hydrogen isotopic composition of long-
chain alkenones with 37 carbon atoms and 2 and 3 dou-
ble bonds (δ2HC37 ) derived from haptophyte algae. Culture
studies show that the hydrogen isotopic fractionation of pho-
totrophic organisms depends not only on the hydrogen iso-
topic composition of seawater but also on salinity (M’Boule
et al., 2014; Sachs et al., 2016; Schouten et al., 2006; Weiss et
al., 2017; Zhang et al., 2009; Zhang and Sachs, 2007). How-
ever, the response of δ2HC37 to salinity varies significantly
between haptophyte species (M’Boule et a., 2014; Sachs et
al., 2016; Schouten et al., 2006), as well as in different en-
vironmental settings where sometimes no impact of salinity
on δ2HC37 is found (Gould et al., 2019; Häggi et al., 2015;
Mitsunaga et al., 2022; Weiss et al., 2019a). These differ-
ences or absences in response of δ2H to salinity make quan-
titatively constraining past salinity changes difficult. Down-
core records show a decrease of 16 ‰–25 ‰ in δ2HC37 (when

corrected for ice volume 9 ‰–18 ‰) for the last deglacia-
tion to the recent period depending on the site (Kasper et
al., 2014; Pahnke et al., 2007; Petrick et al., 2015; Simon
et al., 2015; Weiss et al., 2019b). Based on these results,
Weiss et al. (2019b) reconstructed glacial–interglacial salin-
ity changes of 5–19 psu based on multiple different δ2HC37

salinity calibrations. These reconstructed glacial–interglacial
salinity changes are much larger than based on δ18O and ice
volume modelling (e.g. Oba and Murayama, 2004; Adkins et
al., 2002). Therefore, Weiss et al. (2019b) concluded that ei-
ther glacial–interglacial salinity changes are larger than pre-
viously assumed or the paleo-sensitivity of δ2HC37 to salinity
changes was higher in the past than observed in modern-day
environments and cultures.

A different approach is to correlate δ2HC37 with δ2HSSW
rather than salinity. Gould et al. (2019) observed a statis-
tically significant δ2HC37–δ2HSSW relationship with open-
ocean suspended particulate organic matter (SPOM), and
Mitsunaga et al. (2022) showed a statistically identical re-
lationship based on core top sediments. This suggests that in
the natural environment, the effects of factors like salinity,
species composition (e.g. Chivall et al., 2014; M’Boule et
al., 2014), and light and nutrients (Sachs and Kawka, 2015;
van der Meer et al., 2015) on stable hydrogen isotope frac-
tionation during biosynthesis may be less important than the
isotopic composition of seawater. This observation allows di-
rect inference of δ2HSSW from δ2HC37 without any additional
correction, though this approach has not been applied yet to
reconstruct past δ2HSSW. Mitsunaga et al. (2022) did suggest
a “global” Last Glacial Maximum (LGM)–modern change of
−12.7 ‰ in the hydrogen isotopic composition of alkenones
based on the global δ18OSW shift, a waterline slope of 8, and
their core top calibration. Similar to the process for δ18OSW,
reconstructed δ2HSSW can then be converted into salinity us-
ing modern-day correlations between surface δ2HSSW and
salinity (LeGrande and Schmidt, 2006; Rohling, 2007).

Here, we generated a δ2HC37 and benthic δ18Oforam record
of ODP Site 1235 from the Chilean Margin (Fig. 1) and
compared this with the previously published hydrogen iso-
tope (Weiss et al., 2019b) and temperature records (de Bar et
al., 2018) from nearby ODP Site 1234. Both cores are only
∼ 12 km away from each other, albeit at a different water
depths (489 m versus 1015 m) and are expected to record the
same surface seawater signal (Mix et al., 2003). In contrast
to Weiss et al. (2019b), we reconstructed δ2H values of sur-
face seawater and compared this to bottom seawater oxygen
isotope values (δ18OBSW) inferred from measured benthic
foraminifera δ18O values and used both to constrain relative
salinity change during the deglaciation.
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Figure 1. Map of sea surface salinity (data from Zweng et al., 2018)
with a scientific colour map from Crameri (2023) showing the sed-
iment core locations of the neighbouring core ODP Site 1234 and
ODP Site 1235. The core location is influenced by three primary
ocean currents: the Northward Peru–Chile Current and the Chilean
Coastal Current, as well as the southward Peru–Chile Countercur-
rent. Those are fed by the Antarctic Circumpolar water mass, and
Chilean Fjord waters can also enter from the southeast the system.

2 Material and methods

2.1 Geographic setting

The ODP Site 202-1235 was drilled at 36.16◦ S, 73.57◦W
at a relatively shallow water depth of 489 m (Fig. 1). The
site is about 12 km away from the deeper neighbouring ODP
Site 202-1234 (36.22◦ S, 73.68◦W, water depth 1015 m) in
the southeastern Pacific Ocean (Mix et al., 2003) (Fig. 1).
These sites are located at the Chilean Margin, which is in-
fluenced by surface and deep-water currents that cause up-
welling, stimulating local productivity (Bakun, 1989). The
setting is dynamic, with southwesterly winds and freshwater
runoff from the continent. The Antarctic Circumpolar Cur-
rent (ACC) transports cold and saline water into the Peru–
Chile Countercurrent (PCC) which could be mixed with
fresher fjord water, with a lower δ2H value, along the south-
ern margin (Lamy et al., 2002; Strub et al., 1998; de Bar et
al., 2018). The present-day annual mean sea surface salinity
in the study area is 33.8± 0.2 psu (World Ocean Atlas 2018;
0.25◦ grid: Zweng et al., 2018).

2.2 Sampling and age model

Sediment samples of ODP Site 1235 were split into two sub-
samples: approximately 6 g of wet sediment was used for
foraminiferal oxygen isotope analysis (δ18Oforam), and ap-
proximately 10 g of wet sediment was used for organic proxy
analysis, i.e. UK′

37, TEX86 (see Varma et al., 2023a, b) and
δ2HC37 (this study). Samples were taken every 5–10 cm to
cover a resolution of < 2 ka, and a total of 27 samples were
analysed for hydrogen isotopes.

The age–depth models for ODP Site 1235 and the neigh-
bouring ODP Site 1234 were both constructed with the sta-
tistical package Bacon (Blaauw and Christeny, 2011) us-
ing a Bayesian approach and are based on the radiocarbon
ages of mixed benthic foraminifera (Muratli et al., 2010; this
study, Table S1 in the Supplement) as outlined by Varma et
al. (2023b). ODP Site 1234 has a mean sedimentation rate of
20 cm ka−1, and ODP Site 1235 has a rate of 5 cm ka−1.

2.3 Analysis of benthic foraminifera and long-chain
alkenones

Stable oxygen isotopes were measured on the benthic
foraminifera genus Uvigerina with an automated carbonate
device (Kiel IV, Thermo Scientific) connected to a Thermo
Finnigan MAT 253 dual-inlet isotope ratio mass spectrom-
eter. The sample sizes were ca. 20 µg and contained two to
five foraminifera shells (> 150 µm). Replicate analyses of
δ18O values of the same sample had a standard deviation of
0.016 ‰–0.2 ‰. NBS 19 limestone was used as the isotope
calibration standard, and for drift detection and correction a
second standard, NFHS 1, was used. For both standards the
standard deviation is within 0.1 ‰ for δ18O. All carbonate
isotope data are given in ‰ relative to VPDB (Vienna Pee
Dee Belemnite). Calculated δ18O seawater values are given
in ‰ relative to VSMOW (Vienna Standard Mean Ocean
Water) with the accepted conversion value of 0.27 ‰ (Hut,
1987; Pearson, 2012).

The sediment split for organic analysis was extracted
as described by Varma et al. (2023b). Briefly, sediments
were first freeze-dried and then extracted using an Dionex
350 Accelerated Solvent Extractor. The solvent from the
total extract was first removed using a Turbovap and the
last remaining water, if present, was removed using a
small sodium sulfate column to obtain the total lipid ex-
tract (TLEs). The TLEs were separated into three frac-
tions over a small aluminium oxide (Al2O3) column us-
ing hexane / dichloromethane 9 : 1 (v : v) to elute the apo-
lar fraction, hexane /DCM 1 : 1 (v : v) to elute the ketone
(alkenone) fraction, and dichloromethane /methanol 1 : 1
(v : v) to elute the polar fraction. The ketone fractions were
used for compound-specific hydrogen isotope ratio measure-
ments of alkenones after being measured using a gas chro-
matograph coupled to a flame ionisation detector (GC-FID)
to determine the correct concentration and complexity of the
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fraction. Hydrogen isotope ratios were measured in duplicate
using a gas chromatograph coupled to a Thermo Delta V iso-
tope ratio mass spectrometer via high-temperature conver-
sion reactor (Isolink I) and Conflo IV. The GC was equipped
with an RTX-200 with a 60 m column following Weiss et
al. (2019b). We report the hydrogen isotope ratio, relative to
VSMOW, of the individual alkenones C37:3 and C37:2 and
the integrated C37 δ

2H ratios determined by manual peak
integration of the combined C37:3 and C37:2 peaks (Van der
Meer et al., 2013). The H3+ factor was measured daily be-
fore running samples and shifted in time never more than
0.5 ppm nA−1 d−1. The performance and stability of the in-
strument were monitored by measuring a standard contain-
ing 15 n-alkanes at different concentrations (Mix B from
Arndt Schimmelmann, Indiana University), at the start of
each day. Samples were only run when the average difference
between the measured values for the Mix B standard and the
certified values for this standard and their standard deviation
were less than 5 ‰. With each sample, squalene and a C30
n-alkane were co-injected to monitor system performance.
Their measured values of−173±5 ‰ and−78±4 ‰ fit well
with their predetermined values of −170± 4 ‰ for squalene
and −79± 5 ‰ for the C30 n-alkane.

2.4 Modern open-ocean isotopic composition of
seawater

The relationship between δ18O–δ2H in the water–atmosphere
environment can be described with the meteoric waterline
(MWL) and is close to δ2H= 8× δ18O+ 10 according to
Craig (1961) and Craig and Gordon (1965). To describe the
relationship in surface ocean waters and investigate the po-
tential for palaeoceanographic applications, Rohling (2007)
correlated measured δ18O and δ2H of sampled ocean wa-
ters (top 250 m). We updated the dataset of Rohling (2007)
with data from the Waterisotope Database (2022) managed
by Gabriel Bowen (University of Utah) and published data
from Gould et al. (2019), Weiss et al. (2019a) and Srivas-
tava et al. (2010) (Fig. S2). This extended seawater isotope
dataset contains 1550 data points from all water depths, not
limited to the top 250 or 300 m, from the open ocean:

δ2HSW =6.58(±0.07)× δ18OSW− 0.12(±0.03)(
R2
= 0.82; RMSE= 3‰

)
. (1)

We will refer to this correlation as modern open-ocean water
line (MOOWL). The relationship between the hydrogen iso-
topic composition of the surface seawater and the measured
salinity in the modern open ocean is based on the top 300 m
water depth, 424 data points are obtained from the extended
seawater isotope dataset:

δ2HSW =3.53(±0.10)× S− 122.57(±3.52)(
R2
= 0.66; RMSE= 0.8psu

)
. (2)

Finally, the oxygen isotopic composition of the surface sea-
water (top 300 m) and the salinity were correlated based on
5602 data points:

δ18OSW =0.52(±0.01)× S− 18.02(±0.18)(
R2
= 0.64; RMSE= 0.8psu

)
. (3)

2.5 Calculation of past seawater isotopes

2.5.1 Bottom seawater

The oxygen isotopic composition of foraminifera depends
mainly on the temperature of calcification (T ) and isotope
ratio of the water. McCrea (1950) published the first labora-
tory oxygen–isotope paleotemperature equation, which was
subsequently revised and extended to different calcite poly-
morphs and foraminifera species (e.g. Bemis et al., 1998;
Cramer et al., 2011; Epstein et al., 1953; Lynch-Stieglitz et
al., 1999; Mulitza et al., 2003; O’Neil et al., 1969; Shack-
leton, 1974; Spero et al., 2003). The relationship can be de-
scribed as the following, where d is the slope and c is the
intercept:

T = c+ d ×
(
δ18Oforam− δ

18OSW

)
. (4)

This relationship is used, in combination with tempera-
ture proxies, to reconstruct past δ18OSW values and subse-
quently obtain salinity estimations using the δ18OSW–salinity
relationship (Lamy et al., 2002; Pearson, 2012; Tang and
Stott, 1993; Ganssen et al., 2011). The most relevant pale-
otemperature equation for benthic foraminifera is currently
from Lynch-Stieglitz et al. (1999), adjusted to VSMOW by
Cramer et al. (2011), where the δ18O–paleotemperature re-
lationship is estimated with the in-field calibration of ben-
thic foraminifera from the genera Cibicidoides and Plan-
ulina (Lynch-Stieglitz et al., 1999). Uvigerina genus δ18O
values are corrected to Cibicidoides and Planulina δ18O val-
ues (e.g. Cramer et al., 2009, 2011). We adjusted the oxy-
gen isotope ratios of Uvigerina in this study by 0.64 ‰ to
fit with Cibicidoides and Planulina δ18O values (i.e. Shack-
leton, 1974); these can be used for the δ18OBSW reconstruc-
tion. Important to note is that δ18OSW is always measured on
the VSMOW scale, whereas calcite is standardised to VPDB.
The accepted value to convert VPDB into VSMOW at the
time of Eq. (5) (Cramer et al., 2011) is 0.27 ‰.

T = 16.1− 4.76 ·
(
δ18Oforam−

(
δ18OBSW− 0.27

))
(5)

Rearranged to δ18OBSW this becomes the following equation:

δ18OBSW =
−16.1+ 4.76× δ18Oforam+ T

4.76
+ 0.27. (6)

Clim. Past, 19, 1919–1930, 2023 https://doi.org/10.5194/cp-19-1919-2023



K. Hättig et al.: Glacial–interglacial seawater isotope change near the Chilean Margin 1923

2.5.2 Surface seawater

To estimate the δ2HSSW from the measured hydrogen iso-
topic composition of alkenones, we used the suspended or-
ganic matter calibration (SPOM) from Gould et al. (2019,
reduced dataset):

δ2HC37 =1.48(±0.4)× δ2HSSW− 199(±3)(
R2
= 0.2; RSME= 5.8‰

)
. (7)

The environmental δ2HC37 –δ2HSSW calibration from Gould
et al. (2019) is based on alkenones from mainly open-ocean
Group III haptophytes living in the Atlantic and Pacific
oceans, covering large environmental differences such as
salinity, temperature, nutrient concentrations, and light inten-
sity that in turn affect growth rate, for instance.

An alternative environmental calibration is the sediment
core top study from Mitsunaga et al. (2022), where they ex-
tended and revised the data of Weiss et al. (2019a):

δ2HC37 =1.44(±0.13)× δ2HSSW− 191.62(±1.13)(
R2
= 0.61; RSME= 7‰

)
. (8)

3 Results and discussion

3.1 Reconstruction of bottom seawater isotopes based
on foraminifera

The δ18O values of benthic Uvigerina in ODP core 1235
range between 4.15 ‰ and 2.27 ‰ (Fig. 1). Between 40 to
27 ka, the δ18Oforam is relatively stable with values between
3.13 ‰ to 3.96 ‰, followed by a decrease towards a value
of 2.27 ‰ at 25 ka. Between 25 and 20 ka, the δ18Oforam is
higher with values of 3.7 ‰–4.15 ‰ and rapidly shifts by
1.6 ‰ to values of 2.27 ‰ in the uppermost sample. This
record is consistent with ODP Site 1234, showing a nega-
tive isotope shift from the LGM to 1 ka of ca. 1.7 ‰ in the
δ18O values of Uvigerina (de Bar et al., 2018).

To reconstruct δ18OBSW, we need to reconstruct bottom
water temperatures, which unfortunately, we were not able
to do. To obtain some indications of temperature change, we
used published sea surface temperature (SST) records from
the same core. The organic SST proxy UK′

37 measured in this
core (from Varma et al., 2023a) indicates a temperature range
of 11.9 to 16.9 ◦C, with relatively stable temperatures be-
tween 19 and 40 ka of ca. 13 ◦C and an increase of ca. 4 ◦C
until 7 ka, after which it remained relatively stable (Fig. 1).
The TEXH

86 (from Varma et al., 2023a) reveals temperatures
between 10.3 and 15.9 ◦C and a similar increase of 4 ◦C from
20 ka until ca. 1 ka. Thus, both proxies indicate a LGM-to-
recent temperature change of ca. 4 ◦C, consistent with SST
proxy records from ODP Site 1234, which also showed a
temperature change of 4 ◦C from 20 ka until ca. 1 ka for both
TEXH

86 and UK′
37 respectively (de Bar et al., 2018).

Adkins et al. (2002) and Adkins and Schrag (2001) sug-
gested a similar bottom water temperature change of 4 ◦C
for the Pacific, Southern, and Atlantic oceans, and thus we
assume a similar temperature change for bottom water as re-
constructed for surface water. Combined with the δ18O val-
ues of Uvigerina, this translates to a negative δ18OBSW shift
of 0.8± 0.2 ‰ (averaged values with standard deviation of
ODP Site 1235 and 1234 and a temperature error of ±1 ◦C)
from the LGM to 1 ka using Eq. (6). This δ18OBSW shift sub-
sequently translates, using the modern open-ocean δ18OSW–
δ2HSW relationship described in Eq. (1) and considering the
error of the slope, to a δ2HBSW shift of −5.5± 1.8 ‰ for
bottom waters. This is similar to the values reported Schrag
et al. (2002), who measured oxygen and hydrogen isotopes
of pore fluid from deep-sea sediments in the southern and
northern Atlantic Ocean and observed a negative shift in
1δ18OBSW of 0.7 ‰–1.1 ‰ and1δ2HBSW of 6 ‰–9 ‰ dur-
ing the last deglaciation.

3.2 Reconstruction of surface seawater isotopes based
on alkenones

The δ2HC37 values of ODP Site 1235 range between
−193 ‰ and −169 ‰ (Fig. 2). Between 40 and 25 ka the
stable isotope ratio is relatively stable at ca.−180 ‰ then in-
creases to −169 ‰ and decreases again to −173 ‰ at the
LGM (ca. 20 ka) and down to the more negative value of
−193 ‰ in the most recent sample. This record compares
well, both in trend and in absolute values, with that of the pre-
viously published δ2HC37 record of ODP Site 1234 (Weiss et
al., 2019a; Fig. 2), confirming that the trends in δ2HC37 hap-
pened on a regional scale. If we calculate the overall shift
from the LGM (21 ka) to the most recent sample, then both
records show a shift in δ2HC37 of −20±3 ‰ (error indicates
replicate analysis error). Published δ2HC37 records from Late
Quaternary sediment cores (Kasper et al., 2014; Pahnke et
al., 2007; Petrick et al., 2015; Simon et al., 2015; Weiss et
al., 2019b) report δ2HC37 shifts that are very similar in mag-
nitude (see overview in Table 1) and average −20± 3 ‰ for
the last deglaciation. This suggests that this shift in hydro-
gen isotopic composition of C37 alkenones is quite similar in
magnitude for different oceans, despite the large differences
in oceanographic settings.

Since Mix et al. (2003) observed the dominance of the
open-ocean species E. huxleyi coccoliths of ODP Site 1234
and Hagino and Okada (2004, 2006) and Menschel et
al. (2016) showed that the dominant alkenone producer on
the western coast of South America is the Group III hapto-
phyte E. huxleyi, it is most likely that alkenones in both cores
reflect an open-ocean Group III haptophyte signal. We can
therefore apply the SPOM calibration of Gould et al. (2019)
(Eq. 7) to estimate the hydrogen isotopic composition of
the seawater from the δ2HC37 . The resulting record (Fig. 2)
shows a δ2HSSW value of ca. 4 ‰ for the uppermost sample
and ca. 18 ‰ for the LGM for ODP 1235 (Table 1). Con-
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Figure 2. (a) Hydrogen isotope records of C37 alkenones of ODP
Site 1235 (blue diamonds) and neighbouring ODP Site 1234 (Weiss
et al., 2019) (green circles), which are both from the Chilean Mar-
gin. The shading represents the standard deviation of duplicate iso-
tope measurements. Also shown are δ2H values of surface seawater
calculated using Gould et al. (2019). (b) The δ18O of Uvigerina
from ODP Site 1235 is in blue with diamonds, and error bars indi-
cate standard deviation. The green line shows the five-point-average
δ18O of benthic foraminifera from ODP Site 1234 (from de Bar et
al., 2018). Published organic proxy reconstructions are shown in (c)
with TEXH

86 and (d) UK′
37 index. SST data from ODP Site 1234 are

from de Bar et al. (2018), and data from ODP Site 1235 are from
Varma et al. (2023a).

version of the shift in δ2HC37 of −20± 3 ‰ into 1δ2HSSW,
using the calibration of Gould et al. (2019) and considering
the error in the slope of that calibration, results in a shift
of −14± 4 ‰ from the LGM to the most recent sample.
Application of the core top calibration from Mitsunaga et
al. (2022) (Eq. 8) gives an identical change of −14± 3 ‰.

3.3 Comparison of seawater isotopes and paleo-salinity
implications

The reconstructed 1δ2HSSW of ca. −14 ‰ from C37
alkenones is higher than that inferred from the benthic
foraminifera isotopes (ca. −5 ‰) and measured in pore flu-
ids (Schrag et al., 2002), implying that the isotopic compo-
sition of the sea surface water experienced a larger change
during the last deglaciation compared to the bottom water
isotope composition at the Chilean Margin. Potentially, we
underestimated the change in the latter due to a lack of re-
constructed bottom water temperatures. However, sensitiv-
ity analysis shows that even with much smaller bottom wa-

ter temperature changes than used here, the magnitude of
δ2HBSW change will still be lower than that of δ2HSSW. For
example, in the unlikely scenario that bottom water tem-
peratures have remained constant, the maximum change of
1δ18OBSW is still only −1.6± 0.2 ‰ or −10.6± 2 ‰ of
1δ2HBSW. Thus, it seems likely that at the Chilean Mar-
gin the glacial–interglacial change in surface water isotopes
was larger than that of bottom water isotopes. The large re-
gional change in δ2HSSW could be due to changes in lo-
cal climate resulting in increased precipitation and/or de-
creased evaporation or increased freshwater runoff, for in-
stance. Both cores, ODP Site 1235 and ODP Site 1234, are
located within the Chile–Peru upwelling system and near two
major river mouths, Río Biobío and Río Itata, both drain-
ing large basins (Muratli et al., 2010). However, de Bar et
al. (2018) observed no major change in the contribution of
terrestrially derived biomarker concentrations or proxies for
river-transported material like the BIT index (Hopmans et al.,
2016) and the C32 1,15-diol index (de Bar et al., 2016; Lat-
taud et al., 2017a, b).

To reconstruct salinity change we applied the modern
open-ocean δ2HSW–salinity and δ18OSW–salinity relation-
ships (Eqs. 2 and 3; based on data from 0–300 m depth).
The bottom water 1δ18OBSW based on measured benthic
foraminifera δ18O values, translated using Eq. (3) and con-
sidering the error in the slope, corresponded to a change in
bottom water salinity of 1± 0.2 psu and are in line with ear-
lier estimations based on oxygen isotopes and sea level re-
constructions (e.g. Adkins et al., 2002; Duplessy et al., 2002;
Oba and Murayama, 2004; Waelbroeck et al., 2002). The
1δ2HSSW of ca. −14 ‰, based on δ2HC37 , translates using
Eq. (2) and considering the error in the slope, to a regional
salinity change of ca. 3±1 psu, a larger reconstructed change
than for bottom waters but similar to the estimate of Lamy
et al. (2002), who reconstructed a sea surface paleo-salinity
shift from 36 to 33 psu during the last 8 ka based on δ18O of
planktic foraminifera for the southern Chilean Margin core
ODP 1233. The observed freshening in the surface waters
relative to bottom waters may be due to a stronger input in
relatively low-salinity waters from the Southern Ocean (AC-
C/PCC) and/or more transport of low-salinity Chilean Fjord
Water (CFW) that, as a result of higher temperatures and in-
tensifying continental meltwater input, resulted in even lower
salinity surface water at the study site.

3.4 Global distribution of hydrogen isotope changes
during the last deglaciation

To examine the global distribution of hydrogen isotopes dur-
ing the last deglaciation we compare the two Chilean Mar-
gin records to published global alkenone hydrogen isotope
records (Table 1). These comprise five low- to mid-latitude
records of which four show a negative glacial–interglacial
shift, while the record from the Mozambique Channel of
Kasper et al. (2015) reflects a positive change. The latter may
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be due to the close location to the river mouth, with vary-
ing freshwater input during the last 20 kyr, and therefore this
record is not further considered here. If we calculate δ2HSSW
from the remaining four published δ2HC37 records and com-
pare this to our record, we find a remarkably similar negative
shift from the LGM to the recent period in the δ2HSSW be-
tween 11 ‰–17 ‰ for different parts of the globe (Table 1),
suggesting there might be a global aspect to this relatively
large negative glacial–interglacial shift in surface seawater
hydrogen isotope composition. This shift is larger than the
shift inferred for bottom seawaters (e.g. Schrag et al., 2002).

There could be several reasons for this globally observed
similar change in surface water hydrogen isotopic compo-
sition. For example, increasing average global temperatures
during the deglaciation could have intensified the hydro-
logical cycle, leading to high precipitation rates and runoff
(including meltwater) in many places across the globe, at
least around South America and southern Africa where most
records originate from. This increased freshening of surface
waters may have led to an additional depletion in 2H com-
pared to those of bottom waters. Another reason could be
a change in the global waterline between the glacial and
interglacial, where the slope of the δ2H–δ18O relationship
changed for the surface waters. Rohling (2007) showed, for
example, that the δ18O–δ2H relationship of the evaporative
Mediterranean is significantly different from that of the mod-
ern open ocean, and Putman et al. (2019) suggested that hy-
droclimate processes are important controls on the slope and
intercept of local meteoric water lines. Surface waters may be
more sensitive to changes in the δ18O–δ2H relationship due
to their direct atmosphere connection in contrast to bottom
waters.

To verify these assumptions, further application of δ2HC37

analyses of sediment cores at different open-ocean locations
and combined δ18O foraminifera analyses or pore fluid oxy-
gen and hydrogen isotope reconstructions (Schrag et al.,
2002) are needed to study the past open-ocean waterline. Ex-
tending our understanding of the (past) relationship of sea-
water isotopes and salinity could help us to understand and
reconstruct ocean current and ocean mixing processes.

4 Conclusion

The ODP 1235 sediment record shows a large shift in δ2HC37

during the last deglaciation at the Chilean Margin similar to
the observation reported in Weiss et al. (2019b) for nearby
core ODP Site 1234, demonstrating that the shift is region-
ally consistent. The hydrogen isotope ratios of alkenones
are thus a reproducible paleo-proxy for relative changes in
δ2HSSW and likely suggests changes in the salinity of the
surface water. The reconstructed glacial–interglacial change
in the hydrogen isotopic composition of surface seawater is
ca.−14 ‰, using either the Gould et al. (2019) or Mitsunaga
et al. (2022) calibration. In contrast, the change in hydrogen

isotopic composition of the bottom seawater reconstructed
with the oxygen isotopic signature of benthic foraminifera
was only ca. −5 ‰. Published C37 alkenone records from
other oceans reveal a similarly large δ2HSW change. More
freshening of the surface waters or a change in the slope of
the modern δ18O–δ2H open-ocean waterline possibly took
place. Further application of δ2HC37 analyses combined with
δ18O foraminifera analyses or pore fluid oxygen and hydro-
gen isotope reconstructions may improve our understanding
of the past ocean seawater isotopic composition and salinity
changes between surface and bottom water.
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