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Abstract
Hydrogen isotope ratios of long-chain alkenones (8°Hcs7 ratios) have been shown to correlate

with-salinity in several culture studies. However, it is uncertain how applicable the 8*°Hca;-
salinity relationship is to reconstruct past salinity. 8°Hcs7 ratios were measured on sediments
from a drill core (ODP site 1234) at the Chilean Margin covering the last ~150 kyr. High
8%Hcs; values corresponded to glacial time periods and interglacial periods are characterized
by lower 8°Hcs7 values, aligning with 80 ratios measured on planktonic foraminifera from
the same core. Effects of parameters such as species composition, the §°H-5'20 relationship
used for ice volume corrections, and nutrient or light controlled growth rate, did not appear to
significantly alter 82Hcs; ratios at ODP 1234. We used linear regression equations from batch
culture experiments, marine surface sediments, and suspended particulate organic matter to
quantitatively characterize salinity changes over the last ~150 kyr at ODP 1234. However,
most of these equations yielded larger salinity shifts than previously suggested, a
phenomenon also observed for other §?Hcs; records. This suggests that the paleosensitivity of
8”Hc7 ratios to salinity was larger in the geologic record than has been observed in any
modern environment or laboratory settings, or that glacial to interglacial salinity shifts might

have been larger than currently believed.
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1 Introduction
Continental climate is regulated considerably by our global oceans. Ocean circulation

transfers heat around the planet as a result of density driven changes caused in part by
fluctuations in temperature and salinity (Rahmstorf, 2002). A robust understanding of global
and regional climate shifts requires estimates of both parameters. Various organic and

inorganic proxies are applied to reconstruct temperature throughout the geologic record
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(Emiliani, 1955; Brassell et al., 1986; Elderfield and Ganssen, 2000; Schouten et al., 2002).
Reconstructions of salinity changes, on the other hand, are more complicated (Rohling,
2007). Inorganic proxies based on foraminiferal calcite include Ba/Ca ratios (Weldeab et al.,
2007), 5'°0 ratios corrected for calcification temperature using Mg/Ca ratios (Duplessy et al.,
1991), and Na/Ca (Wit et al., 2013; Mezger et al., 2018). Paleosalinity is also inferred from
the hydrogen isotope composition of long-chain alkenones (8*°Hcs;), biomarker lipids
synthesized by a select group of haptophyte algae of the order Isochrysidales (Marlowe et al.,
1984). Marine haptophytes synthesize alkenones with 37 — 39 carbon atoms, and two to four
degrees of unsaturation (de Leeuw et al., 1980; Volkman et al., 1980). The ratio of the tri-
unsaturated Cs; alkenone to the di-unsaturated Cs; alkenone corresponds to changes in
temperature, making it a useful proxy for understanding surface ocean temperature anomalies
in the past (Brassell et al., 1986; Prahl and Wakeham, 1987). Hydrogen isotope ratios of
long-chain alkenones correlated significantly with salinity in laboratory culture experiments,
with more enriched isotope ratios corresponding to higher salinities (Schouten et al., 2006;
M’Boule et al., 2014; Sachs et al., 2016; Weiss et al., 2017). These studies have also provided
insight about other environmental factors affecting hydrogen isotope fractionation in long-
chain alkenones (o.c37), and how these factors might complicate the salinity signal recorded
by alkenone &°H ratios (§°Hcsr). For example, growth rate, an important variable that affects
lipid production, negatively correlated with the hydrogen isotope fractionation factor o
(Schouten et al., 2006; Wolhowe et al., 2009; Sachs and Kawka, 2015). When growth was
kept constant, the correlation between 8*Hcs; ratios and salinity remained (Sachs et al., 2016),
suggesting that growth rate might exhibit an insignificant control on 8*Hcs; ratios relative to
salinity. Irradiance is a vital resource for photosynthesizing organisms like haptophytes, and a
parameter that can control algal growth rate. Culture and open ocean datasets showed that

irradiance affects 8°Hc; ratios and acsy at light intensities below 200 p mol photons m?s™,
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but above 200 the effect is negligible (van der Meer et al., 2015; Wolhowe et al., 2015). In
addition to parameters like growth rate and irradiance, different alkenone-producing
haptophyte species are known to produce alkenones with different 8°Hcs; ratios resulting in
distinct ac3z values under identical growth conditions in both cultures and the natural
environment (Schwab and Sachs, 2011; Chivall et al., 2014; M’Boule et al., 2014; Nelson
and Sachs, 2014; Weiss et al., 2019). Alkenone producing haptophyte species are genetically
divided into three distinct groups: Group | are lacustrine alkenone producers with no cultured
representatives at the present inhabiting fresh water and oligohaline lakes (Theroux et al.,
2010). Group Il haptophytes live in lacustrine to hypersaline lakes and coastal environments,
and Group 11 are open marine species (Theroux et al., 2010). In batch culture, there is
approximately 100 %o difference between hydrogen isotope ratios of alkenones Group II and
I11 species grown at the same salinity (Chivall et al., 2014; M’Boule et al., 2014). Group I11
species Emiliania huxleyi and Gephyrocapsa oceanica also diverge (ca 25 %o), but to a lesser
degree than observed between Group Il and 111 (Schouten et al., 2006).

Despite the fact that a number of environmental factors affected 8°Hcs; ratios in culture,
salinity always showed a significant positive correlation with 82Hca7 ratios in cultures
(Schouten et al., 2006; M’Boule et al., 2014; Sachs et al., 2016; Weiss et al., 2017). For this
reason, d°Hcsy ratios have been used to infer qualitative information about salinity changes in
the geologic record (Pahnke et al., 2007; van der Meer et al., 2007, 2008; Leduc et al., 2013;
Vasiliev et al., 2013; Kasper et al., 2014, 2015; Petrick et al., 2015; Simon et al., 2015).
However, the slopes of the linear regression equations for the relationship between 5°Hcs;
ratios and salinity vary considerably between culture experiments, ranging from 4.8
(Schouten et al., 2006) to 1.3 (Sachs et al., 2016), equating to a 4.8 %o or 1.3 %o change in
8”Hes; ratio per practical salinity unit (psu), respectively. Alkenones in marine surface

sediments had a 1.3 %o response to salinity (Weiss et al., 2019), and alkenones in suspended
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particulate organic matter (SPOM) from the Atlantic and Pacific oceans had a §*Hcs7 —
salinity response of 4.2 (Gould et al., 2019). These large differences make it difficult to
quantitatively constrain past salinity changes.

To understand the sensitivity of the 8°Hcs; — salinity relationship in past settings, we
measured 8°Hca; ratios on a down-core record from ODP site 1234, off the coast of Chile.
This system is important because of the influence of surface and deep water currents (which
cause upwelling and contribute to productivity), freshwater runoff, and southern westerly
winds, making this setting a dynamic test site for enhancing our understanding of the
controlling factors on §°Hcsy ratios in the geologic record. For example, the convergence of
different water masses and the input of continental runoff could potentially be recorded in
8”Hcay values. The site was previously studied for past upwelling conditions and sea surface
temperature evolution using long-chain diols and other lipid biomarkers (de Bar et al., 2018),
and covers the last ~150 kyr and six marine isotope stages (Lisiecki and Raymo, 2005). We
compared the ODP 1234 8?Hca7 record to other sediment records of §?Hca7 ratios to infer how

sensitive 8°Hcsy ratios are to past salinity changes overall.

2 Materials and Methods
2.1 Geographic Setting

The Peru-Chile upwelling system has been the subject of a number of studies (Dugdale et al.,
1977; Busch and Keller, 1981; Vargas et al., 2007), and has been referred to as a “one of the
world’s high productivity regions of great significance” (Marchant et al., 1999). Site ODP
1234 (36°13.153’ S, 73°40.902°W) was drilled on the continental slope ~70km away from the
coast at 1015 m water depth, just off the continental shelf which extends to about 60km
(Strubet al., 1998). The major currents at this site are the Peru-Chile Countercurrent (PCCC)
which flows southward, surrounded on the east by the northward flowing Peru-Chile Current

(PCC) and on the west by the northward flowing Chile Coastal Current (CC). The Antarctic
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Circumpolar Current (ACC) feeds into the PCCC and Chilean Fjord Water (CFW) feeds into
the CC (Strub et al., 1998; Lamy et al., 2002), potentially adding isotopically depleted water
into the system (Fig. 1). Isotopically depleted water is also introduced via freshwater runoff
coming from the nearby Rio Bio-Bio and Rio Itata (Muratli et al., 2010). Upwelling brings
the nutrient rich, cold water to the surface, resulting in high productivity (Bakun, 1990). The
maodern day surface salinity at the site is 33.8 psu, with higher salinity of 34.2 psu to the
northwest of the site and lower salinity of 33 psu at the south near the Los Lagos region (Mix
etal., 2003), covering a range slightly larger than 1 psu for the region.

2.2 Long-chain alkenones

Samples were taken in ~2kyr resolution (n = 72). Age model specifics are described in de Bar
et al. (2018), who used a modified version of the age model from Heusser et al. (2006). The
age-depth model was constructed based on benthic §*°0 correlated to the Vostok ice core
chronology and core MD95204 from the Atlantic in conjunction with radiocarbon dating.
Two age models were constructed for the upper and lower halves of the sections, and these
were connected by linear interpolation between ca. 83 to 90 ka. Organics were extracted from
the sediments and ketone fractions (de Bar et al., 2018) were used for hydrogen isotope
measurements of alkenones (Weiss et al., 2019). Hydrogen isotope ratios were measured on
alkenones in duplicate using on-column injection on a gas chromatograph coupled to a
Thermo Delta V isotope ratio mass spectrometer via a high temperature conversion reactor
(Isolink 1) and Conflo IV. The GC was equipped with an RTX-200 column (Restek, 60 m x
0.32 mm x 0.5 pm). The GC temperature program is as follows: 70 °C to 250 at 18 °C/min,
250 =320 °C at 1.5°C/min, then 320 °C for 25 °C/min at a flow rate of 1.5 mL / min. The
RTX-200 60 m column allows for better separation and determination of isotope ratios of
individual alkenones, and thus we report the individual Cs7.3 and Cs7., alkenones, as well as

the integrated Cs; alkenones. The integrated Cs; 8%H ratios were determined by a manual
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peak integration combining the two Cs;.3 and Cs7., peaks and used for better comparison with
previously published records of 8°H ratios which used combined Cs7:3 and Ca7., isotope
ratios. The Hs" factor was measured and corrected for at the start of each day before
measuring standards and samples, and varied from 2.633 — 3.195 ppm nA™, with differences
of less than 0.1 ppm nA™ from day to day. To monitor machine performance and stability, an
n-alkane standard, Mix B (supplied by A. Schimmelmann, Indiana University), was run at the
start of each day and samples were only run when the average difference and standard
deviation between online and offline values was less than 5%o. Squalane and C3g n-alkane
were co-injected with each 8*H sample run to further monitor machine performance. Values
for squalane were -165 £ 3 %o, and C3zp Were -75 + 4 %o over the entire sample set, which fit
well with-predetermined values of -170 + 4 %o and -79 £ 5 %o respectively. Isotope ratios
presented here are based on single-point referencing to a calibrated gas cylinder, and error
bars represent the reproducibility between duplicate or triplicate analytical runs.

2.3 Paleosalinity calculations

A global ice volume correction for §?Hcsy ratios was taken from the ANICE fully coupled 3D
ice-sheet-sea-level model (de Boer et al., 2014). Since the ice volume correction from ANICE
is for oxygen isotope ratios, we converted these to hydrogen isotope ratios using the global
meteoric water line from Craig and Gordon (1965):

8°H=28* 380 + 10 (1)
Salinity was calculated from ice volume corrected 8%Hcs7 ratios using a surface sediment
calibration (Weiss et al., 2019):

8°Hear=1.3* S— 227 (2)
and, to-contrast with the smaller sensitivity, the culture calibration from Schouten et al.
(2006) for Emiliania huxleyi:

8?Hea7 = 4.8 * S — 347 (3
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and the SPOM calibration from Gould et al. (2019):

8"Hea7 =4.2 * S — 340 (4)
We selected the Schouten et al. (2006) equation because E. huxleyi is the dominant modern
alkenone producing haptophyte in the south eastern Pacific (Hagino and Okada, 2004, 2006).
The SPOM calibration represents the environmental 8?Hcear response to salinity in the open
ocean at the time of sampling, and therefore captures a snapshot of the marine signal, which

can be juxtaposed with the surface sediment calibration.

3 Results and Discussion

3.1 Salinity reconstructions

8?Hegy ratios ranged from -195 %o to -167 %o, covering a range of 28 %o over the last ~150
kyr at ODP 1234 (Table 1; Fig. 2a). The 5°Hcsy ratios correlated well with different marine
isotope stages MIS 1 — 6, and even the substages of MIS 5 (Fig. 2a). The most enriched
8%Heay ratios fall on the boundary between MIS 2 and 3 and in MIS 6; the most depleted
8”Hcay ratios correspond to MIS 5, and specifically MIS 5e, the Eemian interglacial. Oxygen
isotope ratios measured on the planktonic foraminifera G. bulloides for this site (de Bar et al.,
2018) likewise recorded more enriched values during colder time periods and more depleted
values during warmer climates (Fig. 2b). Isotope ratios for individual tri and di-unsaturated
Cs7 alkenones were also determined (Table 1; Supp. Fig. 1). In general, both alkenones
followed the same trend as the integrated Cs; alkenones. Interestingly, the two diverge at the
LGM, and the tri-unsaturated alkenones were more enriched in ?H, while the di-unsaturated
alkenones became more depleted. This divergence is likely the result of a change in the
relative abundance of the two alkenones. The difference in 5°H ratios between the two
alkenones is known to be quite variable (D’ Andrea et al., 2007; Schwab and Sachs, 2009;
Wolhowe et al., 2009; van der Meer et al., 2013). The Cs;.3 is synthesized from the Cs7.,, and

at colder temperatures there is a lower relative abundance of the Cs7, (Endo et al., 2018;
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Kitamura et al., 2018). Normally, the synthesis of Cs7.3 from a Cs7-, causes a depletion of the
Caz:3, leaving the Csz:2 relatively enriched, since desaturation is associated with isotopic
depletion (Chikaraishi et al., 2004). However, at colder temperatures, where low abundances
of the Cs7.2 and higher amounts of C37.3 are expected, the synthesis of Cs7.3 would become
dominant and actually result in enrichment of the C37.3 and depletion of the Cs7-, (van der
Meer et al., 2013). Since most studies and salinity calibrations are based on the integrated Cs;

alkenones, we focused on these for the following discussions.

8”Hca; ratios were corrected for global ice volume using the ANICE model (de Boer et al.,
2014) and the global meteoric water line (Craig and Gordon, 1965; equation 1). From these
ice volume corrected §°Hesy ratios, salinity shifts were calculated using three different
equations: the surface sediment calibration of Weiss et al. (2019; equation 2), the E. huxleyi
batch culture calibration (Schouten et al., 2006, equation 3), and the SPOM calibration from
Gould et al. (2019; equation 4). Equation 2 yielded a substantial salinity range from 23 to 42
psu, with a value of 24 for the most modern sample (Fig. 3). Since ODP 1234 is located
~70km away from the coast with a water depth of 1015 m, and salinity variations are thought
to be on the order of 1 — 2 psu between glacial and interglacial periods (Adkins et al., 2002;
Broecker, 2002), the large range of salinity resulting from equation 2 seems unrealistic.
Equation 2 most likely records mixing of alkenones from different haptophyte groups
because it includes sediments from marginal marine environments with lower salinities
(Weiss et al., 2019). Although these different haptophyte groups have a similar response to
salinity, they each have characteristic isotope ratios, offset by ~100 %o. At the present, the
Group I11-haptophyte E. huxleyi is the dominant alkenone-producing haptophyte off the
western coast of South America (Hagino and Okada, 2004; 2006). Furthermore, analysis of

calcareous nannofossils in ODP 1234 showed a dominance of E. huxleyi and a very low
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abundance of G. oceanica throughout the studied interval (Mix et al., 2003). Indeed, alkenone
distributions at ODP 1234 were distinctly Group 111 since no isomers of tri-unsaturated
alkenones were detected, nor were any significant changes in abundance of Czg methyl
alkenones observed, both of which are characteristic of Group | or Il haptophytes (Longo et
al., 2013; Dillon et al., 2016; Longo et al., 2016; Zheng et al., 2016). Thus, the sediment
calibration of Weiss et al. (2019) is likely not applicable and it may be more logical to use a
species-specific calibration to calculate paleosalinity at ODP 1234. Consequently, equation 3
for E. huxleyi from Schouten et al. (2006) was applied and reconstructed salinities varied on
the order of 5 psu instead of 19 psu (Fig. 3). Using equation 3 gave a value of 32 for the most
recent sample, which is in better agreement with modern measured values from the site than
equation-2, although still underestimating the modern value of 33.8. Applying the Atlantic
and Pacific SPOM calibration from Gould et al. (2019) (equation 4) provided an equivalent
range of 6 psu (Fig. 3). The most modern sample had a salinity of 34, which aligns nicely
with-the modern day salinity of 33.8 (Mix et al., 2003).

Foraminiferal based proxies and climate models suggest that global ocean salinity changed on
the order of 1 — 2 psu between now and the Last Glacial Maximum (LGM; Adkins et al.,
2002; Broecker, 2002). The 8°"Hcs; ratios of the Chilean Margin suggested a much larger
change, regardless of the calibration used to reconstruct salinities. As outlined above, a
number of environmental factors have been shown to affect 8°Hcs; ratios by causing more or
less fractionation between alkenones and growth water (Schouten et al., 2006; Wolhowe et
al., 2009; Chivall et al., 2014; M’Boule et al., 2014; Sachs and Kawka, 2015; van der Meer et
al., 2015; Sachs et al., 2016; Weiss et al., 2017), which may have contributed to the large

changes in 5°Hcay ratios. These potential effects will be explored below:.
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3.2 Species and temperature effects on salinity reconstructions

Based on.alkenone distribution patterns down-core, we found only alkenones synthesized by
Group I haptophytes (i.e., Cs7:3, C37:2 methyl alkenones and Csg 3, Csg:» ethyl and methyl
alkenones). E. huxleyi is the most prevalent alkenone producing haptophyte in the modern
Pacific Ocean around South America (Hagino and Okada, 2004, 2006). Nonetheless, as
explained above, it is possible that fluctuations in dominant Group 111 alkenone producers E.
huxleyi and G. oceanica occurred over the last 150 kyr, although nannofossil data for ODP
1234 showed a dominance of E. huxleyi and very sparse presence of G. oceanica throughout
the last ~150 kyr (Mix et al., 2003). Although the differences in the slopes for the §*Hcz7—
salinity equation between E. huxleyi and G. oceanica are not substantial (4.8 versus 4.2
respectively, Schouten et al., 2006), G. oceanica fractionates hydrogen to a larger extent than
E. huxleyi. Thus, if changes in the main alkenone producer took place in the past, additional
shifts in 8*Hcar, on top of those caused by salinity changes, could occur. G. oceanica is
thought to be the principal alkenone producer in warm, high salinity marginal seas, while E.
huxleyi is more dominant in open ocean settings (Okada and Honjo, 1975). It might have
been the case that G. oceanica became the major contributor of alkenones into the
sedimentary record during warmer time periods, and E. huxleyi supplied the majority of
alkenones in colder climates. Furthermore, it has been suggested that temperature itself can
affect the 8°Hcs7 (Wolhowe et al., 2009). However, compiled results of temperature
experiments with E. huxleyi and G. oceanica showed an insignificant negative correlation
between 8°Hcsz and temperature (r = -0.43, p > 0.05; data from Schouten et al., 2006 and
Wolhowe et al., 2009). In addition, analyses of SPM in the Pacific Ocean over a temperature
change of 1 — 4 °C, showed no systematic changes in 5°Hcs7 ratios or in alkenone producers
(Woelfshorndl et al., 2019), suggesting that the potential effect of temperature on either

relative abundance of alkenone producers or 8*°Hcs; ratios hypothesized from culture studies
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might not actually exist in the natural environment. UK 5; ratios from ODP 1234 suggested a
temperature change of 3 °C between the LGM and the most modern sample (de Bar et al.,
2018), similar to the range of temperature observed in the Pacific Ocean study (Wolfshorndl
et al., 2019). Thus, by extrapolating these results to our dataset, we concluded that the
temperature shifts between the LGM and the modern are not large enough to cause
substantial shifts in relative abundance of alkenone producers, nor should these temperature
changes have had a significant effect on 82Hesy ratios.

3.3 Nutrients and light

Algal growth rate is regulated by nutrient availability and light intensity. Both parameters
caused changes in fractionation in batch and continuous culture experiments of different
haptophyte species (Sachs and Kawka, 2015; van der Meer et al., 2015). Growth rate
negatively correlated with fractionation factor a.c37, meaning faster growth led to increased
fractionation (Schouten et al., 2006; Sachs and Kawka, 2015). Light intensity caused
significant variation in a.cs; at irradiance levels below ~200 p mol photons m? s, but above
200 11 mol photons m™ s there was a negligible effect of light on fractionation (van der Meer
etal., 2015). A field comparison between light-limited and nutrient-limited sites in the Pacific
Ocean suggested that environmental variation in 8°H ratios under different irradiance and
nutrient regimes was smaller than observed in laboratory culture, and therefore may not be of
significant concern for paleo studies (Wolfshorndl et al., 2019). Since the sediment samples
used here encompass numerous years and growth seasons, we could not actually correct for
these parameters nor constrain them on a per event basis. Furthermore, the effects of
irradiance and nutrient concentration were hypothesized to be negligible in the field
(Wolfshorndl et al., 2019), leading to the assumption that they did not significantly contribute

to the variation in the 8°Hcsy ratios at ODP 1234,
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3.4 Influences of water isotope ratios

Mixing of different water masses has the potential to cause variation in 8?Hupo and therefore,
8”Heay ratios. Antarctic waters are colder and isotopically lighter than water in the tropics
(Lee etal., 2007). A strengthening of the ACC during glacial periods has been hypothesized
(Pudsey and Howe, 1998; Barker and Thomas, 2004) and thus shifts in 8°Hcs; ratios could
correspond to more input of these colder and relatively depleted waters via the ACC during
glacials: However, the observed shifts in §°Hcs; ratios were not large enough to be attributed
to ACC as the dominant water mass during glacial periods because influence of isotopically
lighter and lower salinity waters would cause a substantially depleted 8*Hcs signal, similar to
values noted for off-shore Colombia below -205 %o (Pahnke et al., 2007). For the same
reason, we can also exclude the influence of large volumes of river runoff, which are
similarly characterized by a significantly depleted 8°Hcs7 signal. Such depleted values were
not observed at ODP 1234, leading to the conclusion that neither the ACC nor substantial
continental runoff could be evidenced in the §*Hcsy ratios at ODP 1234 during the last ~150
kyr.

Past 8°H water isotope ratios were calculated from oxygen isotope ratios, either from models
or other proxy data, using the meteoric water line (equation 1), and used to correct for the
impact of global ice volume changes. In a highly evaporative basin, such as the
Mediterranean, the local meteoric water line has higher d excess, but the slope is the same as
the global meteoric water line (Gat, 1980, 1982; Gat and Carmi, 1987). For the majority of
the surface ocean, it is hypothesized that d excess is near zero and only reaches as high as six
in highly evaporative regions (Rohling, 2007). Thus, potential differences in the 8*°0 and §°H
correlation in the surface ocean are not large enough to cause significant changes to the ice
volume correction, and therefore would not substantially alter our paleosalinity

reconstructions.
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Thus, at this point the seemingly higher sensitivity of §*Hcs to paleosalinity changes
compared to present day sensitivity in cultures and the natural environment cannot be
explained by any of the parameters that have been shown to affect this sensitivity in culture
or environmental datasets. For this reason, we conclude that the 82Hc37 ratios at ODP 1234
were primarily reflecting changes in sea surface salinity, and these changes may either be
larger than previously hypothesized (Adkins et al., 2002; Broecker, 2002), or reflect a greater
sensitivity of 5°Hcsy to salinity.

3.5 Comparison with previous records

Paleosalinity estimates based on 5'®0 ratios of the foraminifera Neogloboquadrina
pachyderma (corrected for temperature using U* 3; temperature estimates) over the last 8 kyr
at a nearby site showed a change from 33 — 36 psu over this short time period (Lamy et al.,
2002) suggesting that this region might have larger fluctuations in salinity than the global
average. While 8*Hcs; ratios suggest larger salinity shifts over longer time periods, both the
Schouten et al. (2006) and Gould et al. (2019) calibrations suggest a salinity change of ~2 psu
over the last 9 kyr. Estimates based on foraminiferal 5'20 ratios combined with U* 5,
temperatures are subject to large uncertainties (Rohling, 2007), and might be biased by
differences between these two proxies. Thus, to investigate whether the higher
paleosensitivity of 5°Hcs7 to salinity at ODP site 1234 was also observed elsewhere, or is
unique to the Chilean Margin, we examined other previously published 8*Hcay records. For
this exercise, we considered the difference in 8?Hcs; between the most modern value and that
of the LGM at ~21 ka. We included records from off-shore Colombia (Pahnke et al., 2007),
the Agulhas leakage (Kasper et al., 2014), Benguela Upwelling (Petrick et al., 2015), and the
Indian-Atlantic Ocean Gateway (Simon et al., 2015). The Mozambique Channel (Kasper et
al.,.2015) and Gulf of Guinea (Leduc et al., 2013) records were excluded from this exercise.

The Mozambique Channel record does not record a depletion from the LGM to the modern,
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as a result of lower sea levels and higher freshwater influx during the LGM at the core
location (values are included in Table 2). At the Mozambique Channel site, Kasper et al.
(2015) proposed that mixing of alkenones from coastal and marine producers caused a
dampening of the 8°Hcs; signal at this location. The Gulf of Guinea record only covers the
Holocene, and therefore was also excluded from this exercise. The general trends in all
previously published records matched well with each other (e.g. more enriched 8°Hcsy ratios
for the LGM than for the most modern sediment), but the amplitude of the shifts and the
absolute values were different for each location due to regional climate characteristics (Fig.
4). To estimate sensitivity, the difference between LGM and the modern was divided by two
psu (Table 2), assuming that this is the general salinity difference between modern and LGM
(Adkins-et al., 2002; Broecker, 2002). The sensitivity from these records ranged from 4.5t0 9
%o per psu, with a value of 5.5 for ODP 1234. A sensitivity of 9 %o per psu is unprecedented
in any environmental or laboratory culture investigation of 8?Hca7 ratios, and the closest, the
E. huxleyi calibration of Schouten et al. (2006), is half of that. It holds, then, that either
something is missing from our understanding of paleo 8?Hcay ratios, or salinity shifts were
actually larger than other proxies suggested by about a factor of 2. Further research
employing multiproxy approaches using inorganic proxies like Na/Ca or paired 5'°0 and

Mg/Ca in conjunction with 8°Hcsy ratios may shed light on this enigma.

4 Conclusions
8°Hcsy ratios for the last 150 kyr recorded global climate trends on glacial to interglacial

timescales at ODP site 1234. Application of different calibrations for the 8?Hear — salinity
relationship resulted in extremely large shifts in salinity that are unprecedented in open ocean
sites based on present understanding of sea surface salinity. A larger slope for the §?Hcs7 —
salinity relationship has to be invoked in order to reconstruct paleosalinities with changes of 1

— 2 psu between glacial and interglacial time periods. Based on other sediment records of
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8%Hcsy ratios, a paleosensitivity between 4.5 and 9 provided estimates of relative changes in
salinity for open ocean sites that align with current knowledge of glacial and interglacial
global salinity shifts inferred from oxygen isotope based proxies and climate models.
However, such a large slope has not previously been recorded in laboratory culture or natural
environmental settings. This suggests that either our understanding of the salinity response to

8”Heay ratios is incomplete, or salinity shifts were actually larger than previously suggested.
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Table 1. Hydrogen isotope ratios of long-chain alkenones (both individual Cs7:3 and Cs7:, as well as integrated Cs; alkenones) measured on
sediment extracts from ODP 1234 over the last ~150 kyr.

Cs; Alkenone

Concentration Ice volume
(Mg /g 8"Hcsr:3 (%o 8"Hcsr:2 (%o 8®Hes7 (%o vs corrected
Age (kyr) Depth (mcd) sediment) vs VSMOW) S.D. vs VSMOW) S.D. VSMOW) S.D. 8°Hcay
1.0 0.1 4.63 -191 0 -199 0 -195 0 -195
5.3 1.1 2.07 -189 0 -198 1 -193 0 -194
9.1 2.2 1.89 -183 0 -188 0 -185 0 -186
10.8 2.8 1.44 -179 2 -183 2 -181 2 -183
13.1 3.6 1.87 -175 1 -176 2 -175 1 -178
15.0 4.4 1.73 -174 2 -177 2 -176 2 -182
17.0 53 1.00 -173 2 -176 4 -174 1 -182
19.3 6.5 1.07 -172 1 -180 1 -176 0 -183
20.1 7.0 1.67 -170 1 -181 1 -176 1 -183
21.4 7.8 1.69 -172 2 -184 2 -177 2 -184
24.0 9.6 1.51 -173 1 -180 2 -175 2 -182
26.8 11.8 1.43 -176 0 -177 1 -176 1 -182
27.8 12.7 0.45 -173 2 -178 3 -175 2 -181
29.2 13.9 1.64 -172 1 -177 0 -173 1 -179
30.5 15.1 2.07 -166 1 -167 2 -167 2 -172
32.9 17.2 1.14 -177 1 -180 0 -178 1 -183
35.3 19.2 1.48 -177 1 -182 3 -179 2 -184
37.6 21.1 1.82 -177 2 -176 3 -177 2 -182
39.7 22.7 2.29 -179 1 -179 1 -178 2 -183
41.8 24.3 1.63 -183 4 -187 3 -185 4 -190
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43.9
46.3
47.9
49.9
51.9
53.7
55.4
57.0
58.4
60.5
62.3
63.6
65.6
67.5
70.4
72.7
75.4
78.8
82.3
85.6
86.8
87.5
88.5
89.2
90.3
92.0
94.0
96.0

25.9
27.8
29.1
30.7
32.4
34.0
35.6
37.2
38.8
41.1
43.2
45.7
48.3
50.6
53.2
54.8
56.4
58.0
59.6
61.4
62.0
62.4
62.9
63.3
63.9
65.5
67.3
69.2

1.45
1.99
1.60
1.79
1.69
2.71
1.84
1.73
221
212
1.77
1.61
2.16
2.62
2.77
4.00
5.92
5.36
6.15
3.00
6.01
5.40
3.23
3.06
4.43
3.82
3.52
5.25

-184
-181
-178
-179
-184
-181
-186
-188
-188
-178
-185
-179
-182
-182
-181
-192
-188
-187
-189
-187
-181
-179
-177
-176
-179
-188
-184
-190

N kP O O N P O FP N FP NP WO W EFE, NDMNPFP PDNNMNDMNMNMNOPFPF O F P NN EP DN

-181
-183
-177
-181
-183
-181
-188
-188
-192
-181
-184
-177
-181
-190
-174
-197
-198
-192
-197
-191
-186
-182
-180
-183
-191
-193
-187
-195

2 -183 2 -188
1 -181 1 -185
2 -177 2 -182
0 -179 1 -184
1 -185 1 -189
0 -181 0 -186
1 -187 1 -192
0 -188 0 -193
3 -190 2 -194
3 -180 2 -184
2 -184 1 -189
0 -178 1 -182
2 -183 2 -187
2 -185 2 -189
17 -181 4 -185
5 -194 3 -197
5 -191 2 -194
0 -189 1 -192
0 -193 2 -195
3 -190 2 -192
1 -183 1 -185
0 -179 1 -181
1 -178 0 -180
2 -179 2 -181
0 -185 0 -187
0 -190 0 -192
1 -185 1 -187
2 -193 2 -195
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98.0
100.0
104.1
105.9
110.3
112.2
114.3
115.9
118.0
119.9
122.0
124.1
125.9
128.1
129.8
132.1
134.3
136.0
138.0
140.0
141.9
143.6
152.5
153.1

71.0
72.9
76.6
78.3
80.6
81.6
82.4
83.0
83.8
84.5
85.3
86.1
86.7
87.2
87.6
88.3
89.3
90.1
911
92.1
935
94.7
100.6
101.0

4.99
4.90
6.57
3.15
4.28
6.40
6.17
4.78
7.02
7.25
8.63
6.56
9.57
5.73
212
244
1.97
2.10
1.69
1.20
1.18
1.56
2.05
1.12

-188
-186
-189
-191
-179
-191
-183
-186
-184
-187
-187
-192
-189
-189
-180
-175
-183
-182
-179
-175
-176
-179
-179
-176

N P P P P ODN O FP N O O F FP PN W PFP P O PF ODN W

-191
-190
-191
-191
-181
-191
-190
-186
-190
-195
-196
-197
-193
-194
-177
-178
-184
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Table 2. Hydrogen isotope ratios of long-chain alkenones (8°Hcs7) for the most recent sample and for Last Glacial Maximum (LGM; ~21 ka)
from this study and previously published records of 8°Hcsy ratios (Pahnke et al., 2007; Kasper et al., 2014; Kasper et al., 2015; Petrick et al.,
2015; Simon et al., 2015). The differences in 8°Hcay ratios between LGM and the modern in all records suggest a larger 8°Hca; —salinity
sensitivity that previously reported in culture or environmental analyses, except for the Mozambique Channel record (Kasper et al., 2015) which
does not record glacial to interglacial shifts.

Modern LGM
Ice volume Ice volume
corrected corrected
8°Hcs7 (%o 8°Hcs7 (%o Sensitivity
VS Age VS for shift of
Paper Age (ka) VSMOW) (ka) VSMOW) Difference 2 psu™
Pahnke et al., 2007 0.3 -221 21.1 -205 16 8
Kasper et al., 2014 3.5 -192 21.1 -180 12 6
Kasper et al., 2015 0.8 -189 21.3 -203 -14 -7
Petrick et al., 2015 2.7 -205 23.1 -187 18 9
Simon et al., 2015 2.0 -195 20.1 -186 9 4.5
ODP 1234 1.0 -195 21.4 -184 11 55
Linear Regression Equations for 5°Hcs;-salinity Relationship
Paper Type Slope SE Intercept SE number
Schouten et al.
(2006) Culture 4.8 0.7 -347 19.4 11
Gould et al. (2019) SPM 4.2 1.0 -340 37.0 63
Weiss et al. (2019) Sediment 1.3 0.1 -227 3.6 95
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Figure 1. Map showing the environmental setting of ODP 1234. The core location is
influenced by the Northward Peru-Chile Current and Chilean Coastal Current, and the
southward Peru-Chile Countercurrent. In the south, Antarctic Circumpolar waters potentially
feed into the PCC, CCC, and PCCC, and Chilean Fjord Waters can also enter the system
from the southeast.
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Figure 2. (a) Record of 5°Hcsy ratios and (b) 80 ratios of planktonic foraminifera over the
last ~150 kyr (adapted from de Bar et al., 2018) plotted with marine isotope stages 1-6. Grey
shading in (a) represents the standard deviation of duplicate isotope measurements. 8*Hcs7
and 50 ratios follow the same trends, with more enriched isotope ratios corresponding to
colder time periods and more depleted isotope ratios corresponding to warmer climates.
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Figure 3. Reconstructed salinities (psu) for ODP 1234 using the marine surface sediment
calibration. from Weiss et al. (2019) in green with a slope of 1.3, the linear regression
equation from Schouten et al. (2006) batch culture experiment growing Emiliania huxleyi in
light purple with a slope of 4.8, and the SPOM calibration from Gould et al. (2019) in dark
blue with a slope of 4.2. The surface sediment calibration yielded a salinity shift of ~19 psu
over the entire record, whereas the E. huxleyi and SPOM equations covered a more
reasonable salinity shift of ~5 psu across the record. The SPOM equation (Gould et al., 2019)
provided the best estimate for the most modern sample of 34 psu, aligning with the measured
salinity of 33.8 psu at ODP 1234.
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Figure 4: Records of §°Hcg ratios from previously published records (Pahnke et al., 2007;
Kasper et al., 2014, 2015; Petrick et al., 2015; Simon et al., 2015) covering the Last Glacial
Maximum (LGM) until the present. Note the different scales for the y-axis. All records show
more enriched values for the LGM and more depleted values for the modern, except for (c)
the Mozambique Channel record from Kasper et al. (2015).
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