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A B S T R A C T

Hydrogen isotope ratios of haptophyte derived long-chain alkenones (δ2HC37:2) have shown to be a useful tool for
reconstructing past isotopic compositions of surface seawater (δ2HSSW). The δ2HSSW is related to global ice
volume, sea surface salinity and the local hydrological cycle. Here, we present a hydrogen isotope record of
alkenones spanning the last 14.5 Ma from IODP site U1338 in the east equatorial Pacific. The alkenone-based
reconstructed δ2HSSW is substantially more negative and variable than reconstructed δ2HSSW based on pub-
lished oxygen isotopes of coccolith carbonates. This suggests that factors other than the isotopic composition of
seawater affect the hydrogen isotopic composition of alkenones. The relatively negative and highly variable
δ2HC37:2 values are in line with published modern observations on alkenones from suspended particulate matter
in the equatorial and north Pacific, with the highest values at relatively high light conditions at the surface and
the lowest values at higher water depth and relatively low light conditions. This suggests that the relatively
negative and highly variable δ2HC37:2 values in these Middle Miocene to Pleistocene sediments are likely derived
from haptophytes growing below the sea surface under variable low light conditions. In regions where the
contribution of alkenones from subsurface production, due to high subsurface nutrients, at low light intensities to
the sediment is relatively high the δ2HC37:2 has to be interpreted with care as a proxy for δ2HSSW.

1. Introduction

Between the Middle Miocene and Pleistocene, the Earth experienced
a climate transition from a warm period towards a modern ‘ice-house’
climate with growth of the Antarctic Ice sheet (ca. 13.9 Ma) (Flower and
Kennett, 1994) and emerging large Northern Hemisphere Glaciations
(NHG) (ca. 3 Ma) (Mudelsee and Raymo, 2005; Lawrence et al., 2006).
Tectonic changes such as the gradual closure of the Central American
Seaway (CAS) and isolation of the Atlantic Ocean and Caribbean Sea
from the Pacific Ocean (Haug et al., 2001; Steph et al., 2006; Kamikuri
et al., 2009) and the narrowing Indonesian seaway (Haug and Tiede-
mann, 1998; Srinivasan and Sinha, 2000) led to the establishment of
East-West atmospheric and oceanographic patterns across the Pacific.
The eastern equatorial Pacific is therefore an interesting site to study
changes in oceanography and global ice volume related to climate
change from Miocene to the Pleistocene (e.g., Herbert et al., 2016;

Rousselle et al., 2013; Pälike et al., 2010; Pälike et al., 2009). A
continuous high-resolution 20 million years long benthic foraminiferal
oxygen isotope record (δ18Obenthic) of IODP site U1337 in the eastern
equatorial Pacific (Tian et al., 2013, 2014, 2018; Holbourn et al., 2015)
shows a long-term decrease in deep Pacific Ocean temperature and,
possibly, increase in global ice volume (Fig. 1, S1). The Pacific surface
ocean has cooled by ~6–7 ◦C during the same period as evidenced in the
UKʹ
37 temperature record of ODP Site 846 (Fig. 1, S1; Liu and Herbert,
2004; Lawrence et al., 2006; Herbert et al., 2016) and IODP Site U1338
(Fig. 1, S1; Rousselle et al., 2013; Beltran et al., 2019). The cooling of the
surface ocean displays a similar long-term trend and glacial/interglacial
cycles as the δ18Obenthic record (Tian et al., 2018). The equatorial Pacific
benthic foraminiferal carbon isotope record (δ13Cbenthic) (Fig. S1; Tian
et al., 2013, 2014, 2018) shows a long-term decrease which is mainly
controlled by continental chemical weathering and changes in the ocean
circulation, e.g., with the formation of the Isthmus of Panama (between
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12.1–9.2 Ma). From 12.1 Ma the inorganic carbon isotope record has
become more negative in the Pacific than in the Atlantic Ocean (Tian
et al., 2018). Although much is known with respect to the evolution of
seawater temperature and oceanographic patterns in the Pacific during
the Miocene and Pliocene, less is clear on the evolution of sea surface
salinity. Generally, this is inferred from oxygen isotopes of calcite shells
but these reflect not only the isotopic composition of seawater (δ18OSW),
a proxy for salinity, but also the temperature of seawater (e.g., Shack-
leton, 1974; Savin et al., 1975) making it challenging to disentangle the
signals. A variety of different corrections and temperature proxies (e.g.,
TEX86,UKʹ

37, Mg/Ca, carbonate clumped isotopes) have been used to infer
δ18OSW from oxygen isotopes of calcite shells from the Pacific Ocean
(Beltran et al., 2007; Lear et al., 2000; Rousselle et al., 2013; Hättig
et al., 2023). Furthermore, most records are from benthic foraminifera
and thus only indicate the evolution of bottom water oxygen isotopes
rather than surface waters.The hydrogen isotope ratio of alkenones
(δ2HC37), compounds derived from haptophyte algae (Volkman et al.,
1980; de Leeuw et al., 1980), has been proposed and applied as a proxy
to reconstruct salinity (e.g., Schouten et al., 2006; Pahnke et al., 2007;
van der Meer et al., 2007; Sangiorgi et al., 2008; Leduc et al., 2013;
Kasper et al., 2014) and/or reconstructing seawater isotope ratios (e.g.,
Gould et al., 2019; Mitsunaga et al., 2022; Hättig et al., 2023; 2024a).
Unlike oxygen isotopes of foraminifera, hydrogen isotopes of alkenones
show no relationship with temperature (Schouten et al., 2006). Culture
studies have shown that the fractionation of hydrogen of C37 alkenones
is dependent on light intensity, nutrient availability and growth rate (e.
g., Schouten et al., 2006; Wolhowe et al., 2009; M’Boule et al., 2014; van
der Meer et al., 2015) and a large effect of haptophyte species, coastal
versus oceanic, has been observed on the fractionation factor of
hydrogen isotopes (Chivall et al., 2014; M’Boule et al., 2014; Sachs
et al., 2016). However, these factors are generally thought to be of
limited importance in modern settings, as the same species are typically
dominant in open marine environments (E. huxleyi or G. oceanica) and
light and nutrient conditions are optimal during the periods of algal
blooms, when most of the alkenones reaching the sediment are likely
being produced. Indeed, the strong relationship between δ2HC37 and
hydrogen isotopic composition of seawater (δ2HSW) observed in marine
environmental samples suggest that ecological factors, such as growth
rate and light (e.g., Wolhowe et al., 2009; Chivall et al., 2014; Sachs and
Kawka, 2015; van der Meer et al., 2015; Sachs et al., 2017; Weiss et al.,

2017) might be less important than the hydrogen isotopic composition
of seawater (Gould et al., 2019; Mitsunaga et al., 2022).
Here we reconstructed the hydrogen isotopic composition of surface

seawater (δ2HSSW) for the east equatorial Pacific during the Middle
Miocene to Pleistocene by generating a hydrogen isotope record of C37:2
alkenones (δ2HC37:2) of IODP site U1338. Uniquely, we can compare this
to a record of surface seawater oxygen isotopes (δ18OSSW) reconstructed
from previously published oxygen isotopes of coccolith carbonate and
UKʹ
37 sea surface temperature, also derived from haptophyte algae
(Rousselle et al., 2013). This allows to compare two independent proxies
for surface seawater isotopes, derived from the same group of organisms,
during this climatically important period.

2. Material and methods

2.1. Geographic Setting

The Integrated Ocean Drilling Program (IODP) drilling site U1338 is
located at coordinates 2◦30.469′N, 117◦58.178′W, with a water depth of
4200 m (IODP ’PEAT’ Expedition 32, Pälike et al., 2010; Pälike et al.,
2009). The sediments were deposited above the calcite compensation
depth on an 18 million year old crust and within the equatorial zone
(within ±2◦ of the equator) during the Miocene and Pleistocene periods
(Pälike et al., 2010). Today, the core is located within the modern
eastern cold tongue in the equatorial Pacific (Fig. 1). The complex
oceanic circulation in the eastern Pacific is primarily influenced by the
Walker cell circulation and trade winds (Cannariato and Ravelo, 1997;
Kamikuri et al., 2009). The South and North Equatorial currents (SEC
and NEC) move from East to West, causing warm waters to accumulate
in theWest Pacific Warm Pool (WPWP). This creates a pressure gradient,
leading to the Equatorial Undercurrent (EUC) flowing fromWest to East,
bringing cool, nutrient-rich waters to the eastern Pacific beneath the
eastern Pacific Warm Pool (EPWP) (Philander, 1980; Beltran et al.,
2014). Consequently, the thermocline gradually becomes shallower to-
wards the East, resulting in a contrast in sea surface temperature (SST)
and thermocline depth (50–150 m) along the Equator. The upwelled
waters contain essential nutrients like nitrate and phosphate, fostering
the growth of phytoplankton and supporting a productive marine
ecosystem in the region (Loubere, 2000).

Fig. 1. Modern sea surface salinity data from Zweng et al. (2018) using a scientific colour map from Crameri (2023) showing the sediment core location of this study
U1338 and the neighbouring core site U1337 drilled in the east equatorial Pacific. The star marks station “Gyre” of Wolfshorndl et al. (2019) and the two squares
mark station 4–12 and 4–8 of Wolhowe et al. (2015), with reported hydrogen isotopes of alkenones from suspended particulate matter. The triangle marks the
sediment core ODP Site 1240, with reported hydrogen isotopes of alkenones covering the Pleistocene (Quiros-Callazos 2020). The circle marks the sediment core ODP
Site 846 with temperature, oxygen and carbon isotope records (Liu and Herbert, 2004; Lawrence et al., 2006; Herbert et al., 2016). (WPWP, Western Pacific Warm
Pool; EPWP, Eastern Pacific Warm Pool; NEC, North Equatorial Current; SEC, South Equatorial Current; EUC, Equatorial Under Current; NECC, North Equatorial
Counter Current, PC, Peru Current (modified after Pisias et al. (1995).
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2.2. Sediments and age model

The sediment of Site U1338 Hole B (cores 3H–38H) is rich in well-
preserved biogenic material, primarily consisting of nannofossil ooze
with varying amounts of diatoms, radiolarians, and foraminifera (Pälike
et al., 2010). The core, spanning 400 m, covers the middle Miocene to
the Pleistocene, with predominant calcareous nannofossil assemblages
(20 %–90 % CaCO3 content). The age model for the U1338 record was
determined using shipboard biostratigraphic (nannofossils, foramini-
fers, diatoms and radiolarians) and paleomagnetic dating (Pälike et al.,
2010). The average sedimentation rate is ca. 27 m/Ma (Rousselle et al.,
2013). For this study 44 sediment samples close to and between the
sediment samples of the published δ18Oliths data record from Rousselle
et al. (2013) were ordered from IODP. We interpolated the age between
the published age-depth points from Rousselle et al. (2013) for these 44
samples. The average time resolution for compound specific stable
isotope analyses is 0.33 Myrs and for sea surface temperature estima-
tions 0.09 Myrs.

2.3. Long-chain alkenones

Approximately 12 g of freeze-dried sediment was homogenized and
25 samples were extracted using accelerated solvent extraction (ASE
350 system, Dionex) using DCM/MeOH (9:1, v:v), while 19 samples
were extracted by ultrasonic extraction using DCM/MeOH (2:1, v:v).
The extract was dried using a Turbovap and the last remaining water, if
present, was removed over a sodium sulfate (NaSO4) column and
separated into three fractions, apolar, ketone and polar, over an acti-
vated aluminum oxide Al2O3 column using hexane/DCM (9:1, v:v),
hexane/DCM (1:1, v:v) and DCM/MeOH (1:1, v:v), respectively.
The ketone fractions were used for hydrogen and carbon isotope

ratio analysis of alkenones after being measured using a gas chromato-
graph coupled to a flame ionisation detector (GC-FID), equipped with a
CP Sil-5 fused silica capillary column (50 m × 0.32 mm, 0.12 µm
thickness), to determine complexity of the fraction and the correct
concentration of the alkenones. Furthermore, the GC-FID data was used
to determine the UKʹ

37 index and extend the SST record published by
Rousselle et al. (2013) and Beltran et al. (2019) for this core. The UKʹ

37
index was calculated from the abundance of di- and tri-unsaturated C37
alkenones according to Prahl and Wakeham (1987) (Eq. (1)) and con-
verted into SST with the calibration published by Conte et al. (2006) (Eq.
(2)).

UKʹ
37 = [C37:2]/([C37:2] + [C37:3]) (1)

SST = − 0.957+ 54.293× UKʹ
37 − 52.894× (UKʹ

37)
2
+28.321 (UKʹ

37)
3

(2)

Hydrogen isotope ratios of alkenones were measured in duplicate
using a gas chromatograph coupled to a Thermo Delta V isotope ratio
mass spectrometer (irMS) via high-temperature conversion reactor
(Isolink I) and Conflo IV. The GC was equipped with an RTX-200 60 m
column according to Weiss et al. (2019). We report the δ2H ratio of the
C37:2 alkenone (δ2HC37:2) determined by manual peak integration. The
C37:2 is the main alkenone peak, while C37:3 and C38 peaks are present
but in low relative abundance and most of the time below minimal in-
tensity for the isotope ratio integration. The H3+ factor was determined
daily before running samples and the day to day variability was never
more than 0.5 ppm/nA. The performance and stability of the machine
was monitored by measuring an n-alkane standard, Mix B5 (supplied by
Arndt Schimmelmann, Indiana University). Samples were only run when
the average difference and standard deviation between online and
certified values was less than 5‰. To monitor the system performance
squalene and C30 n-alkane were co-injected with each sample with
measured values of − 158 ± 6 ‰ and − 65 ± 6 ‰, respectively. The
offline determined values are − 170 ± 4‰ for squalene and − 79 ± 5‰
for C30 n-alkane, respectively.

For 37 (of 44) ketone fractions, the amount of alkenones left, after
the δ2H analysis, was high enough to analyse the stable carbon isotope
composition. The ketone fractions were injectedmanually into a Thermo
Trace 1310 GC equipped with an CP-Sil 5 (25 m × 0.32 mm; film
thickness 0.12 mm) column, coupled to a Thermo Delta V irMS via a
combustion reactor (Isolink II) and Conflo IV. The performance of the
GC-irMS was tested using standards of per-deuterated C20 and C24 n-
alkanes with measured values of − 32.8 ± 0.2 ‰ and − 27.1 ± 0.2 ‰,
respectively, and co-injected with a daily GC standard to check chro-
matography. The offline determined values are − 32.7 ‰ for C20 n-
alkane and − 27.0‰ for C24 n-alkanes, respectively. The GC-irMS Isolink
II combustion reactor was oxidized for 15 min. at the start of every day,
He backflushed for 10 min, and purged for 5 min. A shorter version, 2
min oxidation, 2 min He backflush and 2 min purge conditioning line,
was conducted after every analytical run.

2.4. Calculation of seawater isotopes

For the calculation of the hydrogen isotopic composition of surface
seawater (δ2HSSW) from hydrogen isotopes of C37:2 we applied the open-
ocean relationship determined based on surface ocean suspended par-
ticulate organic material (SPOM) by Gould et al. (2019) (Eq. (3)).

δ2HC37:2 = 1.48( ± 0.4) × δ2HSSW − 199(±3) (3)

The oxygen isotopic composition of surface seawater (δ18OSSW) was
calculated by Rousselle et al. (2013), using the oxygen isotope ratios of
coccolith calcite (δ18Oliths) and corrected with alkenone-derived SST
according to Dudley et al. (1986) (Eq. (4)). The oxygen isotope ratios of
δ18Oliths were derived from the 2–5 µm fractions where the calcareous
nannofossils are concentrated with an estimated purity of 75 % Neo-
blaerhabdaceae species.

SST = 21.7 − 5(δ18Oliths − δ18OSSW) (4)

We translated the δ18OSSW values into hydrogen isotopes of surface
seawater with the modern open-ocean waterline reported by Hättig et al.
(2023) (Eq. (5)).

δ2HSSW = 6.58( ± 0.07) × δ18OSSW − 0.12( ± 0.03) (5)

3. Results and discussion

3.1. Reconstruction of surface seawater isotopes based on δ2H of
alkenones

The compound-specific hydrogen isotope ratios of the C37:2 alkenone
range between approximately − 220‰ to − 260‰. Between 14.5–4 Ma
a somewhat decreasing trend can be observed in this record, but most
noticeably there are relatively rapid (<100–600 kyrs) and large varia-
tions of up 40‰ throughout the record (Fig. 2). This is in strong contrast
to the reconstructed δ18OSSW record of Rousselle et al. (2013), which
also shows a slight decreasing trend δ18OSSW values between 14–2.5 Ma
but does not show the large variability observed in the δ2HC37:2 record
(Fig. S1, 2). Translating the δ2HC37:2 record to δ2HSSW using the cali-
bration of Gould et al. (2019) reveals also a slightly decreasing trend
from − 28 ‰ to − 36‰ and relatively rapid variations of up to 23‰.
The reconstructed δ2HSSW values of − 42‰ to − 12‰ are strikingly

more negative than the modern surface seawater δ2H values which
range typically between − 5‰ and 10 ‰ in the open-ocean (Rohling
et al., 2007; Hättig et al., 2023 Supplement) as well as reconstructed
Miocene and Holocene δ2HSSW values reported for the Atlantic and Pa-
cific (Hättig et al., 2023, 2024a). In contrast, the δ18OSSW range of − 0.4
‰ to 1.5 ‰ reconstructed by Rouselle et al. (2013) for site U1338 is
comparable with the modern seawater isotope range (e.g., Rohling,
2007) and reconstructed bottom seawater isotopes of the Miocene Tas-
manian Sea and North Atlantic (Hou et al., 2023, Hättig et al., 2024a). In
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fact, when we convert the δ18OSSW of Rouselle et al. (2013) into δ2HSSW
values (Fig. 2) using the modern open-ocean waterline (Eq. (5)), we
calculate values much more positive than reconstructed using δ2HC37:2
and in line with modern day δ2H of surface waters in the Pacific
(Wolfshorndl et al., 2019; Fig. 1). Thus, it seems likely that the recon-
structed δ2HSSW values based on long-chain alkenones are unrealistic, i.
e., they are too depleted in 2H and unusually variable. Indeed, δ2HC37 in
modern day suspended particulate matter and surface sediments typi-
cally vary between ca. − 170‰ – − 210‰ (Gould et al., 2019; Mitsunaga
et al., 2022) and studies from the southeastern Pacific Ocean, South
Atlantic and Indian Ocean report Holocene δ2HC37 values between
− 167‰ – − 205‰ (Kasper et al., 2014, 2015; Simon et al., 2015; Petrick
et al., 2015; Weiss et al., 2019; Hättig et al., 2023) and − 180‰ – − 220
‰ for the Panama Basin in the equatorial eastern Pacific (Pahnke et al.,
2007). Furthermore, Hättig et al. (2024a) reports Middle Miocene
δ2HC37:2 values of − 174 ‰ – − 200 ‰ for the North Atlantic Ocean.
These values are all more enriched in 2H compared to those measured in
our record for site U1338. Only for the equatorial Pacific ODP site 1240
(Fig. 1), similarly depleted δ2HC37:2 values of − 220‰ – − 245‰, were
reported for the Pleistocene (Quirós-Collazos et al., 2020).
Even more remarkable, is the large and relatively rapid variability

not reflected in the oxygen isotope record of coccoliths, which is not
expected as both proxies should reflect the isotopic composition of
surface seawater. It is highly unlikely that the δ2HSSW changed so
strongly due to climatic or oceanographic changes while at the same
time these factors would not affect δ18OSSW. Therefore, we suspect that
the hydrogen isotopic composition of alkenones at U1338 is impacted by
factors affecting the isotopic fractionation during biosynthesis of
alkenones.

3.2. Impact of ecology on δ2H of alkenones

One cause for the large 2H-depletion and high variability observed

for the δ2HC37 may be changes in haptophyte species as isotopic frac-
tionation strongly depends on species. For example, coastal or brackish
water Group II haptophytes fractionate substantially less at the same
salinity than the open-ocean Group III haptophytes (M’Boule et al.,
2014). Beltran et al. (2014) observed for sediment core U1338 a domi-
nance of small Dictyococcites spp. in the calcareous nannofossil abun-
dance with no major changes observed in the assemblages.
Dictyococcites/Reticulofenestra are ancestors of G. oceanica and E. huxleyi
(Marlowe et al., 1990; Young et al., 1992; Henderiks and Pagani, 2008).
Culture studies have reported that the modern open-ocean species
G. oceanica and E. huxleyi fractionate differently compared to each other,
i.e., G. oceanica synthesized alkenones were ~30‰more depleted in 2H
compared to E. huxleyi under similar growing conditions in Schouten
et al. (2006). Thus, variations in species may account for some of the
variability, although assemblages are relatively constant and it is
therefore likely that variations in species does not account for the overall
strong depletion in 2H. Furthermore, there is no evidence in the alke-
none distributions that would suggest significant species changes such as
varying abundance of C38 methyl alkenones. Group III marine hapto-
phytes have typically high abundance of C38 methyl alkenones while
Group II brackish haptophytes do not produce them (or only traces)
(Zheng et al., 2019; Kaiser et al., 2019). Thus, it seems unlikely that the
large depletion in 2H and rapid changes in δ2HC37:2 can be fully
explained by species variability.
Other factors which are known to impact δ2H fractionation in cul-

tures are growth rate (Schouten et al., 2006; Sachse et al., 2012; Sachs
and Kawka, 2015) and light (Wolhowe et al., 2009, 2015; van der Meer
et al., 2015; Weiss et al., 2017). Interestingly, Wolfshorndl et al. (2019)
observed increasing depletion in δ2H of C37 alkenones with depth on the
order of 10 ‰–30 ‰ in the euphotic zone in the North Pacific, despite
constant salinity and δ2H of seawater. This large change was attributed
to decreasing irradiance and/or nutrient limited growth rates with
increasing water depth. Wolhowe et al. (2015) observed δ2HC37 ratios

Fig. 2. Surface seawater isotope reconstructions for the Middle Miocene to Pleistocene eastern Equatorial Pacific site U1338. (a) Stable carbon isotopes of alkenones
(b) Hydrogen isotopes of alkenones and calculated hydrogen isotopes of seawater (Eq. (3), Gould et al., 2019). The error bars represent the standard deviation of
duplicate isotope measurements. (c) Oxygen isotopes of seawater based on oxygen isotopes of coccoliths (Rousselle et al., 2013), hydrogen isotopes of seawater
calculated with the modern open-ocean waterline (Eq. (5), Hättig et al., 2023).
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between − 190‰ down to − 245‰ in suspended material from the Gulf
of California and eastern tropical North Pacific, with δ2HC37 decreasing
with depth and light availability. Thus, both studies observed depleted
and highly variable hydrogen isotopes of alkenones produced between
10–70 m water depth in the modern Pacific Ocean.
To investigate this, we analyzed the stable carbon isotopic compo-

sition of alkenones (δ13CC37:2) which is impacted by CO2 concentration,
cell geometry and growth rate (e.g., Jasper and Hayes, 1990; Bidigare
et al., 1997; Popp et al., 1998; Riebesell et al., 2000; Benthien et al.,
2002; Laws et al., 2002). Since cell geometry can be assumed to be
relatively constant during this period, δ13CC37:2 should mainly reflect
changes in pCO2 and growth rate. Indeed, this approach has been used
before to evaluate the quality of the hydrogen isotope data, identify
outliers and constrain the impact of growth rate (Wolhowe et al., 2015;
Gould et al., 2019; Wolfshorndl et al., 2019; Mitsunaga et al., 2022). The
δ13CC37:2 measured in sediment core U1338 range between − 22‰ and
− 28‰. At ~16 Ma δ13CC37:2 is − 28‰ and increases till ~11 Ma up to
− 23‰. Between 8 Ma and 4 Ma δ13CC37:2 decreases again from − 23‰
to − 26 ‰ (Fig. S1). Interestingly, the large changes in δ2HC37:2 alke-
nones are not observed in δ13CC37:2 as would be expected if both are
predominantly impacted by growth rate. This implies that growth rate is
unlikely to explain the large variability and depletion in 2H observed in
our alkenone record.
Thus, the most likely factor which could explain the large variability

and depletion in 2H in our record is light limitation due to subsurface
production of alkenones. Van der Meer et al. (2015) have shown that
during the production of alkenones at high light conditions, i.e., at
photosynthetic active radiation (PAR) > 200 µmol⋅photons⋅m− 2⋅s− 1,
experienced in surface waters (Frouin and Murakami, 2007), fraction-
ation tends to be relatively constant and independent on the level of
irradiance (van der Meer et al., 2015). However, below 200
µmol⋅photons⋅m− 2⋅s− 1 a strong increase in isotopic fractionation during
biosynthesis of alkenones is observed leading to depletions of > 40 ‰.
Furthermore, this depletion in 2H is depending on the level of irradiance,
i.e., a lower PAR results in increasing fractionation and depletion in 2H
of the alkenones. Thus, if alkenones are produced in subsurface waters at
light conditions well below 200 µmol⋅photons⋅m− 2⋅s− 1, as is the case for
the Pacific (PAR < 50 µmol⋅photons⋅m− 2⋅s− 1; Wolhowe et al., 2014,
2015), then it will lead to a strong depletion in 2H as well as large
changes with relatively small changes in light intensity. Therefore, both
the large depletion in 2H as well as the large variability of 40 ‰ in the
δ2HC37:2 record of U1338may be explained by a substantial contribution
of alkenones produced at subsurface water depth under low light con-
ditions. This may be specific for the equatorial Pacific Ocean as light
penetrates deeply into subsurface waters which are relatively rich in
nutrients, thereby stimulating subsurface production of alkenones (Popp
et al., 2006; Wolhowe et al., 2015; Wolfshorndl et al., 2019). Indeed, it
may explain the results of Quiros-Callazos et al. (2020) for ODP site
1240, also in the equatorial Pacific, where strongly depleted δ2HC37:2
values, between of − 220 ‰ – − 245 ‰, were found for Pleistocene
sediments. Our results suggests that in these particular regions, where
there is large subsurface production of alkenones, it might not be
possible to use the hydrogen isotopic composition of C37 alkenones as a
proxy for δ2HSSW.

4. Conclusion

We observed relatively negative and highly variable hydrogen
isotope ratios of C37:2 alkenones throughout the middle Miocene-
Pliocene sediment record of eastern equatorial Pacific IODP site
U1338. Although the long-term trend is similar to the previously pub-
lished δ18OSSW reconstructions based on coccoliths, derived from the
same group of organisms, the hydrogen isotope record of alkenones does
not seem to primarily reflect changes in the surface seawater isotopes.
Comparison with modern Pacific Ocean data and analysis of δ13CC37:2
suggest that subsurface production of alkenones at low light intensity

had a strong impact on the hydrogen isotopic composition of alkenones.
Care should be taken to use δ2H of alkenones in regions where subsur-
face production of alkenones might take place.
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Meer, M.T.J., 2019. Paleosensitivity of hydrogen isotope ratios of long-chain
alkenones to salinity changes at the Chile Margin. Paleoceanography and
Paleoclimatology 34, 978–989.

Weiss, M.G., Pfannerstill, Y.E., Schouten, S., Sinninghe Damsté, S.J., van der Meer, M.T.
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