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a b s t r a c t

Long-chain diols have been detected in a wide range of environments and have been used to reconstruct
past environmental changes, however only a few long-term records exist to date. Here we reconstructed
past environmental changes in the central Sea of Okhotsk over the last 1.5 million years, covering the
Mid-Pleistocene Transition (MPT). Sea surface temperatures (SST) reconstructed using the Long-Chain
Diol Index (LDI) reflects glacial/interglacial changes. However, when compared with other organic pale-
othermometers (Uk0

37 and TEXL
86) the LDI-SST is lower during interglacials and similar or higher during gla-

cials, possibly suggesting a shift of diol production season during interglacials. The LDI-SST does not change
in periodicity around the MPT as observed for the TEXL

86, likely due to this seasonal shift. Diatom produc-
tivity, as recorded by 1,14-diols and biogenic opal content, increased during the main deglaciations with
a succession from Proboscia diatoms to diatoms with a more heavily silicified shell, confirming that primary
productivity in the central Sea of Okhotsk is driven by sea-ice progress and retreat. In contrast to the LDI-
SST, the 1,14-diols record shows a change in periodicity around the MPT from 41- to 100-kyr cycle, suggest-
ing an influence of orbital parameters on diatom productivity. In the central Sea of Okhotsk, the relative
amount of C32 1,15-diol (FC32 1,15), a proxy for riverine input, correlates with sea-level change with more
riverine-derived material reaching the core site when the Amur River mouth is closer at lower sea-levels.
In agreement, FC32 1,15 shows a change in periodicity during the MPT, with the appearance of a 100-kyr
cycle. Our results show that the long chain diols can provide important paleoceanographic information in
subpolar environments over long time scales, but that temperature reconstructions can be severely
impacted by changes in seasonality.
� 2019 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The last 2million years (Ma) in the Earth history cover an impor-
tant climatic transition called theMid-Pleistocene Transition (MPT)
where the start of pronounced glacial/interglacial successions was
initiated. This MPT occurred around �950 ka, with a change in
the dominant periodicity from 41- to 100-kyr as seen in benthic for-
aminifera d18O records (Lisiecki and Raymo, 2005). At the same
time, an overall positive isotope shift in these records is observed,
due to more severe and longer glaciations (e.g. Hays et al., 1976;
Shackleton and Opdyke, 1976; Pisias and Moore, 1981; Clark and
Pollard; 1998; Berger et al., 1999; Medina-Elizalde and Lea, 2005;
Clark et al., 2006; Elderfield et al., 2012; McClymont et al., 2013
and reference therein). The MPT was accompanied by a decrease
in sea surface temperature (SST) in the northern Atlantic and an
increase in aridity over the African and Asian peninsulas (Clark
et al., 2006). A cold event at the start of the intensification of the
glaciations (�900 ka) has been observed in several marine records
(Schefuß et al., 2004; Medina-Elizalde and Lea, 2005; Elderfield
et al., 2012; McClymont et al., 2013). Furthermore, the
high-latitude areas underwent major changes during the MPT as
the Laurentide ice sheet became volumetrically larger (Clark and
Pollard, 1998). Only a few records document changes in SST during
the MPT in the northern Pacific (Raymo et al., 1990; McClymont
et al., 2008; Martinez-Garcia et al., 2010).

The Sea of Okhotsk is a semi-enclosed marginal sea from the
northwestern Pacific and is linked to the Sea of Japan and the
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Pacific Ocean, with the Amur River discharging terrigenous input
into the eastern part. The oldest paleoceanographic record of the
Sea of Okhotsk goes back to 1.1 Ma (Nürnberg and Tiedemann,
2004) and showed that the sediments from the Sea of Okhotsk
reflect glacial/interglacial variability that are characteristic for
the northern hemisphere (Lisiecki and Raymo, 2005). However,
most sediment records of the Sea of Okhotsk only cover the late
Quaternary (Gorbarenko, 1996; Sorokin and Sorokin, 1999;
Ternois et al., 2001; Gorbarenko et al., 2004, 2007, 2010, 2012,
2014; Harada et al., 2004, 2006, 2008, 2012, 2014; Seki et al.,
2004a, 2004b, 2009, 2012, 2014a, 2014b; Sakamoto et al., 2005,
2006; Liu et al., 2006; Wang and Wang, 2008; Ishawatari et al.,
2009; Malakhov et al., 2009; Katsuki et al., 2010; Nürnberg et al.,
2011; Iwasaki et al., 2012; Khim et al., 2012; Nakanowatari et al.,
2014; Bosin et al., 2015; Lembke-Jene et al., 2018).

Recently, Lattaud et al. (2018) showed that organic proxies
could be applied to reconstruct sea water temperatures in the
Sea of Okhotsk until Marine Isotope Stage (MIS) 6 (�180 ka). In
particular, they used long-chain diols (LCDs) to reconstruct past
autumn SST via the Long Chain Diol Index or LDI (Rampen et al.,
2012). The LDI is based on the ratio of C30 1,15-diol versus 1,13-
diols and has been shown to relate strongly to sea surface temper-
ature (Rampen et al., 2012). These LCDs are thought to be produced
by eustigmatophytes (Volkman et al., 1992). The presence of LCDs
raises the possibility to reconstruct other parameters such as river-
ine input using the proportion of C32 1,15-diol (FC32 1,15, Lattaud
et al., 2017a,b). The C32 1,15-diol is the main LCD in rivers but in
much lower abundances in open oceans and thus its relative abun-
dance is a useful proxy to trace riverine input (Lattaud et al.,
2017b). In addition to 1,13- and 1,15-diols, 1,14-diols are often
present in marine sediments and are mainly derived from Proboscia
diatoms. Thus, the abundance of 1,14-diols allows the reconstruc-
tion of Proboscia diatom productivity (Rampen et al., 2014) or pos-
sibly even upwelling intensity or high nutrient conditions (with
the Diol Index or DI, Willmott et al., 2010) as these species are
often found in upwelling areas and high nutrient conditions,
respectively (Sundström, 1986; Sinninghe Damsté et al., 2003;
Rampen et al., 2007). However, the above discussed LCD proxies
have rarely been applied on long time scales, e.g. the longest LDI-
SST record is dating back to 3.3 Ma in sapropels from the Mediter-
ranean Sea (Plancq et al., 2015) but most records do not go further
back than 180 ka (Lopes dos Santos et al., 2012; Smith et al., 2013;
Jonas et al., 2017; Kotthoff et al., 2017; Lattaud et al., 2017b, 2018;
Warnock et al., 2017, De Bar et al., 2018).

In this study we extended the LDI-SST record in the Sea of
Okhotsk to 1.5 Ma to fully capture the MPT. Furthermore, we
applied other LCD proxies, i.e. FC32 1,15 (to trace river input;
Lattaud et al., 2017a), the DI and the 1,14-diols (as Proboscia dia-
tom indicator), to reconstruct environmental changes during the
MPT in the central Sea of Okhotsk. These LCD proxy records were
compared with other sea water temperature proxies (TEXL

86 reflect-
ing summer subsurface temperatures and Uk0

37 reflecting autumn
SST; Lattaud et al., 2018) as well as with productivity proxies such
as biogenic opal content, and riverine input proxies such as the
hydrogen isotopic composition of long chain alkenones, reflecting
the hydrogen isotopic composition of the water and salinity, and
the Branched versus Isoprenoid Tetraether (BIT) index.

2. Material and methods

2.1. Study site

The Sea of Okhotsk is part of the Western Pacific Ocean and it is
the southernmost sea of the northern hemisphere with seasonal
sea-ice cover (Harada et al., 2014). Nowadays, polynyas open up
on the northeastern shelf area and can spread to cover up to 85%
of the Sea of Okhotsk (Hays and Morlet, 2003). It is a highly pro-
ductive sea with a major planktonic spring bloom and a smaller
autumn bloom of diatoms (Hays and Morlet, 2003). In autumn
there is also a major haptophyte bloom with Coccolithus oceanicus
and Emiliana huxleyi (Broerse et al., 2000). In the Sea of Okhotsk,
autumn SST, salinity and sea-ice extend, influence the intensity
of downwelling that creates the Okhotsk Sea Intermediate Water
(OSIW), which in turn is a key component of the North Pacific
Intermediate Water (NPIW) (Tsunogai et al., 1992).

Giant piston core MD01-2414 (53�11.770N, 149�34.800E and
water depth of 1123 m, Fig. 1) was collected during the IMAGES
VII cruise from the central region of the Sea of Okhotsk (Deryugin
basin) as described by Chou et al. (2011). This core has a length of
52.76 m and we studied the top 51 m. The age model is described
in Lo et al. (2018) andwas obtainedby correlating theXRF core scan-
ner data with the global d18O LR04 stack (Lisiecki and Raymo, 2005).
Furthermore, 5 radiocarbon 14C ages of planktonic foraminifera
(Neogloboquadrina pachyderma, sinistral) were determined by accel-
erator mass spectrometry (AMS). Together this shows that the core
covers ages between3.7 and1520 kawith sedimentation rates vary-
ingbetween1and4 cmkyr�1. The sediment corewas sampled every
10 cm which corresponds to a time resolution of 3- to 10-kyr, and
the sedimentwas stored frozenuntil freeze-dried. Besides thepiston
core samples, thirteen surface sediments were collected from the
Sea of Okhotsk as described by Lo et al. (2018).

2.2. Extraction and separation of lipids

The sediments were extracted following the procedures
described by Lo et al. (2018). Briefly, sediment samples (1–10 g)
were homogenized, freeze-dried and extracted using dichloro-
methane (DCM):methanol (MeOH) (4:1, v/v) using an Accelerated
Solvent Extractor (ASE). The extracts were separated into three
fractions on a Pasteur pipette packed with activated Al2O3: an apo-
lar fraction (hexane:DCM, 9:1 v/v), a ketone fraction (hexane:DCM,
1:1 v/v) containing alkenones, and a polar fraction (DCM:MeOH,
1:1 v/v) containing the Glycerol Dialkyl Glycerol Tetraethers
(GDGTs) and long-chain diols were obtained.

2.3. Analysis of biomarkers

The alkenone and LCDs were analysed as described in Lattaud
et al. (2018) and the GDGTs as described in Lo et al. (2018). A pre-
vious surface sediment study of the Sea of Okhotsk showed that
TEXL

86 values correlated strongly with summer sea water tempera-
ture (SWT) at 20 m depth (Lattaud et al., 2018; Lo et al., 2018) and
that the global calibration of Kim et al. (2010; Eq. (1)) could be used
to reconstruct these temperatures. The same surface sediment study
showed that Uk0

37 values correspond to autumn sea surface tempera-
ture (Lattaud et al., 2018) and that the Uk0

37 the calibration from Prahl
and Wakeham (1987; Eq. (2)), which is the one most commonly
applied in the Sea of Okhotsk, can be used. Finally, for the LDI, the
regional core-top calibration to autumn-SST from Lattaud et al.
(2018) (Eq. (3)) was applied.

TEXL
86 � SWT ¼ 67:5� TEXL

86 þ 46:9 ð1Þ

Uk
0

37 � SST ¼
Uk

0

37 � 0:044
� �

0:033
ð2Þ

LDI � SST ¼ LDI þ 0:29
0:103

ð3Þ

The BIT index (Hopmans et al., 2004), an indicator of terrige-
nous input transported by rivers into the marine environment, is
based on the ratio of branched GDGTs (brGDGTs, produced in riv-



Fig. 1. (a) Location of core MD01-2414 (Lo et al., 2018) and environmental parameters of the Sea of Okhotsk with (b) annual mean surface salinity (from NOAA, Antonov et al.,
2010) and (c) annual mean sea surface temperature (from NOAA, Locarnini et al., 2010).
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ers and in soils, Weijers et al., 2009; De Jonge et al., 2014) over cre-
narchaeol (mainly produced in marine environments). The BIT
index was calculated for the whole record to assess terrigenous
input. Furthermore, two diol proxies were used, the FC32 1,15 based
on the fractional abundance of the C32 1,15 diol over the C30 1,15-,
C30 1,13- and C28 1,13-diols (Lattaud et al., 2017a) and the DI based
on the ratio of 1,14-diols over the C30 1,13- and C28 1,13-diols
(Willmott et al., 2010) in order to reconstruct riverine input and
nutrient conditions, respectively.
2.4. Analysis of dD of alkenones

47 sediment samples contained alkenones in high enough
abundance for hydrogen isotope measurements. To analyse the
dD of alkenones, the ketone fractions were dissolved in ethyl acet-
ate and analyzed for hydrogen isotopes as described by Kasper
et al. (2015). Briefly, the ketone fractions were injected on a
Thermo Finnigan Delta Plus XL Gas Chromatography Thermal Con-
version isotope ratio Mass Spectrometer (GC/TC/irMS). The H3

+ cor-
rection factor was determined daily and ranged between 3.56 and
3.9. Isotopic values for alkenones were standardized against pulses
of H2 reference gas, which was injected three times at the begin-
ning and two time at the end of each run. A set of standard n-
alkanes with known isotopic composition (Mixture B, prepared
by Arndt Schimmelmann, University of Indiana) was analyzed
daily prior to each sample batch in order to monitor the system
performance. Samples were only analyzed when the alkanes in
Mix B had an average deviation from their off-line determined val-
ues of less than 5‰. The 47 hydrogen isotope values of alkenones
(dDC37) were measured as the combined peak of the C37:2 and C37:3,
which correlates best with salinity (van der Meer et al., 2013), and
0.2 mL of a standard mixture of known dD value, composed of squa-
lane and C30 n-alkane, was coinjected to each sample. The samples
were analyzed in duplicate and standard deviation of duplicate
analyses varied from 0 to 5‰.
2.5. Biogenic opal analysis

The opal content was measured as described by Liu et al. (2006)
to extend the previous record (0–500 ka) reported by Liu et al.
(2006) to 1550 ka. Briefly, freeze-dried sediments were homoge-
nized in a mortar, and they were then smeared gently on glass
slides for the mineralogical analysis. The mineralogy of the sedi-
ments was analyzed using a Science Mxp III X-ray diffractometer
(MAC) with CuKa radiation. Scans of bulk powders were run at
35 kV and 15 mA over a scanning range of 3–70�.
2.6. Spectral analysis

The proxy records were linearly resampled to get an even
spaced record and a 95% confidence level was chosen. A Morlet
Wavelet analysis of the different records was realized with the
PAST software (Hammer et al., 2001) to study the changes of peri-
odicity in the proxy records over time.
3. Results

3.1. Temperature proxies

Using the local LDI-autumn SST calibration of Lattaud et al.
(2018) we reconstructed SST using the LDI which varied from 3
to 12 �C (Fig. 2b). The LDI temperatures were 5 �C at 1520 ka, then
increased to 12 �C at 1300 ka, and remained this high until 1130 ka,
and then decreased until 3 �C at 1100 ka. LDI-SST were then warm-
ing reaching 9 �C at 1070 ka then decreased to 3 �C at 970 ka. This
was followed by two short-termed warming events (reaching 7 �C
at 960 and 930 ka). The LDI-SST was then varying by just 2 �C over
the next 600 ka, with some warming events at 860 ka (MIS 21),
800 ka (MIS 19) and 400 ka (MIS 11) (reaching 7 �C, 8 �C and
8 �C, respectively). This was followed by two cycles of cooling/
warming when temperatures reached a maximum of 7 and 8 �C
(at 340, i.e. MIS 9 and 245 ka, i.e. MIS 7, respectively) and mini-
mums of 3 and 4 �C. The last 180 ka (from Lattaud et al., 2018),
showed that MIS 6 was characterized by low temperatures (aver-
age 5 ± 1 �C), that was followed by warmer temperatures, reaching
9 �C at 130 ka (MIS 5e). After a cooling, the most recent part of the
core varied around 4-5 �C.

The Uk0
37-SST ranged from 1 to 23 �C (Fig. 2c) over the whole

record. At 1520 ka, temperatures were around 6 �C and increased
to 20 �C at 1320 ka and 23 �C at 1280 ka, then decreased to 7 �C
around 1190 ka. The record was then characterized by several cool-
ing/warming events, with the main warmings around 1160, 1070,
950, 880, 620 (MIS 15), 410 (MIS 11), 260 (MIS 8), 140 (MIS 6) and
9 ka, respectively. Late MIS 6 is characterized by relatively high tem-
peratures (maximum of 20 �C) that remain high throughout MIS 5e
(15 �C). Uk0

37-SST then decreased to 2.5 �C at 90 ka (MIS 5b), followed
by a warming (8 �C at 80 ka). A cooling then occurred during MIS 4-2
(average of 4 �C during 70–14 ka) and the Holocene is characterized
by a warming to 7 �C at 4 ka.

For TEXL
86 we used the global calibration of Kim et al. (2010)

which in the Sea of Okhotsk has been shown to reflect summer sub-
surface sea water temperature (SWT). TEXL

86-SWT varied from �3 to
18 �C (Fig. 2d). At 1520 ka, the TEXL

86-SWT were 6 �C, increasing to



Fig. 2. Paleotemperature records for the Sea of Okhotsk (a) global stack of d18O of benthic foraminifera (Lisiecki and Raymo, 2005) with numbers indicating the different
Marine Isotope Stages, and 3 point averaged temperature records of (b) LDI, (c) Uk0

37, (d) TEXL
86 temperatures and (e) all three temperature proxies (3-points averaged) from

MD01-2414 core from the central Sea of Okhotsk. Grey bars indicate the interglacials, numbers indicates Marine Interglacials (MIS) from Lisiecki and Raymo, 2005.
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16 �C until 1080 ka. This was followed by a decrease until 880 ka
(TEXL

86-SWT = 4 �C), then a rapid warming happened with TEXL
86-

SWT reaching 18 �C at 860 ka. This pattern of slow cooling and fast
warming was repeated again between 860 and 620 ka and tempera-
ture ranged between 3 �C at 640 ka to 14 �C at 620 ka. This was fol-
lowed by a period of relatively stable TEXL

86 temperatures (8.5 ± 2 �C,
n = 15) until 470 ka, followed by a steep cooling with TEXL

86-SWT
reaching �1 �C at 460 ka (MIS 12). After MIS 12, a relatively fast
warming was observed with TEXL

86 temperatures increasing to the
warmest temperature of the record of 18 �C at 430 ka (MIS 11). This
was followed by a slow cooling until 150 ka (4 �C) (MIS 6). At 130 ka
(MIS 5e) the TEXL
86 temperature reached 13 �C which decreased until

3 �C at 20 ka (MIS 2), respectively (Lo et al., 2018).

3.2. Riverine input proxies

The FC32 1,15, a proxy for riverine input (Lattaud et al., 2017a),
ranged from 0.1 to 0.7 in the sediment core (Fig. 3). Between
1520 and 1250 ka FC32 1,15 was stable around 0.4 ± 0.1 (n = 73),
except for a sharp drop (down to 0.2) at 1450 ka, then decreased
to 0.1 between 1250 and 1150 ka, followed by an increase until
0.5 at 1140 ka. FC32 1,15 decreased rapidly to 0.2 at 1070 ka before



Fig. 3. (a) The d18O benthic foraminifera global stack (Lisiecki and Raymo, 2005) with numbers indicating the different Marine Isotope Stages, and proxy records of the Sea of
Okhotsk (b) BIT index, (c) FC32 1,15, (d) dDC37 (the grey bars represent the standard deviation of the replicate), (e) Diol Index (DI), (f) 1,14-diols in fractional abundance of all
diols and (g) opal percentage (Liu et al., 2006 and this study). The black lines represents a running mean of 3 points. Grey bars indicate the interglacials, numbers indicates
Marine Interglacials (MIS) from Lisiecki and Raymo, 2005.
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going back to higher values (0.4) between 1060 and 960 ka, fol-
lowed by a rapid decrease at 950 ka (0.2). FC32 1,15 was then varying
between 0.3 and 0.7 with minima around 850, 760, 600, 420, 330,
120 ka (MIS 21, 19, 15, 11, 9 and 5, respectively) and the end of the
Holocene. The BIT index (Fig. 3), a proxy for riverine terrigenous
input (Hopmans et al., 2004; Zell et al., 2013, 2015), had values
which were generally low with an average of 0.08 ± 0.05
(n = 384) and with 0.38 as maximum at 340 ka, and the record is
characterized by several brief periods with relatively high values
around 1450, 1120, 920, 430 (MIS 12), 340 (MIS 10), 190 (MIS 6),
130 (MIS 5) and 36 ka (MIS 3). For comparison FC32 1,15 and the
BIT index was also measured in surface sediments distributed
around the Sea of Okhotsk (Table 1). In the surface sediments,
FC32 1,15 varied between 0.02 and 0.3 and the BIT index between
0.02 and 0.12 with no particular pattern (Table 1).

3.3. Diol index

The 1,14-diols, biomarkers for Proboscia diatoms (Sinninghe
Damsté et al., 2003; Rampen et al., 2014), were present throughout
the record, and comprise on average 12 ± 0.1% of all diols (n = 409),
with values ranging between 2 and 50% (Fig. 3). At 1520 ka, the
1,14-diols were 10% of all LCDs, then increased briefly to 30% at
1450 ka before going back to 10%. At 1230 ka, a sharp and brief
increase in the amount of 1,14-diols took place (reaching 50% of
all LCDs) before going back to previous values of 10% until
1100 ka when it increased to 20%. The 1,14-diols showed maxima
at around 950, 850, 750, 720, 430, 330, 130 and 50 ka (MIS 25, 21,
17, 12, 9, 5 and 3, respectively, Fig. 3). The Diol Index (DI), an index
used to reconstruct Proboscia productivity based on the amount of
1,14-diols versus 1,13-diols (Willmott et al., 2010), varied between
0.04 and 0.84 and showed a similar trend as that of percentage of
1,14 diols, except between 1300 and 1100 ka when the DI was con-
tinuously high (around 0.7). Between 1100 and 131 ka DI was on
average 0.21 ± 0.09 (n = 228), after 131 ka the values were increas-
ing to 0.48 at 125 ka then decreased and reached 0.04 at 100 ka.
The DI was then rising until the Holocene, reaching 0.32 at 4 ka.
Maxima are observed at 440, 330, 130 and 50 (MIS 12, 9, 5 and
3, respectively, Fig. 3). Finally, in the surface sediments, the DI var-
ied between 0.26 and 0.53 and the 1,14-diols between 21 and 44%
with no particular spatial patterns (Table 1).

3.4. Hydrogen isotopic composition of C37 alkenones

The hydrogen isotopic composition of C37 alkenones (dDC37), a
proxy for salinity (Schouten et al., 2006), was obtained in a lower
resolution than the other records due to the often relatively low
abundance of alkenones, too low for hydrogen isotope analysis.
The dDC37 varied from �215‰ to �172‰, with more depleted val-
ues during interglacials. At 1520 ka the value was �187‰ then it
Table 1
LCD proxies Diol Index and FC32 1,15 as well as the BIT index for surface sediments in the

Name Latitude (�N) Longitude (�E)

55-14-2 56.07 153.68
55-17-2 56.31 146.84
55-18-2 56.34 145.31
55-23-2 53.01 146.51
55-25-2 52.56 146.51
55-27-2 52 144.56
55-30-2 52 144.94
55-34-2 48.81 147.87
55-36-2 48.58 146.36
55-44-2 47.52 145.16
55-46-2 45.51 144.54
55-47-2 45.52 144.47
decreased to �197‰ at 1439 ka. It was followed by an increase
up to �190‰ at 1280 ka, a decrease down to �205‰ at 1076 ka
an increase up to �170‰ at 807 ka (MIS 20) followed by a steep
decrease until �214‰ at 523 ka (MIS 13). A slow increase took
place from 523 to 83 ka (MIS 13 to MIS 5), until the dDC37 reached
�170‰. This increase was interrupted by a short event where val-
ues briefly decreased to �215 ± 5‰ at 122 ka (MIS 5e). At the start
of the Holocene at 12 ka the dDC37 shows a slow decrease, until
�207‰ at 6 ka.

3.5. Spectral analysis

We performed wavelet analysis (using a Morlet wavelet) on
nearly all of our records (Fig. 4) in the time domain, and for com-
parison also on the LR04 benthic foraminifera stack (Lisiecki and
Raymo, 2005; reflecting global ice volume changes and deep-sea
temperature), and a Uk0

37-SST record from the northern Pacific
(Martinez-Garcia et al., 2010). The TEX86-SWT record shows changes
from a dominant 41-kyr cyclicity in the oldest part of the core to a
dominant 100-kyr cycle in the most recent part of the core, similar
to the LR04 benthic d18O stack (Fig. 4). It also has a significant 60-
kyr cyclicity that appears in the last 900 ka (Fig. S1c). The LDI-SST
does not show any significant cycle over the record, and the Uk0

37-
SST record has two periods with a significant cycle of 100-kyr
(around 300 to 0 ka and 1300 to 1100 ka) and 150- and 70-kyr cycles
in the last 900 ka (Fig. S1). The riverine input proxy FC32 1,15 shows a
significant 100-kyr cycle in the younger part of the core (after
1100 ka), similar to the LR04 benthic d18O stack and multiple high
frequencies peaks after 900 ka (i.e. 23-, 21- and 19-kyr, Fig. S1).
For the BIT index, a 100-kyr cycle is apparent before 1100 ka as well
as 75-, 50- and 41-ky cycles in the last 900 ka. For the opal content
and 1,14-diols, a 100-kyr cycle is observed after 600 ka and for the
opal content record, a 41-kyr cycle is present in the periods older
than 1100 ka
4. Discussion

4.1. Sea water temperature evolution of the Sea of Okhotsk over the
last 1.5 Ma

4.1.1. Comparison of sea water temperature proxies
Lattaud et al. (2018) showed, using surface sediments from the

Sea of Okhotsk, that the three temperature proxies, LDI, Uk0
37, and

TEXL
86, all reflect a different season and/or depth of production, i.e.

summer subsurface temperature for TEXL
86 and autumn SST for LDI

and Uk0
37. With this in mind we compared the three temperature

records. The LDI-SST is significantly correlated with Uk0
37-SST

(r = 0.39, p < 0.005) over the whole record but not with TEXL
86-SWT

(r = -0.1, p = 0.09). Moreover, there is no correlation between TEXL
86-

SWT and Uk0
37-SST (r = 0.012, p = 0.71). This indicates that Uk0

37-SST
Sea of Okhotsk.

DI FC32 1,15 1,14-diols (%) BIT

0.53 0.15 43.5 0.02
0.39 0.07 35.7 0.02
0.38 0.03 36.9 0.02
0.30 0.10 25.1 0.12
0.31 0.10 26.5 0.06
0.28 0.20 20.8 0.03
0.36 0.10 31.1 0.03
0.32 0.11 22.4 0.02
0.29 0.15 20.1 0.03
0.26 0.33 13.6 0.11
0.34 0.18 18.3 0.04
0.29 0.21 14.8 0.05



Fig. 4. Spectral analysis (Wavelet) for (a) LDI-SST, (b) Uk0
37-SST, (c) TEX86-SST, (d) FC32 1,15, (e) BIT, (f) d18O benthic foraminifera global stack (Lisiecki and Raymo, 2005), (g) 1,14-

diols, (h) opal content and (i) Uk0
37-SST from the northern Pacific ODP Hole 806B (Martínez-Garcia et al., 2010). The black boxes show the three main orbital cycles, i.e. 23-, 41- and

100-kyr.
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and LDI-SST are following a similar pattern likely reflecting autumn
SST, as shown previously in Lattaud et al. (2018). The TEXL

86-SWT is
often higher than the other two proxy temperatures, except before
1200 ka when TEXL

86-SWT are lower than the other two.
Despite the significant correlation there is still quite some dis-

crepancy between SSTs derived from the Uk0
37 and LDI in both pat-

terns as well as absolute values with the LDI often being lower
(Fig. 2). Potential biases that could explain the different patterns
and lower LDI-SSTs values compared to Uk0

37 are 1,13-diols produc-
tion by Proboscia diatoms (Rodrigo-Gamiz et al., 2015), the influence
of riverine LCDs (de Bar et al., 2016; Lattaud et al., 2017a), and a shift
in the season of production toward colder months (e.g. early spring)
during ice-free interglacials. Examination of the SST records shows
that colder LDI temperatures are not linked with elevated amounts
of 1,14-diols or higher values of FC32 1,15 (Fig. 3c and 3f) indicating
no influence of Proboscia diatoms or riverine input, respectively. This
suggests that observed differences might be linked to a shift of pro-
duction of long-chain diols towards a colder season like early spring
or late autumn due to longer summer and ice-free conditions during
interglacials. This hypothesis was also used to explain the colder LDI-
SST compared to Uk0

37-SST observed in the last 180 ka of the sediment
record (Lattaud et al., 2018). Alternatively, some mismatches
between LDI and Uk0

37 can be explained by the presence of allochto-
nous input of alkenones (Rosell-Melé et al., 1995; Thomsen et al.,
1998; Mollenhauer et al., 2003). This is supported by the observation
of Broerse et al. (2000) who find subtropical haptophytes (like
G. oceanica, U. sibogae, and Coronosphaera spp.) in sediment traps
in the Sea of Okhotsk just after the sea-ice retreated. This suggests
that periods of extensive sea-ice coverage in the Sea of Okhotsk
are likely to bring alkenones from subtropical regions, possibly due
to a change in bottom water circulation. This could bring in resus-
pended sediment with elevated alkenone concentrations from these
subtropical regions, and, combined with low in situ alkenone pro-
duction, yield higher Uk0

37-SSTs.
The most remarkable feature in the LDI-SST record is the high

LDI SST values (around 12 �C) between 1400 and 1200 ka. Although
this pattern of higher temperature is also observed in the Uk0

37-SST,
it is for a shorter time (1400–1300 ka) and this period has not been
recorded as substantially warm in SST records from the north Pacific
(Haug et al., 2005; Martinez-Garcia et al., 2010; Kender et al., 2018).
Interestingly, this period corresponds to some strong changes in LCD
distribution, with a substantial increase in the proportion of the C30

1,15-diol, together with an increase in C28 1,12-diol (up to 14%, data
not shown). This unusual distribution and especially the elevated
amounts of the C28 1,12-diol potentially points to a different contrib-
utor of LCDs which can bias the LDI towards warmer temperatures
(De Bar et al., 2019).

As stated above, prior to 1200 ka TEXL
86-SWT is lower than Uk0

37

and LDI-SST. Furthermore, during MIS 12 and 16 (ca. 450 and
650 ka, respectively), TEXL

86-SWT is relatively low (1.5 ± 1 �C and
3 ± 1 �C respectively, n = 7) in comparison with the other two proxies
(5.5 ± 0.5 �C and 8 ± 1 �C for the Uk0

37-SST and 5 ± 0.5 �C and 5 ± 0 �C
for LDI-SST, n = 7 for each). Lattaud et al. (2018) showed that the
TEXL

86 is reflecting summer subsurface SWT, potentially explaining
the mismatch with LDI and Uk0

37. However, it can also be biased by
terrigenous input of GDGTs (Weijers et al., 2009). Examination of
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the BIT record shows that it was nearly always below 0.3, suggesting
limited riverine input (Weijers et al., 2009). Alternatively, there may
have been shifts in season and in depths of production of GDGTs
leading to differences between TEXL

86 and the SST proxies. In the
Sea of Okhotsk, due to limited primary productivity during glacials,
the source organisms of the GDGTs might also have thrived in spring
and autumn due to reduced competition for ammonia (cf. Hurley
et al., 2016; Junium et al., 2018) and thus TEXL

86 would yield lower
temperatures. Alternatively, they could be thriving deeper in the
water column due to the lower ammonium availability in the surface
waters. In a study of the eastern tropical Pacific, Hertzberg et al.
(2016) also suggested that TEX86 is reconstructing deeper sea water
temperature (upper thermocline) during the last glacial maximum
due to a deepening of the depth habitat for Thaumarchaeota. Thus,
all proxy temperature records seem to be affected by multiple fac-
tors such that possibly none of them are reflecting consistently
annual mean SST of the Sea of Okhotsk.
4.1.2. Comparison with North Pacific SST records
In contrast to North Pacific SST records (Martinez-Garcia et al.,

2010; Horikawa et al., 2015), our Sea of Okhotsk temperature
records show no cooling between 1.4 Ma and 1 Ma but rather an
increase from 1.3 to 1.1 Ma, in particular with the LDI. However,
as discussed above this likely comes from a bias in our temperature
proxies. Between 1 and 0.9 Ma, TEXL

86-SWT decreases, similar to the
northwestern Pacific SST records (site ODP 882, Haug et al., 2005;
Martinez-Garcia et al., 2010) and to the Bering Sea SST record
(Horikawa et al., 2015). After 0.9 Ma, the northwestern Pacific SST
(calculated with Uk0

37 at site ODP 882, Martinez-Garcia et al., 2010)
and the Sea of Okhotsk (TEXL

86-SWT) are parallel with similar ampli-
tude changes except during MIS 12 and 16, likely due to the deepen-
ing of the Thaumarchaeota depth habitat in the Sea of Okhotsk. The
last glacial/interglacial transition in the Sea of Okhotsk showed a
10 �C increase but unfortunately site ODP 882 is missing this part
and cannot be compared. Thus, in general our TEXL

86-SWT records
show, despite potential biases, relatively similar patterns in SST as
those in the North Pacific as also shown by frequency analysis (see
below).
4.1.3. Orbital scale forcing of SSTs
Wavelet analysis of the proxy temperature records shows that

the LDI-SST has a significant 100-kyr cycle corresponding to eccen-
tricity (Figs. 4 and S1). The impact of orbital forcing may have been
weakened by the changes in season of production of the biomark-
ers (see above), thereby minimizing SST contrasts between glacial
and interglacials. Similarly, the Uk0

37-SST shows only a weak 100-kyr
cycle (Fig. 4) and spectral analysis using Redfit (Fig. S1) of the latest
900 ka does not yield any significant periodicity, indicating that the
Uk0
37 is possibly impacted by allochtonous input of alkenones. In con-

trast, the TEXL
86-SWT shows a significant 100-kyr cycle and a weak

41-kyr cycle (Fig. S1) linked to eccentricity and obliquity, respec-
tively. Wavelet analysis shows that the 100-kyr periodicity appears
after the MPT, i.e. after �1000 ka, and the 41-kyr is strong before
�1000 ka (Fig. 4c), similar to the LR04 benthic d18O stack (Fig. 4f)
and Uk0

37-SST record from the northern Pacific (Fig. 4i, Martinez-
Garcia et al., 2010). This strongly suggests that TEXL

86 represents glo-
bal temperature trends in the Sea of Okhotsk that are (at least partly)
orbitally forced, which is also observed in the northern Pacific
(Martinez-Garcia et al., 2010). The changes in sea water temperature
in the Sea of Okhotsk seems to be linked to ice-sheet extension, i.e.
ice albedo, and not local insolation changes as the 23-kyr precession
cycle is absent from the spectral analysis, despite that the resolution
of our record was sufficient. This would agree with the idea that the
northern polar regions are sensitive to planetary albedo forcings
(Rohling et al., 2012) and not to dust or greenhouse gases.
4.2. Riverine input and salinity variation

The core site in the central Sea of Okhotsk is in the middle of the
basin at 1123 m deep, far removed from the Amur River which is
discharging mainly in the eastern part of the basin, bringing with
it terrigenous material (Nakatsuka et al., 2004; Seki et al., 2004b
and reference cited therein). Indeed, core tops from the central part
of the Sea of Okhotsk have a low FC32 1,15 (0.03–0.12, Table 1) and a
low BIT value (0.06–0.1, Table 1). However, in the sediment record
these values were at certain times higher than present day (Fig. 3).
Furthermore, a significant positive correlation between BIT index
and FC32 1,15 is observed (r = 0.38, p < 0.05, n = 395), in contrast
with surface sediments of the Sea of Okhotsk where no correlation
is observed (Lattaud et al., 2018). In the oldest part of the record
(1500–1200 ka) this relation seems to be absent. The higher values
compared to present day, as well as the correlation between BIT
and FC32 1,15, suggest that, in the past, riverine input was more
noticeable in the central part of the Sea of Okhotsk. This can be
explained by sea-level changes, i.e. during glacial periods the low
sea-level (Siddall et al., 2006; Gorbarenko et al., 2014) brought
the Amur River mouth closer to the core site, thereby increasing
the input of brGDGTs as well as the C32 1,15-diol. A previous study
by Lattaud et al. (2017b) in the Mozambique Channel and the east-
ern Mediterranean showed a similar pattern with elevated BIT
index and FC32 1,15 during sea-level low stands for the late Quater-
nary. Changes in Amur River input are unlikely to explain the
observed patterns as during glacials the Amur River is partially
covered by an ice-cap and the amount of terrigenous material
reaching the Sea of Okhotsk is reduced (Nürnberg and
Tiedemann, 2004). Furthermore, spectral analysis of the FC32 1,15

record shows that a 100-kyr cycle (linked to eccentricity) initiated
after the MPT (Fig. 4, Lisiecki and Raymo, 2005) suggesting a link to
changes in sea-level. After 900 ka, a precession cycle (23-kyr) as
well as two heterodynes (21- and 19-kyr) are apparent which
can be linked to summer insolation (Thomas et al., 2016). The rea-
son for a summer insolation forcing might be that the Asian mon-
soon is impacted by this forcing and the monsoon system may, in
turn, impact the flow of the Amur river system. Before the MPT
there is an absence of correlation between the BIT and C32 1,15-
diol possibly because glaciations and sea level changes were less
severe. Furthermore, there may have been changes in soil sources
draining into the Amur River (cf. Lattaud et al., 2017a,b). Since the
BIT index represent both soil and river production (De Jonge et al.,
2014) and the C32 1,15-diol only comes from rivers, a change in soil
source would only impact the BIT but not the C32 1,15-diol.

The dDC37 has been shown to reflect past salinity as well as the
dD of sea water (Englebrecht and Sachs, 2005; Schouten et al.,
2006; Pahnke et al., 2007; van der Meer et al., 2007; Kasper
et al., 2014) although other factors such as growth rate can affect
this as well (Weiss et al., 2017 and references cited therein). The
dD of sea water is controlled, amongst others, by global ice volume
and may be affected by input of freshwater from either the Amur
River or melting ice. The dDC37 record (Fig. 3d) shows a significant
negative correlation with the Uk0

37-reconstructed SST (r2 = 0.31,
p < 0.005, n = 47), indicating that warm interglacial stages are char-
acterized by low dDC37. These depleted dDC37 values during inter-
glacials are partly linked to the change in ice volume, with a
decrease in ice volume leading to a decreased dD of sea water and
therefore an decrease in the dDC37. During the transition between
MIS 6/5, there is a global increase of 1‰ in d18Osea water (obtained
fromWaelbroeck et al., 2002) which corresponds to a global increase
in dDsea water of 18‰ (using the global meteoritic water line from
Rozanski et al., 1993). However, in the Sea of Okhotsk, the difference
in dDC37 between glacial and interglacial stages are much higher (up
to 30‰, Fig. 3d), and cannot be explained by ice volume alone.
Therefore, a substantial part of the change must be due to salinity
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changes which changes isotopic fractionation (cf. Kasper et al.,
2015). This change in salinity can be due to variations in sea-ice,
with increasing sea-ice buildup leading to increased salinity and vice
versa, and/or changing freshwater input from the Amur River.
Indeed, as discussed above, the Amur River is covered by an ice-
cap and its flow into the Sea of Okhotsk is reduced during glacials
(Nürnberg and Tiedemann, 2004) leading to increased salinity which
would further increase due to extensive sea-ice formation. These
combined factors may have led to more saline surface waters during
glacials.

4.3. Diatom productivity in the Sea of Okhotsk

The DI (Fig. 3e) and the relative amount of 1,14-diols (Fig. 3f)
can be used as qualitative indicators for Proboscia diatom produc-
tivity. They are both higher at the end of glacial stages (e.g. stages
2/1, 3/2, 6/5, 10/9, 16/15 and during MIS 12). Furthermore, there is
also an increase in biogenic opal content which followed the 1,14-
diols maxima, indicating that paleoproductivity was higher during
deglaciations (Fig. 3). Nürnberg and Tiedemann (2004) also
showed an increased productivity during deglaciation in core
MD01-2415 from the central Sea of Okhotsk, with biogenic opal
content reaching 70% while in our core it reached 60% (Fig. 3g).
The biggest increase in biogenic opal happened at the beginning
of the Mid-Brunhes Event which is characterized by an increase
deep-water dissolution of carbonate all over the world (Jansen
et al., 1986; Wang et al., 2003) which in turn increased the opal
content in sediments. Biogenic opal in the Sea of Okhotsk is
thought to be mainly representing diatoms as other siliceous
organisms are less abundant in the Sea of Okhotsk (Iwasaki et al.,
2012). However, since Proboscia diatoms have a weak silicified
shell which are easily dissolved (Haake et al., 1993; Sakka et al.,
1999; Koning et al., 2001; Rampen et al., 2011), they likely do
not contribute substantially to the opal content. The succession
of an opal maximum after a 1,14-diols maximum is likely due to
the competition between Proboscia diatoms and other, more heav-
ily silicified diatoms (like Chaetoceros in the modern Sea of
Okhotsk, Tsoy et al., 2009; Riegman, 1995; Riegman et al., 1996)
that will outcompete the Proboscia when silica is not limiting
(Riegman et al., 1996; Ragueneau et al., 2006; Zhu et al., 2018).
The increases in DI followed by increased in opal content is also
observed in an offshore core from the Peru upwelling margin (De
Bar et al., 2018) but, in contrast to the Peru margin, there is no sys-
tematic upwelling in the Sea of Okhotsk. Here, the presence of Pro-
boscia is more likely linked to nutrient availability as noticed by
Willmott et al. (2010) for coastal Antarctica. The wavelet analysis
shows for the opal content and 1,14-diols a 100-kyr cycle, linked
to eccentricity, after the MPT, suggesting that diatom productivity
is impacted by glacial/interglacial changes which impacts sea level
and nutrient availability. This is in agreement with the idea that
primary productivity in the Sea of Okhotsk is regulated by the pro-
gress and retreat of sea-ice (Nürnberg and Tiedemann, 2004; Seki
et al., 2004b; Iwasaki et al., 2012; Bosin et al., 2015) with the
retreat and melting of sea-ice providing more light for algal bloom-
ing, increased vertical mixing supplying silica to the surface layer
and enhanced silica input by the Amur River.

The heterodyne-rich spectrum of the productivity proxies indi-
cate multiple environmental forcing mechanisms. Some periods
such as �34-kyr (related to precession and eccentricity, Fig. S1)
in the 1,14-diol record can be explained by the influence of the
Amur River and the input of cold nutrient-rich water that enhance
diatom productivity (Wang et al., 2008). Indeed the volume of ter-
rigenous material from the Amur River discharging into the Sea of
Okhotsk is partly controlled by the Asian monsoon (Harada et al.,
2008) which is, in turn, mainly controlled by precession and sum-
mer insolation (Thomas et al., 2016). Similarly, the biogenic opal
percentage also show clear precession bands. (23-kyr, Fig. S1) indi-
cating that primary productivity in the Sea of Okhotsk is primarily
controlled by the progress and retreat of sea-ice but also by the
amount of riverine input into the Sea.

During MIS 29-21 (1020–840 ka), the Bering Sea (also a North
Pacific marginal sea like the Sea of Okhotsk) showed a decrease
in primary productivity (mainly diatoms, Kanematsu et al., 2013;
Detlef et al., 2018; Kender et al., 2018), which is similar to what
happened in the northwestern Pacific (site ODP 882, Martinez-
Garcia et al., 2010). This decrease in productivity might be due to
limited nutrient availability (reduction of iron fertilization via river
input and shelf remobilization), light limitation, and reduced gla-
cial upwelling of nutrients (Kender et al., 2018). During that time
period the Sea of Okhotsk only had limited exchange with the
North Pacific due to the low sea-level (St. John and Krissek,
1999) and diatom productivity decreased before the MPT (1400–
1250 ka) but remained high between 1020 and 840 ka, as also
observed by Nürnberg and Tiedemann (2004) which might be
due to the constant input of iron to the Sea of Okhotsk (Nishioka
et al., 2007; Ohshima et al., 2014).
5. Conclusions

In this study we analyzed a variety of long-chain diol proxies in
a 1.5 Ma sediment core from the central Sea of Okhotsk. The LDI-
SST seems to represent autumn SST during interglacials and possi-
bly summer SST during glacials. In contrast, TEXL

86 seems to repre-
sent summer subsurface SWT during most of the time although
sometimes also deeper water depths during glacial periods. The
LDI-SST and Uk0

37 do not show any obvious and persistent periodicity,
while the TEXL

86 has a dominant 100-kyr cycle appearing after the
MPT. The lack of periodicity in the LDI and Uk0

37 is likely due to sea-
sonal bias in the LDI and input of lateral transported alkenones for
the Uk0

37.
The DI, the relative abundance of 1,14-diols and opal content in

the sediment are all elevated during deglaciations and show a 100-
kyr cyclicity in their records after the MPT. The recurrent lag
between maxima of 1,14-diols and opal content suggests a compe-
tition for silica availability between Proboscia diatoms and heavily
silica-shelled diatoms (recorded via the biogenic opal content of
the sediment). The FC32 1,15 as a proxy for river input is mainly
linked with sea-level variation as it shows a 100-kyr cyclicity after
the MPT. This is likely because during lower sea-level stands, i.e.
during glacials, more riverine C32 1,15-diol will be brought to the
core site than during interglacials. In conclusion, this study shows
that proxies based on long chain diols can be of use to reveal long
term paleoceanographic changes in subpolar oceans.
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