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Abstract—Several negative δ13C excursions in benthic foraminifera from gas-bearing core LV50-05 sampled offshore on the eastern 
slope of Sakhalin Island, Sea of Okhotsk, in an area of active methane seepage record the local history of methane events (ME). The core 
chronostratigraphy has been contrained from AMS 14C ages and biostratigraphic data. Benthic foraminifera (Nonionellina labradorica and 
Uvigerina parvocostata) from some core intervals show normal marine δ13C values about –1‰ but some intervals are marked by extremely 
depleted compositions as low as –34.5‰ δ13C (relative to VPDB). The negative δ13C excursions are interpreted as a record of seabed 
methane emanation during primary and secondary biomineralization of carbonate foraminifera. The results reveal four Holocene methane 
events (ME) in the area: two brief (ME-1 at 700–900 yr BP and ME-2 at 1200–1400 yr BP) and two long (ME-3 at 2500–4700 yr BP and 
ME-4 at 7400–10000 yr BP) events.
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INTRODUCTION 

The discovery of extremely abundant gas hydrates in per-
mafrost and epicontinental seas calls for understanding the 
role of crystalline gas forms in the past, present, and future 
Earth’s history. Gas hydrates store enormous resources of 
methane (up to 98%) and can become an alternative source 
of fuel hydrcarbons. Perturbation to the primary burial con-
ditions may lead to dissociation of gas hydrates and release 
of free methane, second major greenhouse gas blamed for 
global warming. Increased methane emanation has been in-
voked as a cause of mass extinctions in the Cretaceous, Pa-
leocene/Eocence boundary, Pleistocene, and Holocene peri-
ods (Dickens et al., 1995; Hill et al., 2004; Panier et al., 
2014). 

Methane seepage through seabed produces particular 
ecosystems in which bottom and pore waters, as well as liv-
ing organisms, are depleted in the heavy isotope 13C (Hill et 
al., 2004; Levin, 2005). Therefore, the ratio of 13C and 12C 
isotopes (δ13C) in fossil calcareous organisms at sites of pro-
longed methane seepage may store a record of methane 
fluxes. Benthic foraminifera are a good methane tracer (Sen 
Gupta et al., 1997). These unicellular organisms with calcic 
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exoskeletons live at different depths in oceans, have a long 
history, and are abundant in sediments. Having studied the 
carbon isotope composition of fossil foraminifera, Kennett 
et al. (2000) hypothesized that the latest Holocene warming 
began with a considerable increase of atmospheric methane. 
Yet, neither the available data from geological sections at 
the sites of methane seepage nor the knowledge of its his-
tory are sufficient to prove or disprove this hypothesis. 

The stable isotope compositions of extant foraminifera 
show correlation between methane seepage and δ13C in 
some species (Kennett et al., 2000; Rathburn et al., 2000, 
2003). The δ13C difference in the same species living cur-
rently inside and outside seepage areas is minor (from –0.3 
to –1.0‰ (Pletnev et al., 2014) in the Sea of Okhotsk) 
though poorly constrained (Rathburn et al., 2000, 2003; Ber-
nhard et al., 2010), but it may reach –40‰ in fossil foramin-
ifera (Torres et al., 2003; Uchida et al., 2008). Possible con-
trols of the foraminiferal isotope record remain controversial. 
According to some models, living foraminifera build their 
calcite exoskeletons by extracting carbon from low-δ13C 
pore water (Sen Gupta et al., 1997; Panieri et al., 2014). 
Other models attribute the δ13C depletion to consumption by 
methanotrophic bacteria which are a food source for fora-
minifera (Torres et al., 2003; Hill et al., 2004). As shown 
lately, methane-derived diagenetic authigenic carbonate 
(MDAC) with low δ13C values can precipitate over dead 
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foraminifera and mask the δ13C signal from alive foramin-
ifera (Torres et al., 2003; Panieri et al., 2016). The records 
of δ13C and methane emission have been studied for the 
cases of alive and fossil foraminifera in different areas of the 
World Ocean. The Sea of Okhotsk, where large gas hydrate 
resources were predicted (Soloviev et al., 1994) after the 
discovery of methane seepage (Zonenshain et al., 1987), is 
an advantageous area for this research. Gas hydrates are es-
pecially abundant offshore along the northeastern continen-
tal slope of Sakhalin Island, where international geological 
and geophysical surveys discovered numerous methane 
seeps in bottom waters and shallow sediments (Hachikubo 
et al., 2011; Kim et al., 2013; Minami et al., 2013; Akuli-
chev et al., 2014). Some publications on the Sea of Okhotsk 
concern the effect of methane on the isotope systematics of 
alive foraminifera (Ishimura et al., 2012; Pletnev et al., 
2014), chemistry of foraminifera tests (Husid et al., 2013), 
and negative δ13C excursions in bottom sediment core re-
cord (Lembke-Jene et al., 2007, 2017; Wu et al., 2014). 

We report data collected during the 50th cruise of R/V 
Akademik Lavrentyev in 2010, which were used to estimate 
Holocene methane fluxes from benthic foraminiferal δ13C 
patterns in core LV50-05 (Fig. 1), which was analyzed com-
prehensively by several methods. We also discuss method-
ological issues related to carbon isotope analysis in some 
species of benthic foraminifera at methane seepage sites in 
the Sea of Okhotsk. 

OCEANOGRAPHY AND GEOLOGY  
OF THE STUDY AREA

The Sea of Okhotsk currently has low water tempera-
tures, hard ice conditions, and high primary productivity. 
Its surface hydrography is controlled by large cyclonic turn-
over (Fig.  1). Warm Pacific waters penetrate into the Sea 
mainly through the Krusenstern Strait (1900 m sea depth) 
and with the Kamchatka current which flows along the 
West Kamchatka shore and then mixes with cold waters of 
the northwestern shelf. The East Sakhalin current flows 
around northern and eastern Sakhalin and turns toward the 
Kuriles in the south. 

In the cold season, low temperatures and salt separation 
from sea ice lead to the formation of dense shelf waters in 
the northwestern Sea of Okhotsk (Itoh et al., 2003) which 
maintain renewal of intermediate waters and oxygenate 
deep waters (Tsunogai et al., 1995).

The site LV50 (Fig. 1) is exposed to the effect of the East 
Sakhalin current and freshwater of the Amur River which 
carries about 14 km3 of sediment load annually, or two or 
three times the total discharge of all Siberian rivers (Anikiev 
et al., 2001). The Amur input causes stable water stratifica-
tion with the formation of a dichothermal layer at a depth of 
50 to 150 m in the summer (Freeland et al., 1998). Seasonal 
ice at the site forms since November and holds about 200 
days in a year. 

Fig. 1. A, Bathymetric map of the Sea of Okhotsk, with main straits and surface currents; B, sampling sites of LV50-05 and other cores mentioned 
in the text. 
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High local primary productivity (mainly diatoms) is due to 
good illumination and high inputs of nutrients and iron with 
the Amur (Sorokin and Sorokin, 1999). Much carbon is trans-
ported by the Amur River and intermediate waters (Kitani, 
1973). Low bottom water temperatures, high deposition rates, 
and large organic inputs favor the formation of methane in the 
shallow sediments of the region (Soloviev et al., 1994).

The Sea of Okhotsk basin is mainly located within the 
Okhotsk plate that borders the Eurasian, North American, 
Amur, and Pacific plates along transform faults (Fig. 2). The 
continental slope of Sakhalin is composed of 9–14 km thick 
Eocene–Holocene faulted sediments (Kharakhinov, 2010).

These sediments which have undergone compression and 
heavy deformation provide storage and migration of gas. 
Methane seeps (gas flares) trace numerous mud volcanoes, 
pockmarks, gas hydrates, etc. (Kim et al., 2013; Akulichev 
et al., 2014). The Holocene deposition environment was 
similar to the present conditions (Wong et al., 2003). High 
deposition rates (0.5–1.0 m per 1 kyr) indicate the leading 
role of clastic transport in the area (Biebow et al., 2003). 

MATERIAL AND METHODS

The 495 cm long core LV50-05 was retrieved offshore on 
the northeastern continental slope of Sakhalin from a sea 
depth of 785 m during the LV50 cruise of R/V Akademik 

Lavrentyev in June 2010. The samples of bottom sediments 
(about 30–50 g) were collected at every 10 cm, wet sieved 
to >0.063 mm, and the residues were dried at 40 °C.

Planktonic and benthic foraminifera (PF and BF, respec-
tively) were analyzed under an MBS-10 binocular. Samples 
with counts exceeding 300 individuals were quartered. The 
biostratigraphic analysis of the core was based on foramin-
ifera numbers counted as individuals per 1 g of dry sediment 
and on numbers and relative percentage of species in each 
of 49 samples. Changes in the foraminiferal taphocenoses 
were estimated using the PAST software (Harper, 1999) ac-
cording to three standard indices: Shannon diversity, Fish-
er’s alpha, and equitability. 

AMS 14C dating was applied to foraminifera tests (Uvige-
rina peregrina parvocostata, hereafter U. parvocostata) and 
fragments of bivalve shells. Whole well preserved tests and 
shells free from MDAC overgrowths were selected for anal-
ysis in order to reduce chronological inconsistency caused 
by authigenic carbonate precipitation. All samples (>10 mg 
of foraminifera and >100 mg of mollusks) were measured 
for δ13C. Both foraminifera and mollusks were dated in the 
300–305 cm interval for comparison. The isotope measure-
ments were performed in the Woods Hole Oceanographic 
Institution (USA). All AMS 14C ages were calibrated to cal-
endar years (Fairbanks et al., 2005) with regard to a regional 
reservoir effect of 950 years (Keigwin, 1998). 

Fig. 2. Recent plate boundaries of the northwestern Pacific, after (Wong et al., 2003). 1, direction of subduction; 2, plate motion; 3, plate boundar-
ies; SSZ, Sakhalin shear zone.
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Oxygen and carbon isotope compositions were studied in 
three benthic foraminifera species (U. parvocostata, Valvu-
lineria (V.) sadonica and Nonionellina (N.) labradorica), 
which are tolerant to the conditions of methane seepage in 
the Sea of Okhotsk (Pletnev et al., 2014). We selected 2-4, 
2-6 and 2-8 tests of U. parvocostata, V. sadonica and N. 
labradorica, of 1, 0.4–0.8 mm and 0.4–0.6 mm in size re-
spectively. The tests were treated with ≥ 99.7% ethanol in a 
Branson-200 ultrasonic bath. The stable isotope measure-
ments were run on a Finnigan-Mat 253 mass spectrometer 
at the Laboratory of Marine Geology of Tongji University 
(Shanghai), to an accuracy of 0.05‰ for δ13C and 0.07‰ for 
δ18O. All values are quoted in per mill on the international 
Vienna Pee Dee Belemnite  (VPDB) scale defined by the 
NBS-19 reference material (Cheng et al., 2005).

Ultrastructural changes in foraminifera which trace the 
patterns of secondary calcite precipitation and dissolution 
were analyzed on a Carl Zeiss EVO 50 XVP scanning elec-
tron microscope at the Laboratory of Geochemistry of the 
Far East Geological Institute (Vladivostok). 

Methane in the core samples was measured by the head 
space equilibration technique following the standard proce-

dure (Jin et al., 2011). The gas content was determined on a 
Crystal-Lux 4000М gas chromatograph (Russia), to accura-
cy within 10%.

RESULTS

Lithology and age model. The core LV50-05 (Jin et al., 
2011) mainly consists of olive green diatom mud and clastic 
sediments and comprises three units: (1) 0–120 cm: clayey 
diatomaceous ooze; (2) 120–290 cm: homogeneous silty-
clay mud and diatoms; (3) 290–495 cm: dense silty-clay 
mud containing bivalve shells and soft (310–375 cm) or 
hard (430–455 cm) carbonate precipitates (Fig. 3). The soft 
varieties are 0.5–2.5 cm round concretions of consolidated 
carbonate sediments, which may represent an early stage of 
hard concretions. The percentage of diatom mud increases 
markedly above 270 cm. The sediments at 0 to 360 cm core 
depths are massive, without signatures of slumping, but 
have a vesicular structure (Fig. 4) below 360 cm due to 
methane hydrate dissociation. 

Past methane emanation events are commonly dated by 
the radiocarbon age method. Dating of calcareous fossils at 

Fig. 3. Lithology and age model of core LV50-05. 1, clayey silt; 2, silty clay; 3, diatomaceous ooze; 4, clay; 5, gas-saturated sediments; 6, hy-
drotroilite layers and lenses; 7, bedded-spotted sediments; 8, bioturbation; 9, shell fragments; 10, coccolites; 11, soft carbonate precipitates; 
12, hard carbonate precipitates.
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methane seepage sites has its specificity: the 14C content of 
the foraminiferal carbonate should reflect that of seawater 
DIC when the foraminifera were alive (Uchida et al., 2008). 

The carbon isotope composition is around δ13C = 0 ± 3‰ 
in common marine carbonates (Hoefs, 1980; Arslanov, 
1987) and < –3.0‰ in methane-derived varieties. Living or-
ganisms may build their carbonate exoskeletons using fossil 
carbon from deep thermogenic methane which has been 14C-
free since long ago. This leads to underestimation of total 
14C in live foraminifera and overestimation of their calcu-
lated age (Aharon et al., 1997; Logvina et al., 2012): the 
greater the methane-derived carbonate component the larger 
the age error. The foraminifera 14C ages may be also biased 
by a component of methanotrophic bacteria they consume in 
variable amounts or by the presence of MDAC in fossil 
shells. Depleted δ13C (< –3‰) in carbonates indicate that the 
ages require correction. 

Six out of eight obtained AMS 14C dates show linear dep-
thward increase and two dates (OS-117586 and OS-117590) 
are inverse (Table  1). The core is free from signatures of 
slumping or bioturbation, which rules out mixing of fossils 
of different ages. The age inconsistency may be due to dif-
ferent objects of dating: foraminifera and mollusks. Benthic 
foraminifera are more suitable for AМS dating than mol-
lusks (Heier-Nielsen et al., 1995), and species of the Uvige-
rina genus are less prone to MDAC than mollusks (Logvina 
et al., 2012) and than N. labradorica (Cook et al., 2011). 
Our results support these inferences: δ13C is < –3‰ in al-
most all mollusk shells but is about the normal marine val-

ues in foraminifera. For this reason, we have excluded four 
dates with δ13C < –3‰ from the analysis and considered 
valid the AMS 14C ages from the core depths 122, 130–135, 
and 220–225 cm. The age of the 300–305 cm interval ap-
pears to be slightly biased: overestimated lower age bound 
of 11436 ± 93 years BP for OS-117526, in which MDAC 
may be responsible for depleted δ13C (Table 1). The age of 
the core base is rather around 10 kyr, as confirmed by our 
biostratigraphic analysis (see below), and the mean deposi-
tion rate is about 50 cm per 1000 years (Fig. 3).

Methane in bottom sediments. Methane in bottom sedi-
ment cores is characterized with reference to the sulfate-
methane interface (SMI) that separates layers with back-
ground and high methane concentrations and marks the 
zone of anaerobic methane oxidation (AOМ) where sedi-
ments are oxidized by CH4 methanotrophic bacteria and 
methane-derived carbonate concretions can form (Borows-
ki, 1999; Ussler and Paull, 2008). The LV50-05 sample has 
the SMI zone at the 300 cm core depth (Fig. 5).

The SMI profiles from the LV50 site are of four groups 
(Fig. 6). Group a: shallow cores containing gas hydrates, 
with SMI at 25–60 cm which formed early during gas hy-
drate dissociation and anaerobic oxidation of methane. 
Group b: gas-bearing sediments, with variable SMI depths 
corresponding to sampling depths at a flank of a methane-
hydrate structure. Group c1 (solid line on the left): back-
ground methane contents (0.01–1 ml/L) which are insuffi-
cient for modern gas hydrate formation or represent the 
stage after complete cessation of hydrate dissociation and 

Fig. 4. Textures of cored sediments. A, Massive texture and traces of soft carbonate precipitates (SC); B, vesicular (gas-saturated) texture. 
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AOM. Group c2 (dash line on the right): sediments from a 
site of methane emanation into water (1 to 120 ml/L); both 
varieties of group c lack SMI. 

Foraminifera. The core was sampled in the zone of oxy-
gen minimum influenced by the East Sakhalin current. 
These facts cause specificity of the distinguished benthic 
foraminifera assemblages which is especially common to 
oxygen-depleted high-productive continental slopes of the 
Sea of Okhotsk (Saidova, 1997). 

The foraminifera numbers vary over the core depth 
(Fig.  7): they are absent or sporadic in the intervals 310–
390, 440–445, 460–465, and 480–485 cm. The BF and PF 
abundance peaks coincide within the 305–300, 275–270, 

225–210, 185–180 and 135–130 cm intervals. The BF peak 
of 63 specimens per 1 g of dry sediment falls within 220–
225 cm and that of PF (>100 individuals) is within 180–185 
and 130–135 cm core depths. Foraminifera have well pre-
served tests with distinct morphological signatures only bet
ween 0 and 135 cm, but the numbers of yellow and brown 
foraminifera with traces of corrosion increase toward the 
core bottom. 

We identified 46 benthic and 6 planktonic species of for-
aminifera. The species U. parvocostata Saidova, Cribroel-
phidium batiale (Saidova), Cibicidoides borealis Saidova, 
N. labradorica (Dawson), V. sadonica Asano, and Pullenia 
sphairoides (Dawson) predominate among benthic taxa, 
while Subarctic Neoglobogudrina pachyderma sin, Ehren-
berg (70–90%), and Boreal Globigerina bulloides Orb. (10–
25%) totally exceed 90% among planktonic species. The 
foraminifera taphocenoses in the core are very similar to the 
extant fauna at the LV50 site (Saidova, 1997; Pletnev et al., 
2014), which prompts that the sediments are no older than 
the Holocene. 

The core comprises three foraminifera units: 495–300, 
300–135 and 135–0 cm. The foraminifera numbers (counted 
as number of tests per 1 g of dry sediment) are the lowest in 
the 495–300 cm interval: 3–12 and 1–6 for PF and BF, re-
spectively. Benthic foraminifera belong to six in situ species 
(U. peregrinа, Retroelphidium subclavatum, N. labradorica, 
Cr. batiale, Epistominella pacifica, V.sadonica) and two 
species (Cr. asterineum, Buccella granulatа et al.) brought 
by ice rafting or gravity sliding of sediments. The planktonic 
species are mostly Subarctic N. pachyderma sin. (>87%). 
The low foraminifera numbers in this interval may result 
from poor inputs of nutrients and warm surface waters from 
the Sea of Japan and the Pacific. Judging by the lack of dra-
matic abundance changes at 14 and 11 kyr BP known for the 
Sea of Okhotsk (Seki et al., 2004), the interval was deposited 
after the Pleistocene termination events, most likely during 
the Preboreal and Boreal phases of the Early Holocene. 

Interval 300–135 cm. Foraminifera increase both in the 
number of species (to 28) and in abundance (numbers of 63 
and 121 for BF and PF, respectively). The assemblages al-
most all over the core include high percentages of foramin-

Table 1. AMS 14C and calibrated calendar ages in core LV50-05

Sample ID Core depth, cm Material Uncorrected AMS 
δ14C age, m δ13C, ‰ Calibrated calendar 

age, yr Calibration version

OS-117588
OS-117586
OS-117585
OS-117591
OS-117589
OS-117590
OS-117790
OS-117526

122
130–135
160–165
220–225
280–285
300–305
300–305
490–495

Mollusk
Foraminifera 
Mollusk
Foraminifera  
Mollusk
Mollusk
Foraminifera 
Mollusk

3150 ± 20
3400 ± 25
3150 ± 20
5110 ± 20
7710 ± 25
8190 ± 30
7450 ± 30
10950 ± 30

–1.13
–1.49
–3.06
–2.03
–6.23
–4.95
–3.49
–6.81

2223 ± 54
2518 ± 102
2223 ± 54
4721 ± 62
7607 ± 21
8040 ± 41
7421 ± 20
11436 ± 93

Fairbanks0107
Fairbanks0107
Fairbanks0107
Fairbanks0107
Fairbanks0107
Fairbanks0107
Fairbanks0107
Fairbanks0107

Note. Biased AMS 14C ages are italicized.

Fig. 5. CH4 and SO4
2– profiles and SMI position in core LV50. SO4

2– is 
according to (Minami et al., 2013). 
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ifera species that record high organic inputs to bottom wa-
ters and oxygen depletion: U. parvocostata, N. labradorica, 
and Brizalina pacifica. Among planktonic foraminifera, N. 
рachyderma sin. decrease, while boreal G. bulloides in-
crease to 15–25%; the appearance of N. pachyderma dex 
indicates relatively warm waters. The interval apparently 
was deposited during the mid-Holocene climate optimum 
(Atlantic phase). 

Interval 135–0 cm. The PF and BF compositions are sim-
ilar to those in the 300–135 cm interval though differ in a 

lower number of dominant species. The assemblage includes 
23 benthic species, with a foraminifera number of 28. The 
PF number is from 15 to 48, with quite a large percentage of 
boreal G. bulloides and with the presence of N. pachyderma 
dex that lives in warm waters. The BF composition is com-
parable with the modern fauna of the study area (Saidova, 
1997; Pletnev et al., 2014), which indicates a late Holocene 
(Subboreal–Subatlantic) age of the interval. 

The distribution of U. parvocostata and G. bulloides is 
distinctly symbatic (Fig. 7), while the variations of N. labra-

Fig. 6. Methane profiles in cores from site LV50. Profiles are grouped as described in text, groups a, b, c (Fig. 1).

Fig. 7. Foraminifera patterns in core samples: number of individuals per g of dry sediment and percentages of main planktonic and benthic foramin-
ifera species. Diversity indices and equitability are calculated for fossil BF assemblages. Gray color shows intervals of few or absent foraminifera. 
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dorica have an opposite pattern. The planktonic species 
G. bulloides is an indicator of high productivity of surface 
waters (Zaric et al., 2005), while a large flux of organic de-
tritus from the photosynthetic zone maintains high abun-
dance of extant U. parvocostata on the bottom (Husid et al., 
2013). The endobiont N. labradorica lives in deeper waters 
than U. parvocostata and consumes organic matter mainly 
from pore water (Leiter and Altenbach, 2010). 

The diversity and equitability indices that record taxo-
nomic changes in BF assemblages show high diversity dur-
ing the deposition of two upper units (Fig. 7). The patterns 
reveal alternating oxic-suboxic conditions in bottom water, 
most likely controlled by the variations of monsoon-type 
climate and the Amur discharge.

Stable isotope compositions of foraminifera. The car-
bon isotope composition of N. labradorica and V. sadonica 
endobionts and epibenthic U. parvocostata varies from 
–0.79 to –34.75‰ δ13C (Fig. 8; Table 2). Some δ13C values 
are much lower than the background for the same species 
(Ishimura et al., 2012; Pletnev et al., 2014). The range of 
δ13C lows for U. parvocostata and V. sadonica is much 
smaller than δ13C for N. labradorica, except for anomalous-
ly low values in U. parvocostata between 470 and 475 cm.

The best representative δ13C curve for N. labradorica 
comprises three intervals at 0–135, 135–300 and 300–
495  cm of core depth which differ in δ13C ranges and in 

colors and preservation of foraminifera and are consistent 
with lithological and biostratigraphic units.   

The upper interval (0–135 cm) includes three negative 
δ13C excursions in N. labradorica at 40–45, 50–55 and 70–
75 cm: –2.52‰, –5.10‰ and –2.82‰, respectively. The 
tests are white and transparent, without signatures of sec-
ondary calcification detectable in SEM images (Plate 1). 
The δ13C values are 0.3–0.5 ‰ lower at 30–35 and 60–75 cm 
in U. parvocostata and slightly lower also at 90–95 cm in 
V. sadonica.

The interval 140–270 cm for N. labradorica is marked by 
a single negative δ13C excursion to –34.75‰. The –1 to 
–1.7‰ values at 170, 210, 240, and 290 cm for U. parvo-
costata and at 150 and 290 cm for V. sadonica indicate pe-
riodic methane emissions during the deposition. The –3.82‰ 
δ13C excursion for Uvigerina parvocostata coincides with 
the main peak in N. labradorica. The minimum values for 
both species evidence of a strong MDAC impact. Some tests 
from 140–150 and 170–230 cm have secondary calcic over-
growths. 

In the lower interval (300–495 cm), N. labradorica shows 
a prominent negative δ13C excursion to –34.97‰ at 410 cm. 
The medium and lower intervals are divided by a layer at 
290–300 cm where the values for N. labradorica (–1.7‰) 
correspond to normal marine conditions. U. parvocostata 
shows depleted δ13C of <–2‰ over the whole interval, espe-

Fig. 8. Oxygen and carbon isotope compositions in different species of benthic foraminifera. 1, V. sadonica; 2, U. рarvocostata; 3, N. labradorica.
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Table 2. δ18O and δ13C patterns in three types of benthic foraminifera in core LV50-05

Depth, cm Species Size of tests, mm δ13C, ‰ VPDB δ18O, ‰ VPDB

10—15
10—15
20—25
20—25
20—25
30—35
30—35
30—35
40—45
40—45
40—45
50—55
50—55
50—55
60—65
60—65
60—65
70—75
70—75
70—75
80—85
80—85
80—85
90—95
90—95
90—95
100—105
110—115
110—115
120—125
120—125
120—125
130—135
130—135
130—135
140—145
140—145

U. parvocostata
N. labradorica
U. parvocostata
V. sadonica
N. labradorica
U. parvocostata
V. sadonica
N. labradorica
U. parvocostata
V. sadonica
N. labradorica
U. parvocostata
V. sadonica
N. labradorica
U. parvocostata
V. sadonica
N. labradorica
U. parvocostata
V. sadonica
N. labradorica
U. parvocostata
V. sadonica
N. labradorica
U. parvocostata
V. sadonica
N. labradorica
U. parvocostata
»
N. labradorica
U. parvocostata
V. sadonica
N. labradorica
U. parvocostata
V. sadonica
N. labradorica
U. parvocostata
V. sadonica

1.0
0.5—0.6
1.0
0 .6—0.8
0.35—0.6
1.0
0.6—0.7
0.4—0.7
1.0
0.45—0.7
0.4—0.55
1.0
0.6—0.7
0.5—0.6
1.0
0.5—0.6
0.5—0.6
1.0
0.6—0.7
0.4—0.6
1.0
0.4—0.75
0.4—0.5
1.0
0.4—0.7
0.4—0.6
1.0
1.0
0.3—0.5
1.0
0.6—0.7
0.5—0.6
1.0
0.5—0.7
0.4—0.6
1.0
0.5—0.8

–1.08
–1.92
–0.93
–1.00
–2.13
–1.42
–0.92
–0.86
–0.99
–0.94
–2.52
–1.18
–0.85
–5.11
–1.44
–0.79
–1.27
–1.48
–1.18
–2.82
–0.95
–0.68
–1.36
–1.02
–1.40
–1.60
–1.20
–1.33
–2.18
–1.03
–1.00
–1.68
–1.04
–1.15
–1.40
–0.98
–0.84

3.65
3.40
3.61
2.91
3.36
3.48
2.99
3.02
3.55
2.93
3.30
3.48
2.98
3.36
3.61
2.91
3.43
3.63
3.11
3.48
3.60
3.01
3.34
3.51
3.01
3.39
3.60
3.56
3.44
3.56
3.05
3.47
3.60
2.92
3.34
3.51
3.02

140—145 N. labradorica 0.5 –26.56 3.60
150—155 U. parvocostata 1.0 –1.07 3.60
150—155 V. sadonica 0.6—0.8 –1.42 3.02
150—155 N. labradorica 0.5 –21.52 3.48
160—165 U. parvocostata 1.0 –0.79 3.61
160—165 V. sadonica 0.3—0.7 –0.89 3.04
170—175 U. parvocostata 1.0 –1.83 3.54
170—175 V. sadonica 0.6—0.7 –0.93 3.07
170—175 N. labradorica 0.5—0.6 –34.75 3.74
180—185 U. parvocostata 1.0 –3.82 3.51
180—185 N. labradorica 0.6 –30.55 3.78
190—195 U. parvocostata 1.0 –1.08 3.47
200—205 » 1.0 –1.19 3.58
200—205 N. labradorica 0.5—0.7 –30.83 3.67
210—215 U. parvocostata 1.0 –1.34 3.47
210—215 N. labradorica 0.5—0.6 –22.93 3.59
230—235 U. parvocostata 1.0 –1.17 3.53

(continued on next page)
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cially in the lower part (450–495 cm). The low of –25.97‰ 
δ13C for U. parvocostata is recorded within 470–495 cm 
where foraminifera are corroded and brown stained (Plate 1).

The δ18O values in benthic foraminifera vary insignifi-
cantly (Fig. 8; Table 2) which is evidence of stable bottom 
water temperatures in the past. As it was shown earlier (Tor-
res et al., 2003; Uchida et al., 2008; Pearson, 2012), δ18O is 
sometimes 0.3–0.5‰ heavier in the tests with depleted δ13C. 
In the core LV50-05, the effect was observed at 170, 270 
and 410 cm core depths in U. рarvocostata.

DISCUSSION

The δ13C excursions from –1.5 to –34‰ in N. labradori-
ca and U. parvocostata, V sadonica in the LV50-05 core are 
markedly more negative than the background values of the 
same foraminifera species that live outside the zones of 
methane seeps in the Sea of Okhotsk. These lows are explic-
itly or implicitly related to increasing methane concentra-
tions in bottom sediments during the lifetime of the foramin-
ifera, and we call them methane events (ME). The 
foraminiferal 13C/12C ratios in tests, along with lithostrati-
graphic and biostratigraphic data and AMS 14C ages, reveal 
several methane events in the core separated by spells of 
normal marine δ13C: ME-1 (700 to 900 years BP); ME-2 
(1200 to 1400 years BP); ME-3 (2500 to 5400 years BP), 
and ME-4 (7400 to 10000 years BP) (Fig. 9).

Picking the main (live) and postdepositional δ13C signals 
in the foraminifera records is the key deciphering issue. The 
methane response in the record of alive foraminifera is 

slightly lower than the respective values outside the meth-
ane seeps (Sen Gupta et al., 1997; Torres et al., 2003; Ber-
nard et al., 2010). Our analysis of isotopes in live benthic 
foraminifera of three species from the LV50 site in the Sea  
of Okhotsk showed variations from –0.3 to –1‰ (Pletnev et 
al., 2014). The live δ13C methane response of the Sea of 
Okhotsk species is from –1.4 to –1.6‰ for U. parvocostata 
and V. sadonica and from –2.0 to –3.0‰ for N. labradorica 
(Pletnev et al., 2017). The range for N. Labradorica may be 
larger because it can tolerate the conditions of methane 
seeps at the LV-50 site. The same δ13C difference between 
and within foraminifera species likely persisted in the Holo-
cene. The main rsponse may be often masked by a stronger 
MDAC signal (Aharon et al., 1997; Torres et al., 2003; 
Uchida et al., 2008): the most prominent δ13C excursions 
correspond to MDAC effects in our data. There is evidence 
that the δ13C values below –1.6‰ bear MDAC signatures 
(Ambrose et al., 2015).

The δ13C variations for N. labradorica (Figs. 8, 9; Ta-
ble  2) are especially interesting. The negative δ13C excur-
sions at 40–45 cm (–2.5‰) and 70–75 cm (–2.8‰) mark two 
brief events ME-1 and ME-2 which record the live signal 
during methane emission. The δ13C values of N. labradorica 
during the ME-3 and ME-4 events were 4–6 times as low as 
during ME-1 and ME-2. The main and secondary signals of 
early emissions are hard to discriminate. Low δ13C unam-
biguously indicate a greater role of MDAC during ME-3 and 
ME-4 than during ME-1 and ME-2. Traces of secondary cal-
cification are well evident both under the binocular and in 
SEM images. MDAC effects also show up in a negative δ13C 
excursion of –5.1‰ for N. labradorica at 50–55 cm.

Table 2 (continued)

Depth, cm Species Size of tests, mm δ13C, ‰ VPDB δ18O, ‰ VPDB

230—235 V. sadonica 0.6–0.8 –1.22 2.90
230—235 N. labradorica 0.5 –28.89 3.66
270—275 U. parvocostata 1.0 –1.68 3.55
270—275 V. sadonica 0.6–0.8 –1.08 2.95
270—275 N. labradorica 0.6 –11.88 3.54
290—295 U. parvocostata 1.0 –1.49 3.50
290—295 V. sadonica 0.5–0.6 –1.71 3.02
290—295 N. labradorica 0.5 –1.70 3.35
300—305 U. parvocostata 1.0 –1.97 3.35
300—305 V. sadonica 0.6–0.7 –1.10 2.94
300—305 N. labradorica 0.5–0.6 –21.20 3.61
400—405 U. parvocostata 1.0 –2.10 3.75
400—405 N. labradorica 0.6–0.7 –11.91 3.66
410—420 U. parvocostata 1.0 –1.75 3.68
410—420 N. labradorica 0.6–0.7 –34.97 3.86
450—455 U. parvocostata 1.0 –3.23 3.70
470—475 » 1.0 –3.47 3.59
470—475 N. labradorica 0.5 –23.70 3.72
490—495 U. parvocostata 1.0 –25.97 3.71
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Plate 1. SEM images of benthic species: U. peregrina parvocostata (1–3; 10–12), N. labradorica (4–6; 13–15) and planktonic N. pachyderma sin 
(7–9; 16–18). Upper images (1–9): foraminifera affected by MDAC from intervals 450–455 and 490–495 cm. Lower images (10–18): unaltered 
foraminifera from intervals 50–55 cm in core LV 50-05. Scale bar is 10 μm.
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Previously negative δ13C excursions were reported for 
N. labradorica dated at 3500 and 7000 years BP from two 
cores from the Sea of Okhotsk (Lembke-Jene et al., 2007) 
and were attributed mainly to MDAC. These ages fall within 
the ME-3 and ME-4 spans, i.e., the two events were of re-
gional scale.

δ13C variations in U. рarvocostata are well complemen-
tary to the δ13C results for N. labradorica: its minimums 
coincide with or are next to ME-1, МC-2, and МC-3. Impor-
tantly, the negative δ13C excursions for U. рarvocostata rep-
resent the methane record in foraminifera while they were 
alive, as most δ13C values are in a threshold range of –1.4 to 
–1.6‰ (Figs. 8, 9; Table 2), except for the 180–185 cm in-
terval (ME-3), where they reach –3.8‰ as evidence of 
MDAC. Enhanced activity of currents during ME-3 is indi-
cated by δ13C signals of U. рarvocostata, which are times 
the background value for that period. The MDAC signal in-
creases in МЕ-4 and overwhelms the main signal in the pri-
mary calcite record of this species. The process culminated 
at –26.0‰ δ13C in U. рarvocostata at the depths 470–
475 cm, possibly, because authigenic calcite was growing. 

The δ13C values for V. sadonica are close to the normal 
marine level almost throughout the core, and only few mini-
mums confirm emissions during ME-3. This species com-
monly lives in the Sea of Okhotsk deeper than the sampling 
depth of the core (Saidova, 1997), and it is less informative 
and less abundant than U. рarvocostata and N. labradorica. 

Foraminiferal δ13C may also vary under the effect of 
changing carbon flux from the zone of photosynthesis and 
carbon transport to the study area by the Amur River and 
Sea of Okhotsk intermediate waters from northwest. Varia-
tions in the counts of G. bulloides, a productivity proxy for 
the photosynthetic zone (Zaric et al., 2005), do not show any 
notable correlation between the number of species and δ13C 
lows (Fig. 7). The Fischer α and Shannon diversity indices, 

which record fast changes in foraminifera taxonomy caused 
by oxic to suboxic transitions in the ocean, are high in 
ME-3–ME-1 but low in ME-4 (Fig. 7). They show that the 
negative δ13C excursions do not correlate with oxygen con-
tents in the bottom water. The present δ13CDIC values at the 
sea depths from 600 to 1000 m in the area increase with 
depth only slightly: from –0.3 to –0.5‰ (Itoh et al., 2013), 
and the variations in the late and middle Holocene were 
likewise minor in the central Sea of Okhotsk (Lembke-Jene 
et al, 2017). 

Thus, the external natural factors were of secondary im-
portance and could not change markedly the δ13C of N. lab-
radorica and U. рarvocostata during ME-1–ME-3. Their 
influence on foraminiferal δ13C was significant in the Pleis-
tocene, when the climate changed between glacial and inter-
glacial conditions (Wu et al., 2014; Lembke-Jene et al., 
2017). 

The two species U. parvocostata and N. labradorica dif-
fer in δ13C because they live in different environments, 
though both belong to suboxic infauna (Kaiho, 1994). The 
species of the Nonionella genus, close to the Noniоnellina 
suborder, can live within 19 cm depths in bottom sediments 
(Leiter and Altenbach, 2010); they are better adapted to sul-
fide environments and feed on organic matter from pore wa-
ter. Unlike these, U. parvocostata live in the top 1–2 cm of 
sediments and consume primary Corg. The diet difference is 
evident in mirror-like patterns of depth-dependent foramin-
ifera percentages (Fig. 10). The increase in methane flux and 
the proximity of SMI to the bottom surface could affect the 
N. labradorica endobiont species via pore water.

The isotope signal also depends on the surface of fora-
minifera tests (whether it is smooth or spinous) and on the 
volume of the terminal chamber (Pearson, 2012), which has 
bearing on MDAC formation. The tests of planktonic fora-
minifera are much more porous than in benthic species 
(Uchida et al., 2008; Pearson, 2012). The large volume of 
the terminal chamber in N. labradorica may be responsible 
for a stronger δ13C signal as MDAC can reside also inside 
hollow tests.

Microbial methane is an essential agent in the formation 
and dissociation of gas hydrates in shallow bottom sedi-
ments in the area (Hachikubo et al., 2011; Yang et al., 2011). 
The past and present processes of this kind are traceable ac-
cording to SMI, which is at the 300 cm level in the core we 
analyzed. At SMI, pore waters show a –10‰ δ13C shift (Ha-
chikubo, pers. commun.) and the sediments contain soft car-
bonate concretions. The interval 430–450 cm (Figs. 3, 10) is 
rich in hard carbonate concretions and shell fragments of 
Calyptogena, an indicator of chemosynthesis at methane 
seeps (Levin, 2005). In the Sea of Okhotsk, such concretions 
have δ13C from –37 to –46‰, which proves their methane-
derived origin (Greinhert and Derkachev, 2004). These find-
ings in the 430–450 cm interval reveal the past SMI position 
and, on the other hand, prove the existence of methane emis-
sions in ME-4. Possibly, the findings of soft concretions 

Fig. 9. Position of present SMI (left) and δ13C in pore water methane 
(Hachikubo, Kitami Institute of Technology, Japan, pers. commun.); 
AMS C14 ages and depth-dependent δ13C variations in N. labradorica 
and U. parvocostata (right). Gray color shows intervals of methane 
events.
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within 153–154 and 353–356 cm are also markers of SMI. 
Lithification of soft concretions may be a very long process 
which could span several successive methane events.

The precipitation of carbonates was accompanied by in-
crease in alkali contents, accelerated formation of CO3

2– 

(Tishchenko et al., 2005; Ussler and Paull, 2008), and рН 
changes in pore water (Treude et al., 2005). The рН varia-
tions could lead to dissolution of carbonate foraminifera 
tests and produce mute intervals, as it happened in the 
LV50-05 core. Previously, such gaps of uncertain origin 
were reported for foraminiferal records from the Sea of Ja-
pan and the Sea of Okhotsk (Pletnev, 2009).

The methane events distinguished in the Sea of Okhotsk 
may be a response to geological processes of different ages. 
ME-4 was associated with a dramatic change from the Last 
Glacial to the Holocene optimum. At 18–15 kyr BP, the sea 
level may have been 130 m lower than now (Miller et al., 
2005), the bottom of shallow straits emerged, and the is-
lands of Sakhalin, Hokkaido, Lesser Kuriles, and Kunashir 
made up a single continental landmass with the Primorye 
territory in easternmost Eurasia (Pletnev, 2004). Thus the 
southwestern Okhotsk Sea became fully isolated from the 
warm Japan Sea and partly from the Pacific which led to its 

cooling and formation of gas hydrates (Wong et al., 2003). 
The PT conditions for the gas hydrate formation changed at 
the onset of global warming and rapid sealevel rise at 15 to 
8 kyr BP. Increase in hydrostatic pressure during the Prebo-
real phase of the Holocene induced dissociation of methane 
hydrates with release of methane in the Sea of Okhotsk (МЕ-
4), as well as over the Northern Hemisphere as a whole 
(Maslin et al., 2004; Uchida et al., 2008). 

ME-3, in our view, was triggered by a deposition change: 
biogenic (diatom) sedimentation increased in the middle 
Holocene (about 7 kyr BP) and reached its maximum during 
the Atlantic optimum (Seki et al., 2004). The primary pro-
ductivity and Corg flux to the bottom (Seki et al., 2004) in-
creased due to retreat of sea ice, warming of surface water 
temperatures (Sakamoto et al., 2006), and resumed supply 
of fresh waters from the Amur River. Furthermore, the flux 
of carbon increased with permafrost degradation and addi-
tional transport by the Amur and intermediate waters. The 
Corg increase and high deposition rates maintained active 
biogeochemical processes in anaerobic surface sediments 
and the ensuing microbial methane production. Gas hydrates 
recovered by gravity coring at the LV50 site consist of bio-
genic methane (Hachikubo et al., 2011), which might partly 
be a product of bacterial rework of deep methane, though 
the latter hardly can have increased much as a result of a 
3–5 m sealevel rise in the middle Holocene.

By analogy with the present setting, the carbon isotope 
composition of foraminifera indicates that normal marine 
conditions at the coring site have existed for the past 2300 
years and were punctuated by brief methane events 2 and 1 
in response to natural catastrophes. Methane seepage be-
came times greater after earthquakes (Field and Jennings, 
1987) and the large eruption of Paeuktu (Chángbáishān) 
volcano 938 years ago at the China/Korea boundary fell 
within МЕ-1 (Utkin, 2014). The causes of ME-2 remain un-
der study. 

We hope that our data on foraminifera as a record of 
methane emission history will be useful for further studies 
of gas emissions and paleogeography of the Sea of Okhotsk.

CONCLUSIONS 

The CН4 and SO4
2– profiles in the LV50 core of bottom 

sediments show that methane venting at the site was of local 
occurrence. The core intervals deposited in the time when 
methane emission exceeded the present-day background are 
recorded in foraminiferal δ13C, AMS 14C, and biostrati-
graphic data. They are the methane events ME-1 at 700–900 
years BP, ME-2 at 1200–1400 years BP, ME-3 at 2500–
5400 years BP, and ME-4 at 7400–10000 years BP. 

The presence of methane-derived carbonate precipitates 
and shells of chemosynthetic mollusks in the 430–450 cm 
interval of the LV50 core marks the past position of SMI 
and provides evidence for episodic methane seepage in the 
early Holocene (ME-4).

Fig. 10. Distribution of N. labradorica and U. parvocostatа in core 
LV50.
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The methane responses of extant N. labradorica, U. par-
vocostata, and V. sadonica make reference for discrimina-
tion between the live and postdeposition ME signals in the 
δ13C records of fossil foraminifera. The U. parvocostata re-
sponses mark especially the chronology of methane emis-
sions while N. labradorica is more sensitive to the forma-
tion of methane-derived carbonate.

In the Sea of Okhotsk, ME-1 and ME-2 were brief epi-
sodes that were possibly triggered by active volcanism and 
earthquakes. The longer event 3 was associated with marked 
increase in diatom deposition during the Atlantic phase. En-
hanced Corg in shallow sediments maintained biogeochemi-
cal processes and production of biogenic methane. ME-4 
occurred in a setting of global sealevel rise in the latest 
Pleistocene and early Holocene. Increase in the hydrostatic 
pressure in Preboreal time induced gas hydrate dissociation 
in the Sea of Okhotsk, as well as globally in the Northern 
Hemisphere. 
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