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Abstract—The Hg distribution and some mineralogical-geochemical features of bottom sediments up to a
depth of 10 m in the Deryugin Basin showed that the high and anomalous Hg contents in the Holocene deposits
are confined to a spreading riftogenic structure and separate fluid vents within it. The accumulations of Hg in
the the sediments were caused by its fluxes from gas and low-temperature hydrothermal vents under favorable
oceanological conditions in the Holocene. The two mainly responsible for the high and anomalous Hg contents
are infiltration (fluxes of hydrothermal or gas fluids from the sedimentary cover) and plume (Hg precipitation
from water plumes with certain hydrochemical conditions forming above endogenous sources). The infiltration
anomalies of Hg were revealed in the following environments: (1) near gas vents on the northeastern Sakhalin
slope, where high Hg contents are associated only with Se and were caused by the accumulation of gases
ascending from beneath the gas hydrate layer; (2) in the area of inferred occasionally operating low-temperature
hydrothermal seeps in the central part of the Deryugin Basin, in which massive barite chimneys, hydrothermal

Fe—Mn crusts, and anomalous contents of Mn, Ba, Zn, and Ni in sediments develop.

DOI: 10.1134/S0016702907010041

INTRODUCTION

The study of Hg distribution in marine ecosystems
is a very important problem, because Hg is an indicator
of fluxes of endogenous fluids and an exploration sign
of ore and hyhdrocabron deposits, as well as a danger-
ous and global environmental pollutant. The compli-
cated character of this problem is determined by the
high migration ability of Hg and its natural and anthropo-
genic sources. It is believed that most Hg (up to 90% [1])
in oceans and bottom sediments is supplied from the
atmosphere, with some introduction from anthropo-
genic and other natural sources. The anthropogenic
constituent in the atmospheric balance of Hg and its
spatial and temporal variations have been studied in
detail in [2]. However, the natural component was esti-
mated only qualitatively, and no total Hg balance in the
ocean (including its bottom fluxes) was evaluated.

The analysis of elevated Hg concentrations of natu-
ral origin in rocks showed that ore (related to the depos-
its of different composition) and non-ore (having only
geochemical significance) concentrations are restricted
to mantle-rooted mobile belts in continental and oce-
anic blocks of the Earth’s crust [3]. A mantle origin is
inferred for Hg at most ore deposits and gas fields,
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while Hg belts are confined to deep-seated fault zones.
Natural geochemical cycles of Hg are controlled by the
predominant removal of its vapor and diverse solutions
from volcanoes along faults and fluid-conducting chan-
nels, defluidization of hydrocarbon and coal deposits,
and removal from the supergene zone of sulfide depos-
its. This was long utilized in the mercurymetric pros-
pectings of onshore ore deposits and oil-gas fields
based on lithochemical, hydrochemical, and atmo-
chemical dispersion halos [4].

Similar tendencies in Hg accumulation were found
in active oceanic mantle-rooted structures. High Hg
contents in sulfide ores and their host sediments were
found in both midocean ridges [3, 5] and spreading
zones in marginal basins [6]. The formation of anoma-
lous and elevated Hg contents in bottom sediments at
sea basins with insignificant anthropogenic pollution is
determined mainly by its flux from the Earth’s crust and
precipitation near hydrothermal vents [4, 6]. Of great
importance in this context is the character of hydrother-
mal vents, host rocks, and postsedimentation transfor-
mations. It was established that high Hg contents could
be formed by fluid seeping through sedimentary
sequence (infiltration) and during precipitation from
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aqueous plumes forming above an endogenous source
(plumous) [5].

By analogy with onshore mercurymetric prospect-
ing and available data on Hg distribution in marine sul-
fide ores and metalliferous sediments, elevated Hg con-
centrations in bottom sediments and minerals were pro-
posed as prospecting guides for submarine
hydrothermal vents, which often associate with sulfide
ores and metalliferous sediments [7]. However, the
direct application of the methods of onshore mercury-
metric prospecting to marine conditions is hardly pos-
sible due to the presence of a sedimentary cover (which
constrains Hg emission from endogenous sources and
ore deposits) and a water mass into which the hydro-
thermal fluids are discharged. Depending on certain
sedimentological and oceanological conditions, these
factors could significantly modify the localization and
intensity of Hg lithochemical dispersion halos above
endogenous sources and ore deposits. In addition,
unlike other metals that participate in the hydrothermal
process (Fe, Mn, Ni, Cu, and Zn) and are utilized in
geochemical surveys, Hg migrates with gases, whose
behavior upon discharging in bottom waters is different
from that of aqueous fluids.

This assumption needed to be tested by studying
lithochemical dispersion halos of Hg above submarine
fluid vents in recent rifting zones. For this purpose, we
studied the distribution of Hg and some other ore ele-
ments and the mineral-geochemical features of the
Quaternary deposits of the Deryugin Basin in the Sea of
Okhotsk, one of the most thoroughly studied marginal
sea rift basins.

This basin is typically considered to be a Late Cen-
ozoic rift zone [7, 8] and consists of two tectonic sys-
tems: the Deryugin spreading rift system (DSRS [8]; rift
trough, [7]) with a sedimentary cover up to 10-13 km
thick and the Central-Okhotsk transtensional rift sys-
tem (COTS [8], rift graben [7]). The axial and western
part of DSRS (Fig. 1) contain numerous gas vents,
which cause the hydrogen sulfide pollution of the sedi-
ments, the intense accumulation of Mo and other trace
elements [9], and pervasive diagenetic cementation by
gashydrates, carbonates, and enrichment in amorphous
iron sulfides [10, 11]. The area within COTS east of
DSRS is characterized by the strongest heat flow in the
Sea of Okhotsk [8], a highly rugged relief of the acous-
tic basement dominated by SE-trending linear struc-
tures and exposures at the seafloor, massive barite min-
eralization of Holocene age [12, 13], hydrothermal Fe—
Mn crusts [14], and extremely high contents and accu-
mulation rate of Mn and some trace elements (Ba, Zn,
and Ni) in both the oxidized and the reduced sediments
as compared to other sediments of the Sea of Okhotsk
[9, 15, 16].

No direct observations of endogenous sources have
ever been conducted in the central part of the Deryugin
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Basin, and there are only indirect traces of endogenous
activity: an elevated heat flow, methane anomalies in
the bottom water, and some geophysical data [13, 17,
18]. The fluxes of gas and aqueous metalliferous fluids
can be grouped in two types: elision (from sedimentary
sequences of the Deryugin trough) and postmagmatic
(from interstratal intrusions) [9, 12, 13, 18].

MATERIALS AND METHODS

Sediment cores were taken by gravity corers and
multicorers during cruises of the R/V Akademik Ne-
smeyanov (1993), Academik Lavrentiev (1996, 1997,
and 2002) [11, 13, 19], and the M/V Marshal Geolo-
vani (1999) [17] (Fig. 1).The collecting of the cores,
their primary studies, including measurements of the
mechanical parameters of the sediments, their water
content, magnetic susceptibility, and color, as well as
their description and sampling, were conducted in com-
pliance with conventional techniques [11, 17, 19]. Sam-
ples for Hg determination were placed into polyethyl-
ene pockets, sealed, and stored wet until measurements
were taken. Before analysis, the samples were air-dried
and ground in an agate mortar. Some samples (core
LV28-34-3) were taken from core material, which had
been kept in plastic containers in a dry state.

The Hg content was determined by atomic
absorption on a PA-915+ analyzer equipped with an
RP-91C pyrolitic system (LUMEX, St. Petersburg).
The samples were analyzed without preliminary prepa-
ration, using standard techniques and GSO 7263-96 and
GSO 7183-95 standards. The data were processed by a
computer linked with the analyzer.

The contents of Al, Ti, Fe, Mn, and trace elements in
sediments were determined by atomic absorption [20,
21] on a Hitachi Limited (180-5) flame analyzer, by
atomic emission [22] on a PLASMAQUANT 110 spec-
tral-analytical complex at the Far East Geological
Institute, Far East Division, Russian Academy of Sci-
ences, and by INAA [23] using multichannel impulse
analyzer and a high-resolution semiconductor detector.

Organic carbon (in some samples) and total sulfur
were determined chromatographically on a CARLO
ERBA NA-1500 analyzer without preliminary decom-
position of the samples. The analysis was based on a
instantaneous oxidation of components in oxygen at a
temperature of 1050°C, passing the combustion prod-
ucts in a helium flow with accumulation (at 650°C) on
a copper catalyst in tin or silver containers. Organic car-
bon was determined mainly by the Tyurin method in its
TsINAO modification [24]. The content of calcium car-
bonate and amorphous silica were determined by con-
ventional techniques for individual cores [9]. Because
of pervasive diagenetic alterations of sediments from
the Deryugin Basin, these parameters cannot always be
used for the determination of biogenic silica and car-
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Fig. 1. Sampling sites of bottom sediment cores and some structural elements of the Deryugin Basin and Northern Sakhalin. Bottom
relief is shown according to [17]. Rectangle outlines fragment shown in Fig. 3. (/) Structural-tectonic zones [8]: (I) Central Okhotsk
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bonate. Therefore, biogenic siliceous and carbonate
residues were determined mainly by studying micro-
scopic specimens.

The age of the sediments (retrieved in the cores) was
taken from previously published dates obtained by dif-
ferent methods (Table 1). The mechanical properties of
the sediments were determined using the technique
[19]. The composition of samples was determined by
semiquantitative analysis of major sediment-forming
components in microscopic specimens [9].

Statistical and graphic treatment was conducted by
the STATGRAPH and Excel computer programs. Maps
of the distribution of elements and the accumulation
rates were constructed in a SURFER 8 software pack-
age using a “kriging” interpolation.

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 1

COMPOSITION AND STRATIGRAPHY
OF UPPER QUATERNARY SEDIMENTS

The composition and stratigraphy of the Upper Qua-
ternary sediments of the Deryugin Basin are typical of
the Sea of Okhotsk; therefore, most of the cores can be
reliably correlated with well-studied and dated cores on
the basis of lithology, physics, and geochemistry of the
sediments [11, 17, 19]. Many cores contained only sediments
of isotope—oxygen stages 2 and 1 (IOS). The sediments of
2 10S with an age of 24—12.4 ka are terrigenous pelites
and silts with turbidite interlayers (Fig. 2). In cores
LV29-103 and LV29-104, these sediments include
thick layers of homogeneous unbedded pelites. In the
lower part, the sediments acquire a black color owing to
amorphous iron sulfides (hydrotroilite). In air, they are
oxidized and acquire an olive-gray color similar to that
of the upper member. No other significant differences
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were found between these two types of sediments.
Cores 9310 and Ge99-36 from the Barite Mounds area
do contain sediments of 2 and 3 IOS, with no sediments
of 1 IOS [17, 25].

The sediments of 1 IOS with an age less than 12.4 ka
include Holocene and Pleistocene (late-glacial events
of the Late Dryassic and Bolling—Allerod) diatoma-
ceous and terrigenous pelites with a high content of bio-
genic components. In terms of biogenic components,
physical properties, and lithology, the 1 IOS sediments
can be subdivided into three lithostratigraphic units [9]:
diatomaceous, transitional, and foraminiferal, with sev-
eral characteristic lithological markers. The diatoma-
ceous unit (0-6 ka) is noted for a high content of bio-
genic silica, which is recorded in the distribution of
amorphous silica and the Si/Al ratio, and in the micro-
scopic determinations of diatomaceous remnants [26].
The sediments of the transitional unit (6—8 ka) also con-
tain diatomaceous remnants, whose amount decreases
to the bottom of the unit. The foraminiferal unit (8—
12.4 ka) has a low content of diatomaceous remnants
but high contents of calcium carbonate and organic car-
bon in the sediments [9, 26]. It includes an Upper
Dryassic unit with a low content of biogenic material,
which is similar to sediments of 2 IOS [9].

For further considerations, the 1 IOS sediments
were subdivided into two lithostratigraphic units. Unit
la (Table 1) with an age of 0-8 ka corresponds to pre-
viously distinguished siliceous and transitional bio-
genic lithostratigraphic units: its lower boundary was
distinguished (from top to bottom) by a decrease in the
contents of organic carbon, CaCOj;, and magnetic sus-
ceptibility, as well as by an increase in biogenic silica.
Unit Ib with an age of 12.4-8 ka corresponds to the for-
aminiferal biogenic unit [6, 26]. During the stratigraphic
analysis, the boundary between units 2 and 1 OIS was
outlined by an increase in biogenic carbon and the
unusual intercalation of sedimentary beds of different
color and composition, which correspond to the Bol-
ling—Allerod and Dryas events.

RESULTS AND DISCUSSION

Analysis of Hg distribution in the surface sediments
(Fig. 3, Table 2) makes it possible to distinguish two
high-Hg areas: the central part of the basin and the
lower part of the continental slope of Sakhalin Island,
which is adjacent in the east to areas with known meth-
ane vents [13]. In the central part of the basin, anoma-
lous Hg contents in sediments were found near known
methane vents in the Barite Mounds area [18], where
Hg was also sporadically supplied by aqueous Ba-bear-
ing fluids along faults, as it takes place in a mud vol-
cano [12, 17].

Sediment cores demonstrate several types of Hg dis-
tribution. In the upper part of the Sakhalin continental
slope, most cores composed of diatomaceous muds
have very low and steady contents throught the entire

GEOCHEMISTRY INTERNATIONAL  Vol. 45

section (Fig. 4). Compositional variations, gashydrates
(Fig. 4), carbonate mineralization, and diagenetic alter-
ation exert no significant effect on the Hg content. Its
average contents of 15-25 ng/g are close to the back-
ground values (11 ng/g) found in the sediments of the
Sea of Okhotsk. The exception is core Ge99-29-3,
whose lower part demonstrates sharply variable and
anomalous contents. The highest Hg contents were
found in sediments located beneath the gas-hydrate
layer, though its very high contents were also noted in
some units above it. In general, this core has a higher
Hg content than those in the adjacent cores.

The central part of the depression shows a signifi-
cant increase in the Hg concentration in the Holocene
deposits and especially in the diatomaceous mud from
the upper unit with an age of 0-8 ka (Figs. 2, 4). The
average Hg contents in these units show wide variations
(Figs. 3b, 3c). As in surface sediments, there are two
zones with high Hg contents: in the eastern and western
parts. The underlying Upper Pleistocene deposits have
a significantly lower Hg content at narrow variations,
averaging 35-40 ng/g (Fig. 4). The significant varia-
tions in Hg content found in some cores from the Upper
Pleistocene deposits are presumably caused by compo-
sitional variations, in particular, the presence of sandy
turbidite intercalations (Fig. 2).

In the Upper Pleistocene sediments, elevated and anom-
alous Hg contents were found only in cores Ge99-36-1 and
9310 from the Barite Mounds area. There are no Holocene
sediments. The Upper Pleistocene sediments of 2 and 3
isotope—oxygen stages differ in widely varying and
increased (in core Ge99-36-1) or anomalous (core 9310)
Hg contents (Fig. 4). Sediments from these two cores dif-
fer in the presence of authigenic barite and carbonate miner-
alization, which is pronounced most clearly in core 9310 [25].

To estimate the Hg distribution in sediments, the
occurrence frequency of its contents was determined in
the Holocene and Upper Pleistocene sediments using
the technique previously proposed in [9]. The fre-
quency curve allowed us to distinguish samples with
close Hg content within the range of 30-100 ng/g (aver-
age content of 65 ng/g), including ~65% of the analy-
ses, with this value assumed, then, as the background.
This value is close to the range of 10-100 ng/g found for
the Sea of Okhotsk [3] and to the average content in sedi-
ments from the near-Kurile part of the Sea of Okhotsk but
is significantly higher than the local background level
(11 ng/g) for sediments from the Sakhalin shelf [27] and,
for example, the average value for sediments from the Bal-
tic Sea (20 ng/g) and red deep-water clays (25 ng/g)
from the western part of the Pacific Ocean [6].

The accumulation rate of excess Hg masses (S, g/cm?
per thousand years) for the Holocene and its discrete
stages was calculated using data on the sedimentation
rates (Table 1) and average contents (Table 2) by the
formula

§=(C—CpxR,,/100,

No.1 2007
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Fig. 3. Maps of the contents and accumulation rates of excess Hg in the Deryugin Basin. (a, b, ¢ shows the content of Hg (ng/g): (a)
surface sediments, (b) average contents for sediments with an age of 0-8 ka, (c) average contents for sediments with an age of
0-12.4 ka; (d) accumulation rates of excess Hg for 0-2 ka. Other symbols are shown in Fig. 1.

where R,, is the absolute mass (g/cm? 10% yr), C is the
average Hg content (ng/g), and Cyis the average back-
ground content of Hg (65 ng/g).

The map constructed for the Hg accumulation rate
(Fig. 3d) reflects, in the general form, its distribution in
the sediments shown in the abundance maps (Figs. 3a,
3b, 3c). Unlike the average Hg contents, the highest accu-
mulation rate of its excess masses over the past 8 ka were
noted in the western part of the basin.

The data presented above on the Hg distribution and
the calculation of the accumulation rates of its “excess”
masses allow a simpler interpretation of the anomalous
and sharply contrasting Hg contents in cores Ge99-29-3
and 9310. These cores were taken in the areas with

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 1

known endogenous activity, which is marked by acous-
tic anomalies in the water column, elevated methane
contents in the bottom waters, and the results of visual
observations and sonar survey [13]. For example, water
column at station Ge99-29 demonstrate a sharply con-
trasting anomaly of methane contents [11], which was
not found at adjacent stations (Fig. 6). Elevated meth-
ane contents were later found in bottom waters near sta-
tion 9310 in the Barite Mounds area [25].

The elevated and anomalous Hg contents in these
cores could be regarded as a result of the passage of
endogenous aqueous or gas fluids through sediments. A
similar “infiltration” type of accumulation of Hg and
other metals (Zn, Ba, Mn, Cu, and Pb) was found, for
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Table 2. Content and accumulation rate of Hg in the cores from the Deryugin Basin

Hg content, ng/g* HAccumulzation rate of “excess”
Core g, ng/cm- per 1000 yr for period
numbers Floor surface bl;‘/‘\é?)rl?lfr;r? i Level la Level Ib Level I 0-8 0-12.4
937 132 88 113 70 104 138 110
9310 371 256 - - - - -
9311 150 59 114 100 111 135 100
9312 67 76 76 - 76 >480 -
Ge99-12-4 55 88 - - - - -
Ge99-24-2 17 14 14 16.5 15 -868 <-650
Ge99-26-2 26 23 23 - - <-1340 -
Ge99-29-3 74 88 76 271 88 277 >320
Ge99-29-2 69 28 28 - - - -
Ge99-30-3 118 65 116 84 97 284 307
Ge99-31-2 98 109 109 - - - -
Ge99-31-4 106 56 97 93 96 225 279
Ge99-36-1 100 98 - - - - -
Lv27-2-4 158 109 135 70 109 980 783
Lv27-4-4 48 48 48 48 48 -14 -14
Lv27-6-4 49 34 41 19 34 =58 -285
Lv27-7-4 50 71 50 50 50 =52 —228
Lv28-34-2 104 50 78 39 63 29 -9
Lv29-78-2 20 21 19 24 21 -1402 <-1510
Lv29-79-2 31 35 34 38 35 -1075 <-960
Lv29-82-1 45 32 31 34 32 -1217 <-976
Lv29-94-2 51 44 - - 51 -10 -10
Lv29-103-1 140 133 - - - - -
Lv29-103-2 197 65 168 96 123 300 301
Lv29-104-2 114 38 104 50 72 58 20

* (=) not determined.

example, above magmatogenic hydrothermal vents
overlain by sediments in the northern part of the Mid-
Atlantic ridge [5]. Anomalous and elevated contents of
these elements and high accumulation rates are typical
of the Barite Mounds area, which was sampled by core
9310 [9, 15]. It is believed that massive barite chimneys
covering a giant area and having a height of up to 8 m
were formed by the infiltration of Ba-bearing fluids
along faults in the sedimentary cover [17]. Some
researchers believe that these processes are similar to
mud volcanism [12], which is typically characterized
by a sharp increase in gas and fluid fluxes in short-term
periods of their eruptive activity. During dormant peri-
ods, the fluid fluxes were minimal. For example, active
eruptions of mud volcanoes at Sakhalin Island occurred
with a periodicity of 5-20 yr [28]. During eruptions and
some time after them, a sharp increase was detected in
the Hg content in the gases, in the fluid temperature,
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and in the contents of Ba and B in them, as well as in
the contents of Mn and some trace elements in the mud-
volcano breccia [28, 29]. The Daginsk mud volcanoes
located within the Northern Sakhalin Sedimentary Basin,
the closest to our study area, are associated with hydro-
thermal vents with a temperature of up to 55°C [30].

Based on the typical generation depth of mud vol-
cano chambers equal to 2-3 km [28] and on calcula-
tions with geothermal gradients [31], we suggest that
the primary temperature of hydrothermal vents in the
Barite Mounds area should be no less than 140°C. The
temperature can be even higher owing to postmagmatic
processes related to the emplacement of intraforma-
tional intrusions [18]. When passing through the sedi-
mentary cover, even during periods of active eruptions,
fluids cool, and most ore elements are precipitated from
them on geochemical barriers in the sedimentary cover.
The decrepitation temperature of the spherulitic barites
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was ~45°C [12]. The following lines of evidence testify
that other metals were also supplied with these aqueous
solutions: (1) the formation of hydrothermal Fe-Mn
crusts at the surface of the barite chimneys and at adja-
cent rises; (2) accumulation of Mn metalliferous sedi-
ments in the adjacent part of the basin and the enrich-
ment of the Holocene deposits in Fe, Ni, Cu, and Pb;
and (3) mineralogical finds of ore sulfides and manga-
nese carbonates among barites and in the basin sedi-
ments.

The Sakhalin slope, sampled by core Ge99-29-3,
includes only methane vents with no aforementioned
traces of the infiltration of hydrothermal fluids. Meth-
ane is believed to rise along faults from oil-gas reser-
voirs and destabilized gas-hydrates [13]. Methane
anomalies in the bottom waters are associated with
higher Hg contents [27], which can be explained by gas
fluxes from oil—gas reservoirs. Many of them are local-
ized in the continental spreading zones (which occur in
our study area) and have very high Hg contents [3].
To reveal the characteristics of the infiltration accumu-
lation of Hg under such conditions, it is expedient to
consider the composition of sediments and their diagenetic
alterations caused by gas fluxes. High Hg contents were
found not only in the lower part of core Ge99-29-3 (Fig. 6),

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 1

where ascending gases can be accumulated beneath the gas-
hydrate layer, but also in its upper two-meter part (55 ng/g).
Adjacent cores Ge99-24 and Ge99-26 (Fig. 4) have
lower Hg contents (15 and 23 ng/g, respectively).
Moreover, very low Hg contents (21 ng/g) were found
in samples that were taken by a multicorer at station
Ge99-29 (Ge99-29-2), 200 meters east of the sampling
location, and had an undisturbed top layer; there are
also outbursts (Fig. 5) probably caused by an adjacent
gas vent.

At total elevated (relative to those in adjacent cores)
Hg contents in core Ge99-29-3, a sharp increase in the
Hg content was found beneath the gas-hydrate bed
(which is a partial fluid trap) and above it, in the
200-270 cm layer, which also has high contents of
some other elements (Fig. 6). The element spectrum
(S, Fe, Mo, and Sb) and microscopic study of the trans-
parent specimens [32] indicate that high contents of
elements in this interval are controlled by the amount of
dispersed iron sulfides. Sulfide globules up to a few
microns in size and their aggregates up to tens of
microns fill cavities in diatom skeletons, partially
cementing sediment. Iron sulfides are presumably the
main Hg carriers, which is typical of marine sediments [3].
Diagenetic units cemented by carbonates or sulfides
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were found in many cores from the slope of Sakhalin
[10, 11, 33]. Their formation is thought to have been
related to biochemical and physicochemical processes
at barriers in contact between marine and interstitial
waters, in the presence of methane fluxes from the sed-
imentary cover. These units can also be distinguished
using the mechanical properties of their sediments,
which makes it possible to trace them over a significant
distance by high-frequency acoustic sounding [11]. In
core Ge99-29-3, such a layer can also be distinguished
owing to its low water content (Fig. 6) and an elevated
density.

Sediments lying beneath the gas-hydrate layer and
sharply enriched in Hg also have elevated Se contents.
The sediments were analyzed for many elements,
including Al, As, Ba, Br, Ca, Co, Cr, Cs, Cu, Hf, K, Ni,
Na, Rb, Si, Sr, Sc, Ta, Ti, Th, U, Zn, Zr, REE, and oth-
ers. In the sediments overlaying the gas-hydrate layer,
Se correlates with Fe, though its contents are signifi-
cantly lower than in sediments beneath the gas-hydrate
layer.

Our data indicate that the presence of gas hydrates
in sediments is not a decisive factor controlling high Hg
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contents. In core Ge99-24-2, a significantly thicker gas-
hydrate layer was penetrated at the same depth as in
core Ge99-29-3; the sediments demonstrate the same
extensive diagenetic alterations related to the anaerobic
oxidation of methane by seawater sulfate, in particular,
a large amount of carbonate nodules, H,S pollution,
and similar hydrochemical characteristics of mud
waters [17]. However, the Hg contents are there at a
minimum and lower than the background ones. This
indicates that anomalous Hg contents were produced
under these conditions mainly by a gas vent. In core
Ge99-24-2 with a well-pronounced gas-hydrate layer
(Fig. 4), which served as a fluid trap, the methane
source is presumably the gas-hydrate bed itself. In core
Ge99-29-3, this bed was almost completely decom-
posed (though serves as a partial fluid trap, judging
from the Hg content beneath it) and is penetrated by
deep-seated gases. As was mentioned above, the latter
came mainly from oil-gas reservoirs and are enriched
in Hg. In this case, the absence of Hg in the gas-hydrate
beds may be indicative of a different source than a flux
of deep-seated gases along faults. The low S content in
the sediments of the gas-hydrate layer, similar to those
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in the surface sediments (Fig. 6), suggests that these
sediments were conserved by gas hydrates at the floor
surface simultaneously with sedimentation and prior to
sulfate reduction. In this case, the Hg-bearing gases
forming the main methane anomalies in the water col-
umn could be unrelated to gas-hydrates and have
another deeper seated origin. Judging by the carbon
isotope composition of carbonate nodules from the
Obzhirova Flare methane vent area, these gases origi-
nate from oil-gas reservoirs [34].

The maps constructed for Hg contents in the
Holocene sediments and the accumulation rates of Hg
excess masses indicate the intense accumulation of Hg
only partially spatially related to endogenous sources
over most of the basin. Similarly to those in midocean
ridge areas [5], this type of Hg accumulations can be
ascribed to a plume. This zone is characterized by an
even Hg distribution throughout the Upper Quaternary
sediments. The Holocene sediments in general and the
diatomaceous muds of the upper lithological unit in partic-
ular show a significant Hg enrichment. The underlying
sediments have background contents, weakly varying over
the area. The exceptions are cores Ge99-36 and 9310 in
the Barite Mounds areas. As was considered above,
core 9310 has anomalously high Hg contents, which
can be ascribed to the infiltration type. In core Ge99-36,
its contents are significantly higher than the back-
ground contents for clay muds of other cores, but are
significantly lower that those in core 9310, with weak
variations throughout the section.

The Hg distribution in almost all cores from the cen-
tral part of the basin, the variations in the average Hg
contents in the Holocene sediments and in the accumu-
lation rates are close to those for Mn and some trace
elements (Ba, Zn, Ni, and Cu). This is well illustrated
by their distribution in the cores (Fig. 2), on the dia-
grams (Fig. 7), as well as by the comparison of the dis-
tribution maps and accumulation rates of Hg (Fig. 3)
and other elements [9]. The analysis of distribution
maps of Mn and Hg also showed a correlation, though
certain data on the distribution in individual cores
(Figs. 2, 5) show no correlation. This is presumably
related to the intense postsedimentation redistribution
of Mn with its accumulation in the oxidized bed (Fig. 5) or
individual “interbeds” of reduced sediments bearing
diagenetic carbonates and sulfides (Fig. 2). The corre-
lation between Hg and organic matter, which is indica-
tive of atmospheric Hg flux into the basin, is absent
from both the diatomaceous muds and the terrigenous
part of the section (Fig. 7).

The model of accumulation from water plumes
above low-temperature hydrothermal vents sporadi-
cally reactivated in the Barite Mounds area was previ-
ously proposed for Mn [9, 16]. Such a deposition of Mn
hydroxides on the surface of particles precipitating
through a hydrothermal plume was revealed, for exam-
ple, in a similar geological environment in the southern
part of the Okinawa trough [35]. It was demonstrated
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The figure illustrates the enrichment of sediments beneath
the gas-hydrate layer in Hg and Se, and of the sulfide diage-
netic layer in Fe, S, Mo, Hg, Sb, and diagenetic sulfides; as
well as its decreased water content (porosity).

that large plumes above endogenous sources in the Der-
yugin Basin could be formed only in a stratified water
column formed during interglacial periods [9]. Intense
water mixing during glaciations prevented stratification
[36] and the formation of abundant water plumes above
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endogenous sources. Intense Mn and Hg (according to
our data) accumulation during that time [16] could
occur only near hydrothermal vents, as was mentioned
above for core Ge99-36.

More complex mechanisms are inferred for the
intense accumulation of Ba and some trace elements in
the central part of the basin. These are the coprecipita-
tion of trace elements from seawaters by Mn and Fe
hydroxides (a process most typical of Ni) and the
coprecipitation from water plumes with biogenic mat-
ter. The coprecipitation is thought to be the leading
mechanism in the precipitation of Ba and Zn from sea-
water [9]; these elements could be selectively accumu-
lated in carbonate plankton depending on the hydro-
chemical state of water [37, 38]. In the Sea of Okhotsk,
biogenic carbonate is almost not preserved in sediments
(unlike silica), though their production rates were
approximately similar, judging from data on sedimen-
tation traps [39]. The metals precipitated with biogenic
carbonate after the dissolution of carbonate matrix could
be accumulated in the sediments, and variations of their
contents will be similar to those of biogenic silica.

GEOCHEMISTRY INTERNATIONAL  Vol. 45

We believe that most of the excess Hg in the sedi-
ments of the Deryugin Basin is accumulated in a similar
way. Cores from the central part of the basin (Fig. 2, 4)
show a good correlation between Hg and biogenic sil-
ica: the most Hg-enriched rocks are diatomaceous
muds, though similar muds at the Sakhalin slope have
the lowest Hg contents (Fig. 4). Unlike Mn, Ba, and
some other elements (Zn and Ni), whose excess masses
are most rapidly accumulated in the central part of the
Deryugin Basin, Hg could be supplied from the Earth’s
crust not only from subaqueous water vents but also
together with gases. As was established for the north-
eastern Sakhalin slope and Piip Volcano in the Bering
Sea [40], gas bubbles rise from the floor at depths of
400-700 m to the sea surface. This maintains elevated
Hg contents not only in the bottom waters but also over
the entire water column, up to the photosynthesis layer,
where its biosedimentation precipitation could be max-
imal. This presumably explains the different location of
zones of the intense accumulation of Hg and other
heavy metals in diatomaceous muds of the Deryugin
Basin. Zones of intense accumulation of excess Ba, Zn,
and Ni are localized in the Barite Mounds area and
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northwest of them [9]. Intense Hg accumulation occurs
not only in this area but also at the lower part of the
Sakhalin slope (Fig. 3 d). The maximum accumulation
rates of excess Hg were detected at the Sakhalin slope,
which presumably results from Hg supply from gas
vents. However, diatomaceous muds in the gas vent
area demonstrate low Hg contents, even below the
background level. The reasons for this distribution can
be different. For example, this can be explained by the
precipitation of biogenic material formed above gas
vents in the deeper seated parts of the basin or by spe-
cific hydrochemical conditions of the bottom or inter-
stitial waters preventing Hg accumulation in sediments.
In addition, the absence of intense Hg accumulation in
the Obzhirova Flare gas vent area could be explained by
the young age of these vents, which is supposed by
some researchers [34]. In any case, this phenomenon
requires additional study.

The comparison of the maps (Fig. 3) demonstrates
that areas with high Hg contents and especially, with
high accumulation rates of Hg excess mass over the
past 8 ka coincide with the spreading riftogenic struc-
ture. This coincidence is explained by the location of
gas and hydrothermal vents in the peripheral parts of
the structure, as well as by uncompensated subsidence
within the latter, which determined the formation of a
deep, relatively isolated basin. The repeatedly develop-
ing vertical water stratification in this basin facilitates
the formation of abundant plumes with specific hydro-
chemical conditions in the bottom waters and “plume”
anomalies in the bottom sediments. This confirms the
earlier conclusion that oceanic and intracontinental rif-
togenic structures contain elevated Hg concentrations
[3, 6] as fluid-conducting zones that ensure the vertical
migration of mantle fluids. However, Hg supply from
hydrothermal and gas vents in subaqueous conditions
does not always lead to the formation of abundant litho-
chemical Hg dispersion halos similar to those in the
Okinawa trough [6] or found in the central part of the
Deryugin Basin (our data). Favorable oceanological
(paleoceanological) conditions are required. At the
same time, our data showed that local Hg anomalies
could be formed in sediments immediately at the place
of endogenous vents (gas and hydrothermal). In gen-
eral, the mapping of lithochemical Hg dispersion halos
could be applied to prospecting of endogenous vents on
the seafloor. To reveal an anomaly related to hydrother-
mal vents, which are promising for sulfide and barite
deposits, additional geochemical signatures, such as
increased contents of other elements (Fe, Mn, Au, Ag,
Ba, Zn, and Ni) in sediments, must be used [5, 6, 9].

The aforesaid can be summarized as follows.

Our study showed that elevated and anomalous Hg
contents in the Holocene sediments of the Deryugin
Basin and adjacent areas of the Sea of Okhotsk are
related to an active riftogenic structure and individual
fluid vents within it. Hg fluxes from gas and low-tem-
perature hydrothermal vents associated with favorable
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oceanological conditions in the Holocene caused
anomalous and high Hg contents in the sediments.
Anomalous and elevated Hg contents in the sediments
can be accumulated in two main ways: (1) due to infil-
tration of hydrothermal or gas fluids from sedimentary
cover and (2) precipitation from water plumes with spe-
cific hydrochemical conditions forming above endoge-
nous vents.

Infiltration Hg anomalies were found in the area of
reliably identified gas vents at the northeastern Sakha-
lin slope, where elevated Hg contents are related
mainly to the accumulation of ascending gases beneath
the gas-hydrate bed, and Hg associates only with Se
and in the area of the inferred sporadic activation of
low-temperature hydrothermal vents in the central part
of the Deryugin Basin, which contains massive barite
chimney, hydrothermal Fe—Mn crusts, and anoma-
lously high Mn, Ba, Zn, and Ni contents in sediments.

It is possible that Hg precipitates from water plumes
mainly by means of biosedimentation. If plumes are
formed by low-temperature hydrothermal vents, the Hg
anomalies in the sediments are associated with anoma-
lous contents of Ba, Mn, Zn, Ni, and Cu; and gas vents
produce only Hg anomalies. Hg anomalies in bottom
sediments above gas vents bear less information on the
localization of these sources than those above hydro-
thermal vents. The use of lithochemical Hg dispersion
halos of the plume type for prospecting of submarine
hydrothermal and gas vents requires incorporation of
oceanological conditions. In nonstratified water col-
umns with intense vertical exchange, as in the Deryugin
Basin during glaciations, no water plumes are formed,
while Hg is scattered giving rise to increased contents
only in the vicinity of vents.

CONCLUSIONS

Anomalously high and high Hg contents in the Qua-
ternary sediments of the Deryugin Basin are produced
by Hg fluxes from low-temperature hydrothermal or
cold gas vents, which are localized along faults cutting
across or bounding riftogenic spreading structure.

Lithochemical Hg dispersion halos in the Quater-
nary sediments can be used for the identifying and map-
ping of endogenous vents of different genesis, in com-
bination with other geochemical, geophysical, and min-
eralogical evidence. The most informative halos are of
an infiltration dispersion nature, which are formed by
the passage of fluids through the sedimentary cover.
Plume Hg dispersion haloes are generated in sediments
at a significant distance from endogenous sources and
only in favorable physicochemical and oceanological
conditions. Their study could be useful for paleoocean-
ological investigations, in particular, for the reconstruc-
tion of the vertical stratification of the water column.
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