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a b s t r a c t

Isotopic and chemical data on the mineral water, mud volcanoes fluid and associated gases from the big-
gest Russian island Sakhalin, together with previous stable isotope data (d18O, dD, 13C), allow elucidation
of their origin and general evolution. The water fluid circulation is mainly related to marine environment
inducing three distinct types: Na-HCO3-Cl alkali carbonate groundwaters, Na-Cl-HCO3 highly evolved sal-
ine and Na-Cl mature groundwaters, indicating different evolution. Chemical evolution of groundwater
on Sakhalin Island demonstrated cation exchange and salinization as dominant evolutionary pathways.
Isotopic composition of groundwaters varies from meteoric to metamorphic waters. These metamorphic
waters consist of water hydration from the clay and seawater are traced in fluids of Yuzhno-Sakhalin mud
volcano despite modification by mixing with meteoric waters and water-rock interaction processes. Fault
systems that define the areas of highly mineralized water circulation appear to play a major role in the
CO2 migration to the surface and CH4 generation. The d13C(CO2) values have pointed that gas phase in
high-pCO2 waters mostly consists of mantle-derived CO2. The carbon isotope signature of methane
d13C(CH4) and dD(CH4) indicates its distinct origin which is specified by tectonics. Methane manifestation
in the south of the Sakhalin Island is mainly related to thermogenic reservoirs as they are more often dis-
locate by tectonics, and crossed by active and permeable faults. The sources of biogenous methane in the
north of Sakhalin Island is related to younger and shallower reservoirs, and less affected by tectonic pro-
cesses. The determinations of 222Rn have allowed observing that maximal radon flux is associated with
high pCO2 waters.

� 2018 Elsevier B.V. All rights reserved.

1. Introduction

The present study describes geochemistry of main mineral
water manifestations in the Sakhalin – the largest Russian island.
The mineral water resources of the Sakhalin are known since the
18th century, but first significant regional investigations were car-
ried in 1951 (Aver’ev, 1957; Ivanov and Nevraev, 1964; Chapovskiy
and Ravdonikas, 1972). For the last 15 years, investigations were
focused on the origin of the CH4 gas phase in low-temperature
thermal waters with no data on the minor and trace elements
(Astakhov et al., 2002; Obzhirov et al., 2002; Shakirov et al.,
2004, Shakirov and Syrbu, 2012). The first attempt to elucidate
the genesis of cold mineral waters and mud volcanoes fluids on
Sakhalin Island has been made in the recent years (Chelnokov
et al., 2015a,b). Preliminary results have shown that the mineral
waters and associated gases not only indicate geochemical

processes but also represent the earthquake preparation markers
(Chelnokov et al., 2015a,b). It should be noted that the Sakhalin
Island is considered to be the most seismically active region of Rus-
sia. Despite the vast literature and numerous studies of Rn geo-
chemistry reported for various regions in the world, the behavior
of Rn in the groundwater systems of the Sakhalin had never been
studied. The geological structures of the Sakhalin Island are formed
as a result of mountain formation process activation, folding, fault-
ing, volcanism, and other geodynamic processes during the Alpine
folding epoch. The position of Sakhalin island, astride the Eurasian
and North American plates (e.g., Nokleberg et al., 2005), a broad
range of tectonic settings and deformation fronts had developed
through time. The geological development of the fold system is
well defined in the geochemical and hydrogeochemical processes
occurring in their depths. Multiple manifestations of thermal and
mineral waters of different composition, oil and gas deposits indi-
cate these processes on the territory of Sakhalin Island and its shelf
as well.
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The primary goal of this work was to investigate the geochem-
istry of waters and associated gases and overview of the role of tec-
tonic setting in their origin and distribution. From the global
perspective, the significance of this study relates to the ability to
use the geochemical data from mineral springs as a short-term
earthquake precursors. This paper also describes important issues
of the crustal radiogenic gases generation and the overall radiation
safety from Rn. Presented findings provide new hydrogeochemical
information for the Sakhalin Island which was previously available
only scarcely.

2. Geological and geomorphological setting

More than twenty mineral spring and four mud volcanoes are
known at Sakhalin Island (Fig. 1) (Chapovskiy and Ravdonikas,
1972). Nearly 90% of the spring systems are cold, while others
are thermal with discharge temperature less than 50 �C. Many
manifestations of cold mineral water do not discharge as springs
(# 7, 8, 11, 18, 19, 20 on Fig. 1.). The upflows were discovered dur-
ing drilling of wells for domestic use or industrial exploration of
coal, oil or gas. Only several mineral springs (# 13, 14, 21) are used
for spa treatment (Chelnokova, 2006), but in general, they are not
actively developed.

The geological and topographic characteristics of the Sakhalin
Island are closely related to the plate interaction processes, which
are specified by dislocation on the boundary of the Okhotsk and
Amurian Plate (e.g. Zonenshain et al., 1990; Maruyama et al.,
1997; Biebow et al., 2000; Rodnikov et al., 2001; Voeikova et al.,
2007). However, in recent years the Sakhalin structure was inter-
preted as the boundary between the Mesozoic plates, with differ-
ent versions of the boundary properly being drawn along the
West and Central Sakhalin regional faults (Wei and Seno, 1998;
Trifonov and Kozhurin, 2010; Prytkov et al., 2012).

The Sakhalin Island is owed to the Sakhalin-Hokkaido orogenic
belt and is characterized by well-defined tectonic zonality fully
represented on the Hokkaido Island (Japan) and reflecting the suc-
cessive accumulation of continental crust from the middle Jurassic
to Neogene (e.g. Niida and Kito, 1986; Kiminami et al., 1992;
Dobretsov et al., 1994; Isozaki, 1996; Grannik, 2005, Golozoubov,
2006, Jahn et al., 2016). The oldest rocks are Paleozoic ophiolites
and associated sedimentary rocks, which may have got their origin
in the breakup of the Proterozoic supercontinent (Maruyama et al.,
1997). However, the majority of the basement consists of Jurassic
to Paleogene rocks (Taira et al., 1989). Cenozoic granitoids of Hok-
kaido and Sakhalin have remarkably similar chemical and isotopic
characteristics suggesting that the granitoids have been generated
by melting of sources with mixed lithologies, including subducted
accretionary complexes and probably some hidden older basement
rocks (Jahn et al., 2016). Paleogene strata overlie the nappes, and
the folded structures are cut by intrusions of biotitic granites and
granodiorites with an isotopic age of 58–66 Ma (Zonenshain
et al., 1990).

Most mineral spring systems (# 9, 10, 12, 13, 15, 20) are dis-
tributed within the West Sakhalin uplift (Fig. 1); between two
main tectonic dislocations of the island – West-Sakhalin (I) and
Central-Sakhalin (II) faults systems. These boundaries might be
responsible for many strong earthquakes that have occurred in
the Sea of Japan as well as on the Sakhalin Island. The West Sakha-
lin anticlinoria overstretching over 650 km from the south to the
north of the island was formed in the Miocene (�15 Ma). It is con-
sidered to be an evolution equivalent of the Sorach-Ezo orogenic
belt on the Hokkaido Island (Japan) (Arita, 1999; Grannik, 2005).
The structural denudation landscape is typical for the West Sakha-
lin Mountains. The absolute heights vary between 300 m and 1300
m. The tectonic uplift is initially responsible for the deep river

incision, a decline in the sea level of 110–130 m, which has
occurred during the Pleistocene climatic minimum of 18–20 Ka
BP (Korotky, 1997).

The East Sakhalin uplift is composed of actively dislocated
metamorphic pre-Cretaceous rocks (Hidaka belt). This is due to
the tectonic uplift of the basement rocks that have occurred during
the collision with the Kuril forearc (Taira, 2001). There is no data
relating to mineral springs located in this part of the Sakhalin
Island, and no samples have been obtained.

The Central Sakhalin graben is identified as Jurassic subduction
zone (Grannik, 2005) separating the West Sakhalin and the East
Sakhalin uplifts. The Kamuikotan belt on the Hokkaido Island is
its equivalent which is determined as a high P/T Jurassic metamor-
phosed accretionary prism (Taira, 2001). In the middle part of the
island, it is filled with unconsolidated Neogene-Quaternary depos-
its (thickness 2–8 km). A chain of lowlands corresponds to the gra-
bens the largest of which is the Tym-Poronay lowland. The Aniva
depression is located in the south of the island. It is graben with
the thickness of Cenozoic sediments up to 4.5 km. The Susunai
Ridge uplift is the east boundary of the depression and is repre-
sented by slivers of the Cretaceous-Tertiary accretionary prisms
(Idonnappu and Hidaka belts) (Fig. 1). Central Sakhalin thrust
and nappes fault are a border between Aniva depression and the
West Sakhalin uplift on the west. The most fascinated mineral
waters and mud volcanoes on the island are distributed within this
contact (# 1, 7, 8, 11, 18 on Fig. 1).

The low hills and plains of the northern Sakhalin are composed
of gently inclined and folded Neogene strata and are shaped by
abrasion and denudation. The depressions located in its central
part are filled with unconsolidated Quaternary alluvial sediments.
The marine depositional plains occupy coastal areas. The western
coast is represented with cliffs reaching 8–10 m height in the north
and 60–80 m – in the south. The low-temperature thermal waters
manifestations are connected with oil/gas condensate fields on the
shelf.

The continuing uplift of the island results in high seismic activ-
ity with earthquakes reaching 8 points on the Richter scale (Tanaka
and Nozawa, 1977). The shallow seismicity of Sakhalin Island is
traditionally attributed to its main meridional thrust faults
(Tikhonov and Lomtev, 2014).

Based on GPS observations the island is moving westward at the
rate of from 2.5 mm/yr in the north to 7.6 mm/yr in the south. Over
the entire extent of the island, the dominating deformations are
those of sub latitudinal compression accompanied by right lateral
strike-slip (Shestakov et al., 2011). The heat flow distribution cal-
culated by the 3-D model (Tanaka et al., 2004) has marked that
the south of the Sakhalin Island relates to the backarc zone of
low surface heat flow.

In summary, mineral waters of the Sakhalin Island discharge
over a wide range of geological settings, including continental
back-arc rifting in the West Sakhalinian uplift; an ancient accre-
tionary prism in the South; and sedimentary basins in the North.

3. Sampling and analytical techniques

The mineral waters and gases were collected over a five year
period. The water samples were filtered through 0.45 mm mixed
cellulose ester filters (Advantec, Japan) and collected in acid-
washed, high-density polyethylene sample bottles.

Waters for the cation analysis were acidified to pH < 2 with
ultrapure HNO3. Water temperature, conductivity, and pH were
measured directly in the field using Hach Lange HQ 40D probe.
Major cations and anions were analyzed by the ion chromatogra-
phy. Carbonate species were titrated in-situ with 0.1 N HCl. Trace
elements concentrations in groundwater were determined by
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