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A B S T R A C T

Sakhalin Island represents a key locality to study the tectonic evolution of the western Pacific. The island is
located at the Amur-Okhotsk plate margin and records a complex thermotectonic history. Apatite double dating
(U-Pb and fission track) and thermal history modelling were applied to three late Eocene granitoid massifs
within central and southern Sakhalin: the Aniva, Okhotsk and Langeri complexes. Apatite U-Pb results yield
consistent late Eocene (∼40–37 Ma) ages, suggesting rapid post-magmatic cooling. Apatite fission track results
reveal bimodal age distributions with late Eocene – early Oligocene (∼38–33 Ma) and early Miocene
(∼20–17 Ma) age populations that can be correlated with variations in Uranium and Chlorine concentrations.
Thermal history modelling translates the AFT age bimodality into two-phase cooling histories. The timing of the
early cooling phase (∼38–33 Ma) corresponds with the apatite U-Pb ages, indicating rapid cooling to at least
∼100 °C during the late Oligocene. The second cooling phase at ∼20–17 Ma cooled the samples to near-surface
temperatures. Both cooling phases correspond with regional unconformities and subsequent accelerations in
sedimentation rate, suggesting that cooling was a response to rapid exhumation. In addition, our data suggests
that the studied terranes record differential exhumation with respect to the structural architecture. The Miocene
exhumation pulse is coeval with the timing of transpressional fault displacement and the subsequent opening of
the Kuril Basin.

1. Introduction and tectonic setting

Sakhalin Island is located off-shore eastern Russia at the Amur –
Okhotsk plate-margin (Fig. 1) and its tectonic history is hence closely
related with that of the plate-margin. The collision and accretion of the
Okhotsk block (which is mostly covered by the Okhotsk Sea) and
several arc terranes with Amur/Eurasia is thought to have occurred
during the Palaeocene to Eocene (Schellart et al., 2003). During the
Eocene, a series of N-S trending, dextral strike-slip faults (known as the
Sakhalin-Hokkaido dextral shear zone) formed that are still active today
(e.g. Fournier et al., 1994; Worrall et al., 1996; Schellart et al., 2003).
These faults run through Sakhalin Island (Fig. 1) and record displace-
ment up to ∼400 km, making them lithosphere-scale structures
(Schellart et al., 2003 and references therein). Since the Eocene to
early Miocene, the structural setting was mainly transtensional, indu-
cing extension on the Okhotsk block (Worrall et al., 1996). During the
Neogene, the southeast of Sakhalin Island is thought to have been

affected by the opening of the Kuril Basin. The timing of the opening of
the Kuril Basin is relatively poorly constrained. Kimura and Tamaki
(1986) suggested that basin opening initiated since the late Oligocene –
early Miocene. Initial basin opening is thought to have been a response
to either counter clockwise rotations of NE Japan (e.g., Otofuji et al.,
1985) or to the formation of dextral shear zones (e.g. Jolivet et al.,
1994). The major phase of basin opening elapsed during the middle
Miocene (∼17–15 Ma), coeval with major transtensional fault displa-
cements along the Sakhalin-Hokkaido dextral shear zone as well as with
clockwise rotations of SW Japan (Otofuji and Matsuda, 1983; Maeda,
1990; Gnibidenko et al., 1995; Honza et al., 2004). The Kuril Basin
continued opening until ∼9–7 Ma, at which time the tectonic setting of
Sakhalin and western Okhotsk became transpressional up to present
day (Worrall et al., 1996; Schellart et al., 2003). Fault reactivation
occurred during the Quaternary along the Tym-Poronaysk fault, which
forms part of the Sakhalin-Hokkaido shear zone (Fig. 1). As a result of
this fault reactivation, geological terranes to the west of this fault were
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more deeply exhumed with respect to eastern Sakhalin (Tsutsumi et al.,
2005).

These tectonic events are thought to have greatly affected the
tectonic history and landscape evolution of Sakhalin Island and western
Okhotsk in general. However, to date, the absolute timing of these
events are only vaguely constrained. This study aims to unravel the
thermal history of Sakhalin Island using apatite U-Pb and fission track
thermochronology. In combination with subsequent thermochronolo-
gical modelling, the thermal history of Sakhalin Island is revealed
between ∼450 °C and surface temperatures. The main thermal events
are identified and integrated with sedimentological data in order to
constrain the exhumation history of Sakhalin. The results are further-
more discussed in terms of the tectonic evolution of the western Pacific.

2. Geology of Sakhalin Island and sample locations

2.1. Tectonic terranes

Southern and central Sakhalin comprise five Cretaceous − middle
Eocene tectonic terranes (Fig. 1): (1) the Aniva composite accretionary
terrane, (2) the Susunai accretionary (metamorphic) terrane, (3) the
East Sakhalin composite terrane, (4) the Terpeniya island-arc terrane
and (5) the West Sakhalin terrane. The geology of these terranes and
their relation with equivalents within Hokkaido Island (Japan) are
summarized below. Related geological maps are presented in Figs. 2–4
and a tectonostratigraphic summary chart (time-space plot) can be
found in Fig. 5. A comparison map for the geology between Sakhalin
and Hokkaido can be found in Zharov (2005).

(1) the Aniva composite accretionary terrane of SE Sakhalin forms the
Tonin-Aniva peninsula and is subdivided into the Tonin-Aniva and
Ozersk terranes (Fig. 1). The Tonin-Aniva terrane consists of Aptian
- Cenomanian turbitides, containing oceanic mélanges and olistos-
tromes of the Utesna rock sequence and Upper Cretaceous flysch
and turbidites of the Evstafiev Formation (Zharov, 2005; Fig. 2).
The mélange olistostromes include large allochthonous sheets of
Jurassic-Early Cretaceous volcanics and terrigenous rocks (Skal'ny
rock sequence). The Ozersk terrane is characterized by the Albian -
Cenomanian Gorbusha sequence, consisting of subarkosic turbi-
dites, which is tectonically overlain by an upper Palaeozoic −
Mesozoic layered oceanic rock complex (Velikan, Yunona and
Kedrovka rock sequences, Zharov, 2005). The upper part of the
stratigraphy consists of tuffaceous turbidites of the Campanian -
Palaeocene Chaika sequence (Zharov, 2005; Fig. 3).

The Tonin-Aniva and Ozersk terranes are tectonically separated by
the Eocene Vavai mélange zone (Zharov, 2005). Within this mélange
zone, the rocks of the Ozersk terrane are structurally juxtaposed over
the Tonin-Aniva terrane, suggesting an allochthonous origin of the
Ozersk terrane (Zharov, 2005). Based on stratigraphic similarities and
palaeomagnetic data, Zharov (2005) relates the Ozersk terrane to the
Tokoro belt in eastern Hokkaido.

The western boundary of the Aniva composite terrane is character-
ized by the sinistral Merei shear zone (Fig. 1), which is thought to
continue into the Idonnappu suture zone in Hokkaido Island (Zharov,
2005). The Merei shear zone is composed mostly of Cretaceous
terrigenous deposits similar to contemporaneous sequences of adjacent
terranes.

Fig. 1. (a) Tectonic map of the western Pacific with indication of the study area. Green lines represent plate boundaries, yellow lines are other major faults. The blue line delineates the
Kuril Basin (after Seno et al., 1996; De Grave et al., 2016). (b) Geological map of central-southern Sakhalin with 1: Aniva composite terrane with 1a: Aptian – Maastrichtian Tonin-Aniva
terrane, 1b: Campanian – early Eocene Ozersk terrane. 2: Cretaceous – middle Eocene Susunai metamorphic terrane. 3: East Sakhalin composite terrane. 4: late Cretaceous Terpeniya
island-arc terrane. 5: Aptian – Palaeocene West Sakhalin terrane. 6: Merei shear zone. 7: East Sikhote-Alin igneous belt. Sampled igneous complexes: L: Langeri, O: Okhotsk, A: Aniva.
Modified from Zharov (2005) and Khanchuk (2006). TPF = Tym-Poronaysk boundary fault (e.g. Tsutsumi et al., 2005). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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