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Abstract. The Pevek region of Arctic Russia provides excellent beach cliff exposure of sedimentary and igneous rocks
that yield detailed information on the nature, progression and
timing of structural events in this region. Regional folding
and thrust faulting, with the development of a south-dipping
axial plane cleavage/foliation developed during N-S to NESW directed shortening and formation of the ChukotkaAnyui fold belt. This deformation involves strata as young
as Valanginian (136–140 Ma, Gradstein et al., 2004). Foldrelated structures are cut by intermediate to silicic batholiths,
plutons and dikes of Cretaceous age. Reported K-Ar whole
rock and mineral ages on the granitoids range from 144 to
85 Ma, but to the south, more reliable U-Pb zircon ages on
compositionally similar plutons yield a much narrower age
range of ∼120–105 Ma (Miller et al., this volume) and a pluton in Pevek yields a U-Pb age on zircon of 108.1±1.1 Ma
with evidence for inheritance of slightly older 115 Ma zircons. Magmas were intruded during an episode of E-W to
ENE-WSW directed regional extension based on the consistent N-S to NNW-SSE orientation of over 800 mapped dikes
and quartz veins. Analysis of small-offset faults and slickensides yield results compatible with those inferred from the
dikes. Younger tectonic activity across this region is minor
and the locus of magmatic activity moved southward towards
the Pacific margin as represented by the <90 Ma OkhotskChukotsk volcanic belt (OCVB). A lengthy period of uplift
and erosion occurred after emplacement of Cretaceous plutons and produced the peneplain beneath the younger OCVB.
Based on our studies, we speculate that ∼120–105 Ma
magmatism, which heralds a change in tectonic regime from
compression to extension, could represent one of the consequences of the inception of rifting in the Amerasian Basin of
the Arctic, forming the Makarov Basin north of the Siberian
shelf at this longitude. A synthesis of available seismic reflection, gravity and magnetic data for the offshore Siberian
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Shelf reveals a widespread, seismically mappable basementsedimentary cover contact that deepens northward towards
the edge of the shelf with few other significant basins. Various ages have been assigned to the oldest strata above the unconformity, ranging from Cretaceous (Albian – 112–100 Ma)
to Tertiary (Paleocene–Eocene – ∼60–50 Ma). The period of
uplift and erosion documented along the Arctic coast of Russia at this longitude could represent the landward equivalent
of the (yet undrilled) offshore basement-sedimentary cover
contact, thus overlying sedimentary sequences could be as
old as early Late Cretaceous. Although quite speculative,
these conclusions suggest that land-based geologic, structural, petrologic and geochronologic studies could provide
useful constraints to help resolve the plate tectonic history of
the Arctic Ocean.

1

Introduction

The Arctic Ocean conceals one of the few unresolved plate
tectonic puzzles on Earth, with important implications for the
geologic history of the vast adjoining shelfal regions (Fig. 1).
Until we are able to scientifically drill the most controversial
parts of the Arctic Ocean seafloor, many questions about its
origin will remain unanswered. This paper contributes to furthering our knowledge of the East Siberian Shelf and the adjacent Amerasian Basin of the Arctic Ocean by analyzing the
nature, progression and timing of structural events along the
Arctic coast of Russia. Although our data are land-based and
can only be extrapolated in a very speculative fashion offshore, they provide broad constraints on the age and history
of the seismically mapped acoustic basement-sedimentary
cover sequence offshore and the rift history of the Makarov
Basin part of the Amerasian Basin that lies to the north of
the East Siberian Shelf at this longitude (Fig. 1). Prior to discussing our data and their interpretation, we briefly describe
the tectonic features of the Arctic Ocean and the unresolved
tectonic problems they present.
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Fig. 1. Circum-Arctic map showing the location of the town of
Pevek with respect to the main tectonic features of the Arctic Ocean.
Bathymetry
is from IBCAO
The heavy dotted line marks
ms-AGU0416-f01.ai
Miller(2002).
and Verzhbitsky
the outline of the postulated Arctic Alaska-Chukotka plate. The inferred fossil spreading center for the Canada Basin is shown by a
double line flanked by magnetic anomalies (positive-thin solid line,
negative-thin dashed line) (Laxon and McAdoo, 1994). Abbreviations: AN – Angayucham belt, AR – Alpha Ridge, BR – Brooks
Range, CB – Canada Basin, CH – Chukotka, CP – Chukchi Plateau,
CR – Chersky Range, GR – Gakkel Ridge, LR – Lomonosov Ridge,
MB – Makarov Basin, MR – Mendeleev Ridge, NSI – New Siberian
Islands, WHA – Wrangel-Herald Arch, WI – Wrangel Island.

2

Regional tectonic setting

The Arctic Ocean consists of two major sub-basins, the
younger and relatively well-understood Eurasian Basin and
the older and more controversial Amerasian Basin (Fig. 1).
Based on magnetic anomalies, the Eurasian Basin began its
rift opening in the Paleocene (∼56 Ma) and represents the
northern continuation of the mid-Atlantic rift (e.g. Krisstoffersen, 1978; Rowley and Lottes, 1988; Engen et al., 2003;
Glebovsky et al., 2000) (Fig. 1). The Lomonosov Ridge is
a thin strip of continental crust that separates the Eurasian
Basin from the Amerasian Basin (Weber and Sweeney, 1990;
Jokat et al.,1992; 1995) (Fig. 1). It restores against the Barents Shelf prior to spreading in the Eurasian Basin (Rowley and Lottes, 1988). The Amerasian Basin consists of several bathymetrically complex basins and highs: the Makarov
Basin, the Alpha-Mendeleev Ridge, the Canada Basin, and
the Chukchi Borderland (Fig. 1). Based on a set of subparallel to fan-shaped (suggesting about 10◦ of rotation) magnetic anomalies in the Canada Basin (Fig. 1), a rotational rift
opening for the Amerasian Basin has been proposed and supStephan Mueller Spec. Publ. Ser., 4, 223–241, 2009

ported by many workers (e.g. Grantz et al., 1979; Rowley and
Lottes, 1988; Grantz et al., 1990a, b; Lawver et al., 2002; but
see also Gurevich et al., 2006). If the rotational rift interpretation for the origin of the Amerasian Basin is accepted,
the Lomonosov Ridge margin must represent a strike-slip or
transform plate margin and the Alpha-Mendeleev Ridge must
represent a post-rift volcanic edifice, possibly a hot spot track
(Forsythe and others, 1986; Lawver et al., 2002). According
to this model, the vast Siberian Shelf, which adjoins these
oceanic features to the south, is considered part of the Arctic Alaska-Chukotka microplate that rotated into its present
position during the rift opening of the Amerasian Basin (e.g.
Rowley and Lottes, 1988; Grantz et al., 1990a, b; Lawver
et al., 2002). Based on the interpretation of seismic stratigraphic data from Alaska and Canada, the opening of the
Amerasian Basin is thought to have taken place in the Hauterivian (∼130 Ma) and was over by the Albian (∼112 Ma)
(Grantz et al., 1990a, b) (but see also Gurevich et al., 2006).
Embry and Dixon (1990) argue that the main phase of rifting was Barremian-Aptian (Early Cretaceous, 130–112 Ma,
Gradstein et al., 2004) whereas seafloor spreading (drift
phase) in the Canada Basin began in the Cenomanian (Late
Cretaceous, 100–94 Ma). The South Anyui Suture Zone
(SAZ) represents the southern boundary of this microplate;
its northern boundary (by definition) is the Siberian Shelf
edge (Fig. 1). The rotation model thus predicts that the edge
of the Siberian Shelf is a rifted passive margin with a sedimentary cover that is at least Albian or older. Many workers
have alternatively suggested that at least the Makarov part
of the Amerasian Basin formed by rifting orthogonal to the
Lomonosov Ridge (Fig. 1) (see Sekretov, 2001, for a summary of ideas). This interpretation, initially based on the
identification of magnetic anomalies (Taylor et al., 1981), is
controversial because more recent magnetic data (Glebovsky
et al., 2000) do not clearly reveal those anomalies. Workers in favor of the rift origin of the Makarov Basin mostly
cite a variety of supporting data that favor formation of this
basin at a rather young time, in the Late Cretaceous to Paleocene (e.g. Taylor et al., 1981; Rowley and Lottes, 1988).
The hypothesized rifting of the Makarov would have been
nearly orthogonal to the Siberian Shelf edge and the age of
this rifting would have clear implications for the geology and
structuring of acoustic basement rocks and the age of the sedimentary cover of the Siberian Shelf. Basically, the two models discussed above have very different implications for the
origin and history of the Siberian Shelf. Although the geology of the New Siberian Islands has been considered in testing models for the rift history of the Amerasian Basin (e.g.
Kosko et al., 1990; Kos’ko and Trufavov, 2002, and summary
by Sekretov, 2001), neither model has carefully considered
the structural history of Arctic Russia in Chukotka.
The Pevek region of the Russian Arctic is located within
the Arctic Alaska-Chukotka plate (as described above) and
is bordered by the part of the East Siberian Shelf that lies
south of the Makarov Basin and the Mendeleev Ridge of the
www.stephan-mueller-spec-publ-ser.net/4/223/2009/
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Amerasian Basin (Figs. 1, 2, and 3). Its geology, especially
its stratigraphy and the progression and timing of structural
events, is critical to the interpretation of the limited offshore
seismic data from the Siberian Shelf. These data in turn provide important constraints for the timing, origin and history
of the part of the controversial Amerasian Basin that lies to
the north.

3

Overview of the geology of the Pevek region

The dominant map-scale structures developed along the coast
of Arctic Russia and southward into Chukotka are folds, penetrative deformation and thrust faults of the Anyui-Chukotka
fold belt (Figs. 2 and 3). The fold belt is believed to be
the result of the collision of the Chukotka microplate with
Eurasia; the South Anyui Zone (SAZ) is the resulting suture zone (Figs. 1, 2, and 3) (e.g. Seslavinsky, 1979; Parfenov, 1984; Bogdanov and Til’man, 1992; Natal’in at al.,
1999; Sokolov at al., 2001, 2002, this volume). In the AnyuiChukotka fold belt, Devonian to Triassic stratigraphic units
are involved in a series of map-scale folds portrayed both
on detailed (1:200 000) geologic maps and on regional scale
geologic compilations (e.g. Gorodinsky, 1980) (Figs. 2 and
3). Strata of Jurassic and Cretaceous age are only locally
exposed across Chukotka, but are present from the coastline
at Pevek southwestward to Bilibino (Gromyko and Khruzov,
1967; Sosunov and Tiliman, 1960; Belik and Susunov, 1969)
(Figs. 2, 3, and 5). Jurassic and Cretaceous strata were described as the “Rauchua Basin” (Sosunov and Til’man, 1960;
Bogdanov and Til’man, 1992; Parfenov et al., 1993) and categorized as a post-tectonic “overlap” sequence in Nokleberg
et al. (1994, 1998). On older geologic maps, these strata are
portrayed and described as deposited unconformably over
deformed Triassic and Early Jurassic basinal deposits (e.g.
Sosunov and Tilman, 1960; Paraketsov and Paraketsova,
1989; see also discussion in Nokleberg et al., 1994). However, the same deposits were termed the “Myrgovaam Basin”
by Baranov (1996) and Akimenko (2000) who alternatively
describe these strata as detached and in the hanging wall of a
thrust plate, and also involved in regional folding and thrusting. This conclusion is compatible with the regional folds in
the map pattern of this unit as portrayed on 1: 200 000 scale
geologic maps (Fig. 3). Additional field studies (Miller et
al., 2004, 2006) further support this interpretation. The results from this study help to confirm it – the Jura–Cretaceous
units are involved in regional folding and thus help place important constraints on the timing of events in the Arctic.
Cretaceous plutons cut all fold-related structures of the
Anyui-Chukotka belt and are associated with abundant dike
swarms (Figs. 2, 3, and 4). The age constraints on plutons in the Pevek region are based mostly on K-Ar dating
where reported ages range from about 150 Ma to Late Cretaceous (85 Ma) (Gelman, 1995; Dudkinskii et al., 1997;
Akinin and Kotlyar, 1997; Tichomirov and Luchitskaya,
www.stephan-mueller-spec-publ-ser.net/4/223/2009/
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2006; V. V. Akinin, personal communication, 2006). Plutons
in the Bilibino region (to the southwest) have been dated using the U-Pb method on zircon and show a much narrower
range of ages from about 108 to 117 Ma (Miller et al., this
volume), ages we consider to be a more reliable range. In
the Alarmaut massif north of Bilibino (Fig. 3), in addition
to cutting (post-dating) regional fold-related structures, Cretaceous plutons at greater depths in the crust were intruded
during vertical flattening and subhorizontal stretching of surrounding rocks at elevated metamorphic conditions (Miller
et al., this volume). Thus, all data across a broad region support the interpretation that the intrusion of Cretaceous plutons represents a major change in tectonic regime from compression to extension. Gently dipping volcanic sequences
of the Okhotsk-Chukotsk Volcanic Belt (OCVB) overlie all
older rocks in Chukotka, including the Cretaceous granitoids, along a profound, regionally developed angular unconformity. The near flat-lying volcanic rocks of the OCVB
are traditionally cited as the younger age limit for deformation in the Anyui-Chukotka fold belt and as the upper age
bracket for final deformation in the South Anyui Zone. However, field and geochronologic studies have shown that the
oldest volcanic rocks of this belt are about 90 Ma, mostly
younger than previously believed (e.g. Akinin et al., 2009;
Tichomirov et al., 2006). Thus the OCVB represents a period of distinctly younger magmatism than that represented
by the older ∼117–108 Ma age plutons dated in the Bilibino region of Chukotka (Tichomirov et al., 2006; Akinin and
Kotlyar, 1997; Katkov et al., 2007). Although the two magmatic belts partially overlap in map pattern (Figs. 2 and 5),
the main OCVB post-dates the development of a profound
regional unconformity and lies to the south of the Pevek region, representing a southward jump in the locus of magmatism with time. The distribution of OCVB along the strike
length of the Pacific margin of Russia has been used to argue
that it represents a subduction related volcanic belt (e.g. Parfenov, 1984, 1991; Parfenov et al., 1993; Nokleberg et al.,
1994; Zonenshain et al., 1990). Thus by the time it formed,
the magmatic “action” had shifted from the Arctic coast of
Russia to a position closer to today’s Pacific margin. These
relationships underscore the importance of studying the ages,
compositions and petrologic origins of the older granitoid
bodies because it is this group of magmatic rocks, not those
of the OCVB, that will be the most useful in providing upper
age brackets on the time of collision related deformation and
final motion in the SAZ, thus providing additional constraints
on Arctic plate reconstructions.
The shaly to slaty, silty and sandy sedimentary and
metasedimentary strata of the Pevek Region are not well
exposed, covered by wide expanses of tundra (Figs. 4 and
5). Cretaceous granitoid plutons are sub-circular in shape
and these more resistant rock types underlie isolated mountains and mountainous parts of the region (Fig. 4). Based on
geophysical data, the granitic bodies are thought to connect
at depth, representing batholith size intrusions (Dudkinskii
Stephan Mueller Spec. Publ. Ser., 4, 223–241, 2009
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Fig. 2. Regional tectonic setting of Chukotka with respect to adjacent Alaska showing major structural/tectonic features and all of the various
magmatic rocks and belts discussed in text. Box outlines the location of Fig. 3. Modified after Miller et al. (2006).
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et al., 1997). More resistant, contact-metamorphosed strata
are best exposed along the flanks of these plutons but stratigraphic and sedimentologic details are obscured by hydrothermal alteration and contact (hornfels) metamorphism
(Figs. 4 and 5). Fortunately, the mostly non-resistant sedimentary rocks are superbly exposed along sea cliffs and,
together with stream and river bank exposures, provide excellent localities for detailed studies, where we focused our
attention.
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Stratigraphy

Devonian to Cretaceous strata surrounding Pevek are regionally deformed and variably metamorphosed. The degree of
deformation and grade of metamorphism generally increase
with stratigraphic age and structural depth in the section, an
observation that is generally the case in the Anyui Chukotka
foldbelt (e.g. Katkov et al., 2004, 2006; Miller et al., this volume). Because of penetrative deformation and mild metamorphism, fossils, where they occur, are also poorly preserved. Contacts shown as unconformities/disconformities
on stratigraphic columns accompanying the 1:200 000 geologic maps of the region (e.g. Fig. 6) (Gromyko and Khruzov, 1967) are somewhat arbitrarily designated and represent
a lack of fossils in a given age range rather than hard field
evidence for an unconformity such as conglomerates, angular contacts and incision. Folding and penetrative deformation also compromise the thickness estimates shown on these
columns (Fig. 6).
The oldest sedimentary rocks in the region are exposed NE
of Pevek in the Cape Kiber region (Figs. 3 and 4). Here, Devonian and Carboniferous strata occur in the core of anticlinal structures (Fig. 3). Cape Kiber itself consists of deformed
granitoids dated as Devonian by Cecile et al. (1991). The Devonian sequence consists of shallow marine clastic and carbonate rocks (base not exposed) that are unconformably (?)
overlain by Carboniferous to Permian calcareous siltstones,
shales and minor limestone (700 m) (Fig. 6).
Across Chukotka, the basal contact of the Triassic is
mapped as conformable with underlying Permian or disconformable on Carboniferous strata. The lower part of the Triassic is notable in that it contains abundant masses and sills
of gabbro/diorite. Conventional K-Ar whole rock ages on
the diorites range from 250 to 190 Ma but they have not been
dated by more precise methods. (Bychkov and Gorodinsky,
1992; Gelman, 1963; Ivanov and Milov, 1975). In the Pevek
region, the Triassic is Carnian and Norian based on fossils
(Fig. 6) and does not contain mafic sills and dikes. Except for
the upper part of the Norian, which is described as having a
greater proportion of sandstone, the Triassic consists mostly
of fine-grained slates and siltstones with thin sand beds. They
are interpreted as a distal shelf basin or deep water basin turbidite sequences (Tuchkova et al., 2006, this volume). The
www.stephan-mueller-spec-publ-ser.net/4/223/2009/
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Fig. 4. Landsat 7 image of Pevek region, courtesy of NASA Worldms-AGU0416-f04.ai
(Miller
and Verzhbitsky)
Wind geocover imagery,
showing near
circular
outlines (contacts)
of Cretaceous plutons (pink), such as the Purkanayansk massif,
large regions of quaternary alluvium and cover and very poor exposure of sedimentary and metasedimentary country rocks. Scale
shown is approximate.

Triassic is poorly fossiliferous with the exception of a few
localities (Fig. 6).
Jurassic fossils are rare in Chukotka and this has been used
to suggest that a major depositional break and unconformity
might exist between Triassic and Cretaceous strata. Recently,
Jurassic microfossils have been reported from rocks previously mapped as Triassic near Pevek (I. Yu. Cherepanova,
personal communication, 2006). Thus it is possible that future detailed paleontologic studies or detrital zircon studies
providing minimum ages for sandstones might reveal a more
complete time-stratigraphic section in this otherwise poorly
fossiliferous and penetratively deformed section.
The contact between Cretaceous and Triassic strata is
mapped as an (unexposed) fault in the region we studied
(Figs. 3 and 5). The fault could be interpreted as a west sidedown normal fault (as portrayed in Fig. 3) but the younger
Cretaceous strata could also be preserved as part of a regional synclinorium (Fig. 3). The Pevek region is one of
the few places where Cretaceous strata are superbly exposed
because of the extent of sea cliff outcrops along the coast.
The Cretaceous consists of medium bedded (10’s of cm to
up to 1 m thick) sandstone and siltstone with interbedded
shales or slates. Graded beds, abundant bottom markings
(load casts, grooves and tool marks) suggest that the bulk of
Stephan Mueller Spec. Publ. Ser., 4, 223–241, 2009
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Fig. 5. Detailed geologic map of the Pevek region, simplified after Gromyko and Khruzov (1967) showing exact locations (and names) of
our detailed study areas (stars and letters) and location of U-Pb zircon sample locality ELM06 PV 12 (black star in inset diagram). Note that
the lower metamorphic grade Jura–Cretaceous age sediments (Cretaceous, Valanginian) are only mapped in contact with the Triassic as a
fault in only only one poorly exposed locality; the rest of the contact is obscured by Quaternary cover.

these sediments are gravity flow deposits into a shelf basin
or deeper water basin setting. Petrographically, sandstones
are immature and grains are angular and unsorted, consisting
of abundant feldspar, micas and lithic fragments of metasedimentary and volcanic rocks, in addition to quartz. The Cretaceous is poorly fossiliferous (Fig. 6) with Aucella sp. indeterminate (Late Jurassic–Early Cretaceous) and plant fossils
Cladophlebis sp. indeterminate (Early Cretaceous) reported
from the Pevek area. A greater number of species of Aucella (Buchia) have been identified at various sites in the
1:200 000 quadrangles to the SW of Pevek and have been
assigned to the Valanginian (e.g. Belik and Susunov, 1969).
Based on similarities in deformational history and style of
deformation (see below) together with the lack of clear-cut
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evidence for an unconformity it is possible that Cretaceous
strata in the Pevek region could have been deposited in sequence with older strata. However, this question cannot be
addressed definitively near Pevek, because the base of the
Cretaceous is not exposed. The greater degree of penetrative
deformation observed in the Triassic versus the Cretaceous
could alternatively be used as argument for an unconformity.

5

Structural geology of the Pevek region

Our ability to compile regional structural data for the Pevek
region was hampered by the general poor exposure of the
units and by the fact that detailed structural observations
could only be made locally, at widely separated sea cliff
www.stephan-mueller-spec-publ-ser.net/4/223/2009/
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var. M. zabaikalica var. planocostata Kiper

Triassic

200

angular
unconformity

Valanginian: Sandstones interbedded with shales/slates and
siltstone. Graded beds indicate submarine gravity
flow deposits. Wood fragments common. Pebble to gravel
conglomerates reported at base. Fossils include Aucella
sp indet. and (flora) Cladophlebis sp indet.(600-700m)

400

Carnian: Slate with thin siltstone and sandstone
beds (1600m). Fossils include Dentalium sp.,
Neocalamites sp., Pityophylium sp., Desmiophyllum
sp., Podozamites sp., Macrotaerlopteris sp. indet.,
Nilssonia sp., and Phoenicopsis sp.
Calcareous sandstone, siltstone and shale; lenses of
limestone with remnants of Camarotoechia sp.,
Spirifir sp. indet., Rotaia sp. (700 m)
Sandstone, shaley to silty phyllite, lenses of
limestone with remnants of crinoids and
tentaculites (base not exposed). Intruded by
Devonian granite at Cape Kiber

Fig. 6. Generalized stratigraphic column of the Pevek region after Gromyko and Khruzov (1967) and Belik and Susonov (1967). Note that
thickness of units and exact stratigraphic succession as shown on legends and columns of geologic maps are possibly compromised by tight
folding and internal deformation of units.

exposures. Younger doming (cross-folding) related to pluton intrusion is evident across the region based on landsat
data (Fig. 4). The observation of numerous small-scale brittle faults in outcrop suggests that map-scale faults (a few
shown on geologic map) could have rotated earlier-formed
structures and fabrics in indeterminate ways. Despite these
reservations and possible complexities, the data we collected
are fairly coherent and the progression of events is the same
in all outcrops studied.
5.1

Regionally developed penetrative deformation:
an overview

Both Triassic and Cretaceous strata studied are folded at the
outcrop and the map scale and possess a variably developed
cleavage, which is much more strongly developed and represents higher strain in Triassic rocks than in Cretaceous strata.
This may be related to the fact that stratigraphically older
strata have generally experienced higher strains and are more
deformed than younger strata in the Anyui Chukotka foldbelt
(e.g. Katkov et al., 2006), a fairly common relationship in the
deeper levels of fold and thrust belts (e.g. Ramsay and Huber,
1983), but more than one deformation in the older rocks canwww.stephan-mueller-spec-publ-ser.net/4/223/2009/

not be entirely ruled out without further work. Where folds
are observed in outcrop, cleavage is axial planar to folds. We
interpret this penetrative fabric as regional in nature, related
to shortening by folding, accompanied by low-grade metamorphism increasing with structural depth. The summary
below lists the overall generalities of our structural data set,
followed by details of the data collected at individual locations. Plutons, dikes, quartz veins and brittle faults cut this
regional deformational fabric and are discussed in a following section.
For a regional overview of the folding event, we compiled bedding readings across the area of Fig. 5, based on
1:200 000 scale geologic mapping (Gromyko and Khruzov,
1967). Poles to bedding (n=42) form a diffuse great circle
that defines a sub horizontal N40W trending fold axis consistent with the orientation of mapped folds (Figs. 3 and 7a).
Together, all of our measured bedding attitudes at disparate
sea cliff and stream locations in both Triassic and Cretaceous
strata show a bit more scatter (Fig. 7b) yet poles to bedding
also form a diffuse great circle girdle that defines a similar
fold axis (N35W, sub horizontal) (Fig.7b). Individual areas have better defined structures but their orientation varies
somewhat between localities.
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Fig. 7. Compiled structural data and dike orientations for the Pevek and surrounding region. All stereonet diagrams are equal area, lower
hemisphere projections. The number of data points (N) is indicated in lower right of diagrams. (a) Poles to bedding measurements taken from
geologic map of the Pevek region (dots) and the regional fold axis they define (square). (b) Poles to bedding (this study) (circles), average
girdle or great circle defined, and the pole to this plane (square). (c) All poles to measured S1 cleavage showing the weighted mean of this
distribution (black dot) and the average orientation of S1 thus defined (great circle). (d) Bedding-cleavage intersection lineations (L0x1)
(shown as x’s) andms-AGU0416-f07.ai
measured foldMiller
axes
as black diamonds) and bedding-fault cut off lines (open diamonds). (e–h) Strike orientation
and(shown
Verzhbitsky
of dikes as measured off the geologic map of Pevek region (Fig. 5) (e) and the three 1:200 000 quadrangle maps highlighted to the SW of
Pevek (locations shown on Fig. 3). (f) Grigorev and Paraketsov (1962), (g) Belik and Sosunov (1969), (h) Sosunov and Tilliman (1960),
Akimenko (2002).

The penetrative cleavage is preferentially developed in
shales (now slates) and only weakly developed to nonexistent in interbedded sandstones (Fig. 8a). Poles to measured cleavage, combined from all locations, form a diffuse
cluster and its weighted mean center yields an average cleavage plane oriented N55W/20SW (Fig. 7c). Bedding-cleavage
intersection lineations and directly measured fold axes are
widely distributed, trending in all directions from N-S to EW and plunging gently to the west (Fig. 7d). Such a wide
variation in the orientation of bedding-cleavage intersection
lineations is unusual, especially in rocks that are relatively
low strain and exhibit evidence for only one main folding
event. The reason for this variation is not clear but could result from vertical axis rotation of some of our localities with
gently-dipping beds (these rotations would not be obvious
in the general bedding or cleavage data (Fig. 7) and or local submarine slumping during deposition leading to beds of
variable orientation before deformation. Because the orientation of cleavage is fairly constant (Fig. 7c), it is unlikely
that significant post-deformational tilting by brittle faulting
or refolding could produce the observed distribution.
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5.2

5.2.1

Regionally developed penetrative deformation:
local details
Yanranay (Triassic)

The beach cliffs north of the town of Yanranay, N of Pevek
(Fig. 5) provide excellent exposure of Triassic strata. Here,
bedding is tightly folded and strongly cleaved. Strain is substantially higher than in Cretaceous strata (Fig. 8b). Poles to
bedding define a fold axis that is W-NW trending, plunging
shallowly to the W (Fig. 8a). The fold axis defined by bedding measurements is parallel to measured bedding-cleavage
intersection lineations. Axial planes of measured folds are
steep and W-NW striking (Fig. 9a). Folds are vergent to the
northeast.
5.2.2

Baraki 47 (Triassic)

This is the only location (Fig. 5) where two generations of
folds were visible at the outcrop scale. The younger folds
fold both bedding and S1 cleavage described above. The
older cleavage is at low angles or sub-parallel to bedding.
In Fig. 9b, bedding and S1 cleavage are not distinguished
(because they are sub-parallel) and their poles are distributed
in a great circle that defines the second-generation fold axis
that trends WNW and is sub-horizontal (Fig. 9b). Spaced
www.stephan-mueller-spec-publ-ser.net/4/223/2009/
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measured bedding-cleavage intersection lineations or L0x1
(Fig. 9c). Quartz veins, unrelated to folding, indicate N-NNE
extension direction (Fig. 9c).
5.2.4

Baraki 24 (Cretaceous–Valanginian?)

In quarry exposures along the main road east to Igvekinot
(Fig. 5), bedding dips gently NW and cleavage dips gently
south (Fig. 9d). Intersection lineations trend almost E-W.
Two sets of quartz veins occur. The older (open triangles,
Fig. 9d) quartz veins trend N-S to NE and cut sandy beds
but not inter-bedded shales. They are likely related to deformation within the beds (stretching) during folding. If so,
they would indicate approximate fold-axis parallel stretching. The younger quartz veins trend NW and indicate NESW oriented extension during their formation (Fig. 9d).
Fig. 8. (a) Late Jurassic-Early Cretaceous sandstones and siltstones
at locality Baraki 33 (Fig. 4), showing bedding (So)-cleavage (S1)
relations. Looking west, cleavage dips to south. (b) Late Triassic (Norian) siliceous siltstones and fine sandstones with a welldeveloped cleavage. An early quartz vein is folded, yielding an
approximate estimate of the strain represented by the cleavage. Locality: north of Cape Yanranay (Fig. 5), looking east. (c) Photo
of porphyritic dike cutting across folded beds and cleavage; inset
shows close-up of dike rock. Dike trends nearly N-S, view is towards NW, locality Cape Pevek (Fig. 5). (d) Photo of small offset
normal fault, view looking approximately N. Locality Cape Pevek
(Fig. 5).

axial plane foliation of the second set of folds (poles shown
as crosses in Fig. 9b) dip N-NE about 35 degrees. Measured
second-generation fold axes (black diamonds) are W-NW
trending, sub-horizontal, and parallel to the fold axis defined
by bedding and the earlier cleavage. We interpret these data
to represent co-axial refolding of bedding and earlier formed
cleavage during a progressive deformational event; however,
small scale folds measured in this locality are south-vergent,
not north-vergent like most of the structures measured elsewhere and could be related to conjugate back thrusts.
5.2.3

Baraki 33 (Cretaceous–Valanginian?)

River bluff exposures of strata mapped as Cretaceous at this
locality (Fig. 5) are little metamorphosed and original sedimentary structures are well preserved. Fossil plant fragments
(wood) were seen, but no macro fauna. Cleavage is present
at an angle to bedding and is developed only in shales, not
in sandstone beds (Fig. 8a). Bedding dips gently north here
(Fig. 9c). The dip of cleavage varies as a function of lithology. Dips are closer to those of bedding at bases and tops of
shale units due to differential strain (Fig. 8a) and indicate a
south over north sense of shear. The great circle described
by poles to cleavage is related to strain variation and the obtained fold axis trends NW and is sub-horizontal, parallel to
www.stephan-mueller-spec-publ-ser.net/4/223/2009/

5.2.5

Eastern Cape Pevek (Cretaceous–Valanginian?)

Poles to bedding define a diffuse girdle whose pole represents
a fold axis that trends NW and is sub-horizontal, parallel to
measured bedding-cleavage intersection lineations (Fig. 9e).
Average cleavage dips moderately to the SW.
5.2.6

Central Cape Pevek (Cretaceous–Valanginian?)

Poles to bedding define a fold axis that trends NNW and
plunges slightly NW, parallel to directly measured fold axes
(Fig. 9f). Axial planes of these outcrop-scale folds dip W-SW
(Fig. 9f). Detailed measurement of two outcrop-scale duplex
structures are shown in Figure 8H. In these structures, bedding defines a fold axis that trends NW and is sub-horizontal.
The bedding-fault cutoff line (open diamond) as well as fold
axis (black diamond) are sub-parallel to the fold axis defined by bedding measurements. One of the small-scale
thrust faults is southwest-vergent, another is west-vergent
with oblique reverse slip. A third small-scale thrust fault cuts
folded beds that describe a N-S trending fold axis, and is also
west-vergent (Fig. 9i). Bedding-fault cut-offs are also parallel to measured fold axes. These last two examples of measured structures and their orientation are a good example of
where the data are consistent in a given place, but fold axes
are NS trending rather than NW trending or EW trending.
5.2.7

Western Cape Pevek (Cretaceous–Valanginian?)

Bedding here dips gently, about 25◦ to the NW (Fig. 9j). Two
cleavage measurements indicate cleavage is dipping southwest and a third indicates it dips NNW. Bedding-cleavage
intersection lineations are subhorizontal or plunge gently to
the NNW. Extensional, quartz-filled fractures trend NNE, dip
steeply, and are perpendicular to measured fold axes suggesting extension parallel to the trend of fold axes.
Stephan Mueller Spec. Publ. Ser., 4, 223–241, 2009
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older veins

poles to bedding
poles to cleavage
bedding-cleavage intersections
measured fold axes
bedding-fault intersections (cut-offs)

poles to axial planes of measured folds
older quartz veins
poles to quartz veins
poles to measured Cretaceous dikes

ms-AGU0416-f09.ai
Miller of
and
Verzhbitsky
Fig. 9. Equal area, lower
hemisphere projection
structural
data from specific localities in the Pevek Region. Letters of plots correspond to
localities shown on map in Fig. 5. Numbers of all types of data points (N=) are listed in lower left of each plot. In all diagrams, green circles
are poles to bedding, crosses are poles to cleavage or S1, blue x’s are intersections between bedding and cleavage or L0x1, black diamonds
are measured fold axes, blue diamonds are small thrust-fault cutoff lines (intersection between two sets of beds cut by thrust fault), squares
are poles to axial planes of measured folds and yellow triangles are poles to quartz veins. Diagram (m) shows poles (red stars) to all directly
measured Cretaceous dikes. Directions of shortening are shown as inward-directed black arrows; directions of extension by outward-directed
grey arrows on outside of stereonet. Where indicated, great circle fits to poles to bedding and cleavage are shown by heavy dashed green
lines and their poles are bigger diamonds, thin dashed green great circles are average bedding orientations, black great circles are average
cleavage orientation. Red lines are thrust fault planes.

5.2.8

Western Valkumey (Cretaceous–Valanginian?)

Poles to bedding show uniformly gentle dips to the W-SW
(Fig. 9k). Poles to cleavage show uniform gentle dips to
the SW. Intersection lineations show a surprising scatter, disStephan Mueller Spec. Publ. Ser., 4, 223–241, 2009

cussed in the introduction of the structural data section. This
scatter is seen in our collective data from the region and some
of the possible ways of explaining it were discussed in the introduction to this section.

www.stephan-mueller-spec-publ-ser.net/4/223/2009/
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5.2.9

Eastern Valkumey (Cretaceous–Valanginian?)

Bedding dips uniformly gently to the west (Fig. 9l). Cleavage
dips gently to the south. The average intersection of the two
yields an E-NE trending intersection which is askew to the
general more NW trending regional folding. The measured
intersection lineations between bedding and cleavage (S0x1)
again show a great deal of scatter from NW to SW trending
(Fig. 9l). Given the rather systematic orientation of cleavage,
this could be due to vertical axis rotation of gently dipping
bedding and cleavage and/or tilted or slump-folded bedding
prior to deformation.
5.3

Structural relationships of dikes and plutons

Plutons and associated dikes sharply cut penetrative deformational fabrics and folds in Mesozoic strata (Fig. 8c). Andalusite ± chloritoid are locally developed in their contact
aureoles, suggesting that most of the granitoids were intruded
into fairly shallow levels (∼5 km depths?) of the crust. Adjacent to plutons, abundant evidence for hydrothermal alteration is seen including quartz veins and extensive bleaching of originally more porous quartzites and siltstones compared to the darker slates and shales. Most plutons are porphyritic with large tabular K-feldspar phenocrysts, which are
conspicuous in the finer grained border phases and in the
dikes that emanate from the plutons (Fig. 8c). Biotite and
hornblende are the most common mafic minerals. On the
1:200 000 geologic map of the Pevek area, the age of these
plutons is cited as Late Cretaceous (younger than 99 Ma)
and they are described as having a compositional range
that encompasses granite, quartz monzonite and granodiorite. The dikes are described as Early and Late Cretaceous
in age with a compositional range that includes granite (rhyolite), granodiorite (dacite), quartz diorite, syenite and lamprophyre. Using geochemistry, petrology and available K-Ar
data, Dudkinskii et al. (1997) divide the granitoids into an
early (144 Ma) more mafic suite of monzonite-monzodioritegranodiorite-granite, an intermediate (126 Ma) group of silicic granite-leucogranite magmas and a late (97–85 Ma) suite
of leucogranites. Despite the broad age range reported, they
believe these magmas form part of a single, possibly initially subduction-related magmatic event, where melts interacted with continental crust in a progressively more significant fashion with time (Dudkinskii et al., 1997). They
conclude that the majority of magmas from mafic to felsic can be explained by the interaction of mafic magmas,
specifically potassium-rich basalts, with the crust, supplying heat and causing partial melting, leading to the more
evolved granitoids in the region (Dudkinskii et al. 1997). A
U-Pb age utilizing the USGS-Stanford University SHRIMPRG on zircons from one of the Pevek plutons (Sample
ELM06 PV-12, location shown on Fig. 5) yields a weighted
mean age of 108.1±1.1 (MSWD=4.0, N=8) (Supplewww.stephan-mueller-spec-publ-ser.net/4/223/2009/
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ment, see: http://www.stephan-mueller-spec-publ-ser.net/4/
223/2009/smsps-4-223-2009-supplement.zip). The pluton
dated likely connects with the two small plutons mapped to
the south of Pevek, forming a larger body at depth (Fig. 5).
These three plutons are associated with numerous dikes of
similar composition (Fig. 8c). The dated granite forms part
of Dudkinskii et al.’s (1997) intermediate age (126 Ma) group
of silicic granites. The zircons dated indicate the entrainment of zircons with slightly older ages (115 and 116 Ma)
(see Supplement), supporting a somewhat prolonged magmatic event as postulated by Dudkinskii et al. (1997), but the
inferred age of magmatism is still considerably shorter and
younger than the range of legacy K-Ar dates they report.
Direct measurement of ten dike orientations in sea cliff
exposures indicate an average steeply dipping plane striking
NNE (Fig. 9m). Combined trends of all dikes (these include
dikes and map-scale or mappable quartz veins) in the area
of Fig. 5, measured from the 1:200 000 geologic map of the
Pevek region, are plotted together and indicate an average
strike direction slightly west of north (Fig. 7e), suggesting
E-W extension during the intrusion of the dikes and associated granitoid plutons. To see if this was representative of a
more regional trend, we compiled the orientations of dikes
and map-scale hydrothermal quartz veins from the entire region south and west of Pevek to the town of Bilibino (Figs. 3
and 7f, g and h). These represent a considerable number of
measurements and clearly show that dike orientations are remarkably consistent over a broad region and trend NNW, indicating ENE-WSW directed extension during intrusion of
Cretaceous granitoids.
5.4

Brittle structures

Small offset faults, slickensided fault surfaces and quartz
veins were measured whenever encountered. These structures do not represent a significant amount of strain (e.g.
Fig. 8d) , but if systematic, they can provide useful information on the orientation of strain axes during their formation and clues to the nature of larger-scale structures. In several outcrops we observed small-scale faults cutting parts of
the dikes described above and also cutting hydrothermally altered and contact metamorphosed sedimentary rocks. They
are often associated with quartz veins and mineralization.
It seems reasonable to conclude that they may be broadly
contemporaneous with magmatism (or slightly post-date it)
which could have provided the hydrothermal circulation systems for the mineralization and quartz veining.
The fault measurements yield fairly consistent data
(Fig. 10). Most of the small offset faults trend approximately
N-S and dip to the east and west, with dip-slip movement histories. These faults appear to define a conjugate set of normal
faults (Fig. 10a–n). There also appears to be a lesser set of
steep south-dipping faults that show dip-slip to oblique slip
motion (e.g. Fig. 10 l).
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Combining all of the fault data together and utilizing the fault kinematic program (http://www.geo.cornell.
edu/geology/faculty/RWA/programs.html) (Marrett and Allmendinger, 1990) we calculated P (shortening) and T (extension) axes for each of the sets of fault planes and striae
measured (Fig. 11). This analysis yields an average shortening axis that is sub vertical and a dominant, approximately
E-W extension axis (Fig. 11). A lesser SSW-NNE extension axis is also evident (Fig. 11). Together with the data on
dike orientations, these data provide robust documentation of
the direction of regional extension at the time of Cretaceous
magmatism.

6

Regional correlation and timing of events

Folding related to crustal shortening is widespread on the
Russian mainland in Chukotka and continues northward to
Wrangel Island (Kos’ko et al., 1993) and westward to the
Siberian Islands (Kos’ko and Trufanov, 2002) (Figs. 2 and
3). Folds in Chukotka are tight with south-dipping to vertical,
penetrative axial plane cleavage (Katkov et al., 2004, 2006;
Miller et al., this volume). Shallowly dipping, beddingparallel faults or far-traveled “nappes”, typical of thrust belts
are not generally characteristic of the Chukotka fold belt
(Fig. 3). The attitude of fold axes and axial plane cleavage
indicate N-S to NE-SW directed shortening (Fig. 3 and data
presented here). The onset of deformation is dated by the
deposition of syn-orogenic clastic rocks in latest Jurassic–
Early Cretaceous time – the Rauchua or Myrgovaam Basin
(Fig. 3). These sediments record the arrival of clastic material shed from Precambrian basement uplifts and Late Jurassic magmatic sources to the south of Chukotka (Bondarenko
et al., 2003; Miller et al., 2008; Soloviev et al., 2006). These
syn-orogenic deposits were in turn involved in folding and
were shortened together with underlying strata, based on the
shared similarity of their main structures (Fig. 3 and data
presented here). The youngest fossils reported from sedimentary rocks involved in folding are Valanginian (Belik and
Susunov, 1969), which corresponds to the approximate time
interval 140.2±3.0 Ma to 136.4±2.0 (Gradstein et al., 2004).
Thus deformation began in the Late Jurassic (earliest fossildated syn-orogenic deposits) and continued at least through
the Valanginian (youngest strata deformed).
The upper bracket for regional folding-related deformation
are the Cretaceous plutons and dikes discussed above. However, the large range in their reported K-Ar ages is confusing.
The pluton we dated in Pevek as 108 Ma (see Supplement)
provides a clear younger age limit for deformation. Based
on ages from a broader region, however (Fig. 3), it is likely
that the oldest cross-cutting plutons are at least 117 Ma old.
A long-lived (∼20 Ma?) period of uplift and erosion postdated this magmatic event and resulted in the regional unconformity beneath the base of the younger OCVB volcanic
belt (Fig. 3).
Stephan Mueller Spec. Publ. Ser., 4, 223–241, 2009
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Implications for the geology of the Siberian Shelf

Based on the above data from the Arctic coast of Chukotka
and its comparison to the broader region we have studied, it
is clear that several major events of regional significance affected the crustal makeup of this part of Arctic Russia and
thus must have also affected the acoustic basement rocks of
the offshore Siberian Shelf. As such, these on-land geological relations provide powerful constraints on various possible
interpretations of the extremely limited existing offshore data
(Fig. 12).
Several authors have summarized and re-interpreted geophysical data for the Siberian Shelf. Both Franke et al. (2004)
and Mazarovich and Sokolov (2003) have suggested that,
contrary to previous beliefs, a large portion of the Siberian
Shelf between the New Siberian Islands and Wrangel lacks
well-defined deep sedimentary sub-basins (Fig. 12). Overall, the shelf is characterized by a fairly thin sedimentary
cover (2–3 km) that thickens to at least 7–8 km near the shelf
edge, eastward and northward of the Siberian Islands (e.g.
Sekretov, 2001; Franke et al., 2004). These data and interpretations emphasize that the large E-W trending shelf
basins described in previous summaries by Fujita and Newberry (1982), Savostin et al. (1984) Fujita and Cook (1990),
Parfenov et al. (1993) do not exist (Fig. 12). In addition, the
more recent interpretations of offshore data suggest that the
series of extensional rift basins mapped on the Laptev Sea
Shelf, related to spreading in the Eurasian Basin, do not extend significantly east of the New Siberian Islands (Fig. 12)
(but see discussion of the East Siberia depo-center by Franke
et al., 2004). As described by Franke et al. (2004), acoustic
basement beneath the Siberian Shelf can be clearly mapped
even when sediment cover is thickest. No coherent reflectors are seen in the basement rocks in any of the data and
the basal unconformity for overlying sediments is mainly
smooth to flat, suggesting it was the result of pene-planation
prior to final subsidence and accumulation of its sedimentary
cover (Franke et al., 2004). The age of this regional erosional surface is critical to interpretation of the age of overlying sedimentary rocks, which in turn is critical to understanding the age of rifting in the Amerasian Basin. Franke
et al. (2004) discuss the evidence for the age of this surface in some detail and conclude (in agreement with our new
data) that it must post-date granitoid magmatism in Chukotka
and the Verkoyansk belt (Fig. 2). However, they state that
the age of cessation of magmatism is 70 Ma, and thus the
age of the seismically mapped unconformity is younger than
70 Ma, and that the overlying sedimentary package is Paleocene and younger. However, there is little evidence for plutons as young as 70 Ma in Chukotka and the Verkoyansk.
Kos’ko and Trufavov (2002) review geologic evidence from
the New Siberian Islands and propose that the unconformity
is as old as Aptian-Albian (125 to 100 Ma). Based on our
study and the analysis of the regional geology of the Pevek
and surrounding region, we would agree with Kos’ko and
www.stephan-mueller-spec-publ-ser.net/4/223/2009/
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Fig. 10. Equal area, lower hemisphere plots of small offset fault planes and striations (slickensides). Number of measurements shown in
lower left (N=). Arrows on fault planes
indicate sense of motion of hanging wall (upper plate) relative to footwall (lower plate). (a)–(m) are
ms-AGU0416-f10 Miller and Verzhbitsky
data from individual localities as labeled in Fig. 5. The last diagram (n) is the combined data set.

Fig. 11. Fault kinematic solutions. A. Equal area, lower hemisphere
plots of P (shortening) axes (black dots) and B. T (extension) axes
(black squares) calculated from fault data shown in Fig. 9, using
Fault Kinematics Program (http://www.geo.cornell.edu/geology/
faculty/RWA/programs.html) (Marrett and Allmendinger, 1990),
contoured by the Kamb method with 1% contour intervals shown.
ms-AGU0416-f11
Miller extension
and Verzhbitskydirections are shown by grey arrows on outer
Dominant
periphery pf plot (b); shortening direction is sub-vertical in (a).
Note that the Fault Kinematics Program utilizes a zero value for
the coefficient of friction; P axes would be near vertical if faults
initially formed 30◦ from shortening axis.
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Trufanov (2002) that this unconformity must be considerably
older than the base of the Tertiary as proposed by Franke et
al. (2004). The erosional surface would have developed at
the cessation of plutonism (youngest dated pluton is 108 Ma)
and prior to inception of volcanism in the OCVB at 90 Ma or
less, when magmatism steps south of this part of the Arctic
coast of Russia. Thus, sediments above this unconformity
beneath the Siberian Shelf could be as old as early Late Cretaceous (Albian, ∼100 Ma) rather than Paleocene (younger
than 65 Ma) as suggested by Franke et al. (2004) (the age of
their ESS1-ESS2 seismic stratigraphic interval).
Seismic data are virtually non-existent east of the East
Siberia depocenter and west of Wrangel Island (Fig. 12).
Satellite gravity data (Laxon and McAdoo, 1994) provide little evidence for additional deep sedimentary basins on the
shelf north of the Pevek region of Arctic Russia (Fig. 12)
(see also Mazarovich and Sokolov, 2003). Notable exceptions include the North Chukchi Sea Basin and the Hope
Basin (Fig. 12) (Thurston and Theiss, 1987; Tolson, 1987).
The Hope Basin is often shown as connected to the South
Chukchi Basin, developed between Wrangel Island and
Pevek (Fig. 12). However, based on limited seismic data
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together with gravity data, the South Chukchi Basin appears
to be a distinct basin separated from the Hope Basin by a
structural high (Fig. 12). The Hope Basin is believed to
have formed in the earliest Tertiary (Paleocene) (Tolson, 1987). Based on its similar trend and close location, the
South Chukchi Basin could possibly have formed at about
the same time. If so, faults that bound this basin would
cut the regional unconformity mapped as ESS1 by Franke
et al. (2004) and again, would suggest that the sedimentary
cover of the Siberian Shelf is likely significantly older than
Paleocene. The age of formation and sedimentary fill of the
North Chukchi Basin is not known and because it lies to the
north of the Mesozoic deformational front referred to as the
Wrangel-Herald Arch (Figs. 2 and 12), it could be significantly older and include Paleozoic as well as Mesozoic strata
as does the Hannah Trough of offshore Alaska, which occupies the same structural position along strike (Sherwood et
al., 2002).
The timing of events on land in Arctic Russia suggest
that voluminous syn-extensional magmatism occurred across
a broad sector of Chukotka beginning at least 117±2 Ma
ago. Reported K-Ar ages from this region are as old as
150 (e.g. Dudkinskii et al., 1997; Akinin and Kotlyar, 1997;
V. V. Akinin, personal communication, 2006) but it is difficult to evaluate the accuracy of this legacy geochronologic
data. Certainly the earliest plutons in this region most likely
post-date deposition of strata deposited in a basinal environment and which are as young as Valanginian (140.2±3.0 to
136.4±2.0 Ma, Gradstein et al., 2004), so K-Ar ages older
than 136 may be suspect. In the new Siberian Islands, nearly
1500 km to the west, plutons have been dated by the U-Pb
method as 118 and 120 Ma (as reported by Kos’ko and Trufanov, 2002). Accumulating evidence suggests that magmatism in the Pevek and surrounding region was associated
with crustal extension and thus post-dates crustal shortening
and collision-related deformation. An extension direction of
ENE-WSW to NE-SW during magmatic activity is indicated
by data from across a very broad region of Chukotka. Voluminous magmatism, ultimately mantle-derived (e.g. Dudkinskii et al., 1997) together with extension, likely had an
important effect on the evolution of the deeper crust beneath
this region, however we are still far from understanding this
magmatic history. Magmatism was followed by the development of a profound regional erosional unconformity, stripping 5 km or more of cover from this region. This estimate
is based on the suggested depth of emplacement of the granitoid bodies and is only approximate. The unconformity separates an earlier, syn-extensional period of magmatism from
younger overlying rocks of the Okhotsk-Chukotsk volcanic
belt that are less than ∼90 Ma in the Chukotka region (Tichomirov et al., 2006). This regionally mapped unconformity on land may be correlative to the top of acoustic basement mapped across the East Siberian Shelf (e.g. Franke
et al., 2004). The overlying sedimentary cover above this
basal unconformity on the shelf can be tracked northwards
Stephan Mueller Spec. Publ. Ser., 4, 223–241, 2009

to the shelf edge along the southern flank of the Makarov
Basin (e.g. Franke et al., 2004; Sekretov, 2001) suggesting
that all rifting activity had ended in the Makarov-Mendeleev
Ridge part of the Amerasian Basin by the time that unconformity developed, as it is unfaulted (Sekretov, 2001). Thus we
would suggest that the rift stage of opening began after the
end of shortening-related deformation (post Valanginian) and
was simultaneous with ∼120 to 105 Ma magmatism. Subsidence and deposition on the shelf began thereafter. Figure 13
highlights the trends of bathymetrically defined structures
along the flanks of the Lomonosov Ridge, in the Makarov
Basin and across the Alpha-Mendeleev Ridge, which, before current ideas on the rotational opening of the Amerasian
Basin, were interpreted as extensional normal faults (e.g.
Taylor et al., 1981; Weber and Sweeney, 1990; summary
of ideas in Secretov, 2001). Reflection seismic profiles illustrate some of these normal fault systems in detail (e.g.
Forsythe and Mair, 1984; Cochran et al., 2003; Coakley et
al., 2005). The bathymetric data and mapping of structures
as normal faults clearly indicates an approximate N-S orientation of structures formed during E-W directed extension
that is similar to trends of structures documented on land in
Arctic Russia (Fig. 13). Our interpretation of the timing of
this structuring of both the Makarov Basin-Mendeleev Ridge
portion of the Amerasian Basin as well as the crust beneath
the adjoining East Siberian Shelf is that it occurred in the
Cretaceous, after 136 Ma, during the interval 120–105 Ma.
This timing differs from the timing suggested initially by
Taylor et al. (1981) who suggested that the Makarov Basin
opened in the Late Cretaceous to Paleocene (84–49 Ma), Weber and Sweeney (1990) who suggest a broad but still young
age range for seafloor spreading in the Makarov Basin (118
to 56 Ma) and Rowley and Lottes (1988) (between anomalies
32 and 34 (72–84 Ma)).

8

Conclusions

The mode of formation and the timing of development of
the Amerasian Basin of the Arctic is unknown and ideas
about its genesis have been debated for many years. Proponents of the rotational opening of the Amerasian Basin propose that the Lomonosov Ridge margin served as a transform plate boundary for this opening and that the AlphaMendeleev Ridge post-dates this opening and is related to
hot-spot/large igneous province magmatism (e.g. Forsythe et
al., 1986; Rowley and Lottes, 1988; Grantz et al., 1990a,
b; Lawver et al., 2002) (Fig. 1). In this scenario, the edge
of the Siberian Shelf would represent a passive rifted margin (Fig. 1). However, prior to the development of the rotation model, many workers had proposed that the Lomonosov
Ridge was the rifted margin, and the Makarov Basin and
Alpha-Mendeleev Ridges the consequences of orthogonal
rifting from that margin. Based on refraction and reflection
seismic, together with dredge sampling, Lebedeva-Ivanova
www.stephan-mueller-spec-publ-ser.net/4/223/2009/
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Fig. 12. Regional Compilation of Data for East Siberian Shelf: (a) Free air gravity anomaly (mGal) map of the eastern Arctic sector of the
Arctic region (Laxon and McAdoo, 1994). Shown are 100 m, 200 m, and 500 m depth contours in thin black lines, from Mazarovich and
Sokolov (2003). (b) Regional compilation of fault and basin data for the East Siberian Shelf based on published seismic sections (locations
shown by thin black lines) and satellite gravity data (Laxon and McAdoo, 1994). Red lines with squares are normal faults, with squares on
ms-AGU0416-f12
Miller and Verzhbitsky
downthrown side, other
faults are inferred
normal faults. Triangles decorate thrust faults. Blue (grey) are gravity lows and yellow (patterned
grey) are highs. Abbreviations discussed in text: UL – Ust’ Lena Rift, BS – Bel’kov-Svyatoi Nos Rift, An – Anisin Rift, NS – New
Siberian Basin, Bv – Blagoveshchensk Basin, Vk – Vil’kitskiy Depression, ESD – East Siberian Depocenter (defined by gravity and seismic
reflection), NCh – N Chukchi Basin, NW – N Wrangel Basin, Sch – South Chukchi Basin, WHA – Wrangel Herald Arch, EH – East Hope
Basin, Hp – Hope Basin. Compiled from many sources including Franke et al. (2004), Mazarovich and Sokolov (2003), Sekretov (2001),
Drachev et al. (1998, 2001), Grantz et al. (1990a, b), Kogan (1981), Shipilov et al. (1989) and Grantz (map in Miller et al., 2002).

et al. (2006) concluded that the Russian counterpart of the
Alpha Ridge, the Mendeleev Ridge, is underlain by rifted
continental crust. Our investigation of the geologic and structural history of the Arctic coast of Chukotka adds fundamental data to this controversy, and provides constraints on the
timing of events onshore. It is now established that Late
Jurassic–Early Cretaceous sedimentary rocks (as young as
Valanginian 140±2 to 136±2, Gradstein et al., 2004) are
involved in the last stages of crustal shortening which began in the Late Jurassic. Cretaceous magmatic activity in
Chukotka occurred during a major change in tectonic regime
and was accompanied by E-W to NE-SW directed extension.
The age range and geochemistry of these magmas is critical to interpretations of Arctic rifting but have not at this
time been studied in detail. Reported K-Ar ages are as old
as ∼150 Ma and as young as 85 Ma, but detailed structural
studies and U-Pb dating of zircon from a limited number of
plutons including data from one of the plutons on the Pevek
coast (Fig. 3), suggest a much narrower time span ∼108–
117 Ma for this magmatic activity. Thus land-based data
from Arctic Russia support a younger than 136 (end of the
Valanginian stage of the Cretaceous) and older than 117 Ma
age for the inception of rifting along the Lomonosov margin of the Amerasian Basin and formation of the Makarov
www.stephan-mueller-spec-publ-ser.net/4/223/2009/

Basin and Alpha-Mendeleev Ridge as a consequence of that
rifting. A rift origin for these features is supported by the
complex normal fault-related bathymetry of the Makarov and
Alpha-Mendeleev Ridge (Fig. 13), whose trends are parallel
to extension directions established in Arctic Russia. There is
little evidence along this part of the Russian Arctic coast for
any younger (post-plutonic) rift-related structures, faults and
sedimentary basins. Because of these relations, the regional
basement unconformity and relatively undisturbed overlying
sedimentary cover of the Siberian Shelf may have developed
during (and after) this period of regional uplift and erosion.
Tectonic activity associated with formation of the Amerasian
Basin had entirely ceased by the time volcanism began in
the Okhotsk-Chukotka belt at about 90 Ma, when magmatism jumped south to the Pacific margin of NE Russia.
It is more difficult to extrapolate the timing relations discussed here to the region east and north of Wrangel Island
including the Canada Basin part of the Amerasian Basin because of younger basin development (S. Chukchi and Hope)
and the lack of reported Cretaceous plutons on Wrangel Island, for instance (Figs. 3 and 12). The main phase of rifting that opened the Canada Basin, based on interpretation
of seismic stratigraphy and identification of unconformities
in Canada and Alaska is inferred to be about the same age
Stephan Mueller Spec. Publ. Ser., 4, 223–241, 2009
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Bathymetric Chart of the Arctic
Oceans (IBCAO, 2001, available at http://www.ngdc.noaa.gov/
mgg/bathymetry/arctic/arctic.html) is shown as base for the Amerasian Basin to highlight the position and nature of Lomonosov
Ridge, Makarov Basin and Alpha Mendeleev Ridge as well as and
the Chukchi Borderland (Grantz et al., 1990a, b) . We have mapped
linear normal faults associated with the basins and intrabasinal
highs of the Arctic Ocean (Fig. 7a) by highlighting the steeper side
of these structures. The structuring of these basins and highs is compatible with the interpretation that the Alpha and Mendeleev ridges
are stretched and foundered crust rather than the locus of a younger
hot spot track (Lawver and Mueller, 1994). The orientation of the
various arrays of normal faults (ridges and basins) seen in the bathymetric data suggest a multi-stage and complex mode of stretching
and opening of the Amerasian Basin. Black stars are Cretaceous
magmatic activity and elongate ellipses are average dike orientations and inferred extension directions based on land geology (this
paper). Cretaceous extension directions in northern Alaska (south
flank of Brooks Range and Seward Peninsula), the Bering Strait region and adjacent Chukotka are N-S oriented and are from Miller et
al. (2002). Age of northern belt granites from Toro et al. (2007).
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(135–115) (e.g. Grantz et al., 1990a, b; Rowley and Lottes,
1988; Lawver et al., 2002; Embry and Dixon, 1990) leaving open the possibility that its formation was coeval with
that of the rest of the Amerasian Basin. On both sides of
the Bering Strait in Alaska and Russia, N-S extension documented in gneiss domes is fairly well-bracketed as syn to pre
95–90 Ma (Akinin et al., 2009). This extension direction is
at right angles to that inferred for the Pevek region (Fig. 13)
and is younger in age, but there is no information between
these two regions (Fig. 13) that might help shed light on the
transition between these two orthogonal stretching directions
documented by metamorphic fabrics and dike orientations.
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