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Abstract. The Pevek region of Arctic Russia provides excel- Shelf reveals a widespread, seismically mappable basement-
lent beach cliff exposure of sedimentary and igneous rocksedimentary cover contact that deepens northward towards
that yield detailed information on the nature, progression andhe edge of the shelf with few other significant basins. Vari-
timing of structural events in this region. Regional folding ous ages have been assigned to the oldest strata above the un-
and thrust faulting, with the development of a south-dipping conformity, ranging from Cretaceous (Albian —112-100 Ma)
axial plane cleavage/foliation developed during N-S to NE-to Tertiary (Paleocene—Eocene-60-50 Ma). The period of
SW directed shortening and formation of the Chukotka- uplift and erosion documented along the Arctic coast of Rus-
Anyui fold belt. This deformation involves strata as young sia at this longitude could represent the landward equivalent
as Valanginian (136—140 Ma, Gradstein et al., 2004). Fold-of the (yet undrilled) offshore basement-sedimentary cover
related structures are cut by intermediate to silicic batholithscontact, thus overlying sedimentary sequences could be as
plutons and dikes of Cretaceous age. Reported K-Ar wholeold as early Late Cretaceous. Although quite speculative,
rock and mineral ages on the granitoids range from 144 tadhese conclusions suggest that land-based geologic, struc-
85 Ma, but to the south, more reliable U-Pb zircon ages ortural, petrologic and geochronologic studies could provide
compositionally similar plutons yield a much narrower age useful constraints to help resolve the plate tectonic history of
range of~120-105 Ma (Miller et al., this volume) and a plu- the Arctic Ocean.
ton in Pevek yields a U-Pb age on zircon of 168111 Ma
with evidence for inheritance of slightly older 115 Ma zir-
cons. Magmas were intruded during an episode of E-W 101  |ntroduction
ENE-WSW directed regional extension based on the consis-
tent N-S to NNW-SSE orientation of over 800 mapped dikesThe Arctic Ocean conceals one of the few unresolved plate
and quartz veins. Analysis of small-offset faults and slick- tectonic puzzles on Earth, with important implications for the
ensides yield results compatible with those inferred from thegeologic history of the vast adjoining shelfal regions (Fig. 1).
dikes. Younger tectonic activity across this region is minor Until we are able to scientifically drill the most controversial
and the locus of magmatic activity moved southward towardsparts of the Arctic Ocean seafloor, many questions about its
the Pacific margin as represented by t80Ma Okhotsk-  origin will remain unanswered. This paper contributes to fur-
Chukotsk volcanic belt (OCVB). A lengthy period of uplift thering our knowledge of the East Siberian Shelf and the ad-
and erosion occurred after emplacement of Cretaceous plyacent Amerasian Basin of the Arctic Ocean by analyzing the
tons and produced the peneplain beneath the younger OCVBhature, progression and timing of structural events along the
Based on our studies, we speculate thdt20-105Ma  Arctic coast of Russia. Although our data are land-based and
magmatism, which heralds a change in tectonic regime frorrcan only be extrapolated in a very speculative fashion off-
compression to extension, could represent one of the conseshore, they provide broad constraints on the age and history
quences of the inception of rifting in the Amerasian Basin of of the seismically mapped acoustic basement-sedimentary
the Arctic, forming the Makarov Basin north of the Siberian cover sequence offshore and the rift history of the Makarov
shelf at this longitude. A synthesis of available seismic re-Basin part of the Amerasian Basin that lies to the north of
flection, gravity and magnetic data for the offshore Siberianthe East Siberian Shelf at this longitude (Fig. 1). Prior to dis-
cussing our data and their interpretation, we briefly describe
the tectonic features of the Arctic Ocean and the unresolved
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ported by many workers (e.g. Grantz etal., 1979; Rowley and
" 2 Lottes, 1988; Grantz et al., 1990a, b; Lawver et al., 2002; but
% G'ee"'a" see also Gurevich et al., 2006). If the rotational rift inter-
5 1, pretation for the origin of the Amerasian Basin is accepted,
J 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 Arc-
tic 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 strati-
graphic data from Alaska and Canada, the opening of the
Amerasian Basin is thought to have taken place in the Hau-
terivian (~130 Ma) and was over by the Albian-(12 Ma)
(Grantz et al., 19904, b) (but see also Gurevich et al., 2006).
Embry and Dixon (1990) argue that the main phase of rift-
ing 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, 100-94Ma). The South Anyui Suture Zone

the outline of the postulated Arctic Alaska-Chukotka plate. The in- _(SAZ) represents the southerr'1 ?QU”d_aW of th_'s rr_ucroplate;
ferred fossil spreading center for the Canada Basin is shown by &S northern boundary (by definition) is the Siberian Shelf
double line flanked by magnetic anomalies (positive-thin solid line, €dge (Fig. 1). The rotation model thus predicts that the edge
negative-thin dashed line) (Laxon and McAdoo, 1994). Abbrevi- Of the Siberian Shelf is a rifted passive margin with a sedi-
ations: AN — Angayucham belt, AR — Alpha Ridge, BR — Brooks mentary cover that is at least Albian or older. Many workers
Range, CB — Canada Basin, CH — Chukotka, CP — Chukchi Plateathave alternatively suggested that at least the Makarov part
CR - Chersky Range, GR — Gakkel Ridge, LR —Lomonosov Ridge,of the Amerasian Basin formed by rifting orthogonal to the
MB — Makarov Basin, MR — Mendeleev Ridge, NSI—New Siberian | omonosov Ridge (Fig. 1) (see Sekretov, 2001, for a sum-
Islands, WHA — Wrangel-Herald Arch, W1 —Wrangel Island. mary of ideas). This interpretation, initially based on the
identification of magnetic anomalies (Taylor et al., 1981), is
controversial because more recent magnetic data (Glebovsky
2 Regional tectonic setting et al., 2000) do not clearly reveal those anomalies. Work-
ers in favor of the rift origin of the Makarov Basin mostly
The Arctic Ocean consists of two major sub-basins, thecite a variety of supporting data that favor formation of this
younger and relatively well-understood Eurasian Basin andbasin at a rather young time, in the Late Cretaceous to Pa-
the older and more controversial Amerasian Basin (Fig. 1)leocene (e.g. Taylor et al., 1981; Rowley and Lottes, 1988).
Based on magnetic anomalies, the Eurasian Basin began ifBhe hypothesized rifting of the Makarov would have been
rift opening in the Paleocene-66 Ma) and represents the nearly orthogonal to the Siberian Shelf edge and the age of
northern continuation of the mid-Atlantic rift (e.g. Krisstof- this rifting would have clear implications for the geology and
fersen, 1978; Rowley and Lottes, 1988; Engen et al., 2003structuring of acoustic basement rocks and the age of the sed-
Glebovsky et al., 2000) (Fig. 1). The Lomonosov Ridge is imentary cover of the Siberian Shelf. Basically, the two mod-
a thin strip of continental crust that separates the Eurasiaels discussed above have very different implications for the
Basin from the Amerasian Basin (Weber and Sweeney, 19900rigin and history of the Siberian Shelf. Although the geol-
Jokat et al.,1992; 1995) (Fig. 1). It restores against the Barogy of the New Siberian Islands has been considered in test-
ents Shelf prior to spreading in the Eurasian Basin (Row-ing models for the rift history of the Amerasian Basin (e.g.
ley and Lottes, 1988). The Amerasian Basin consists of sevKosko et al., 1990; Kos’ko and Trufavov, 2002, and summary
eral bathymetrically complex basins and highs: the Makarovby Sekretov, 2001), neither model has carefully considered
Basin, the Alpha-Mendeleev Ridge, the Canada Basin, andhe structural history of Arctic Russia in Chukotka.
the Chukchi Borderland (Fig. 1). Based on a set of subpar- The Pevek region of the Russian Arctic is located within
allel to fan-shaped (suggesting about 1 rotation) mag-  the Arctic Alaska-Chukotka plate (as described above) and
netic anomalies in the Canada Basin (Fig. 1), a rotational riftis bordered by the part of the East Siberian Shelf that lies
opening for the Amerasian Basin has been proposed and sugouth of the Makarov Basin and the Mendeleev Ridge of the

©

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 (2002). The heavy dotted line marks
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Amerasian Basin (Figs. 1, 2, and 3). Its geology, especially2006; V. V. Akinin, personal communication, 2006). Plutons
its stratigraphy and the progression and timing of structuralin the Bilibino region (to the southwest) have been dated us-
events, is critical to the interpretation of the limited offshore ing the U-Pb method on zircon and show a much narrower
seismic data from the Siberian Shelf. These data in turn prorange of ages from about 108 to 117 Ma (Miller et al., this
vide important constraints for the timing, origin and history volume), ages we consider to be a more reliable range. In
of the part of the controversial Amerasian Basin that lies tothe Alarmaut massif north of Bilibino (Fig. 3), in addition
the north. to cutting (post-dating) regional fold-related structures, Cre-
taceous plutons at greater depths in the crust were intruded
during vertical flattening and subhorizontal stretching of sur-
3 Overview of the geology of the Pevek region rounding rocks at elevated metamorphic conditions (Miller
et al., this volume). Thus, all data across a broad region sup-
The dominant map-scale structures developed along the coapbrt the interpretation that the intrusion of Cretaceous plu-
of Arctic Russia and southward into Chukotka are folds, pen-tons represents a major change in tectonic regime from com-
etrative deformation and thrust faults of the Anyui-Chukotka pression to extension. Gently dipping volcanic sequences
fold belt (Figs. 2 and 3). The fold belt is believed to be of the Okhotsk-Chukotsk Volcanic Belt (OCVB) overlie all
the result of the collision of the Chukotka microplate with older rocks in Chukotka, including the Cretaceous grani-
Eurasia; the South Anyui Zone (SAZ) is the resulting su-toids, along a profound, regionally developed angular un-
ture zone (Figs. 1, 2, and 3) (e.g. Seslavinsky, 1979; Pareonformity. The near flat-lying volcanic rocks of the OCVB
fenov, 1984; Bogdanov and Ti'man, 1992; Natal'in at al., are traditionally cited as the younger age limit for deforma-
1999; Sokolov at al., 2001, 2002, this volume). In the Anyui- tion in the Anyui-Chukotka fold belt and as the upper age
Chukotka fold belt, Devonian to Triassic stratigraphic units bracket for final deformation in the South Anyui Zone. How-
are involved in a series of map-scale folds portrayed bothever, field and geochronologic studies have shown that the
on detailed (1:200 000) geologic maps and on regional scal@ldest volcanic rocks of this belt are about 90 Ma, mostly
geologic compilations (e.g. Gorodinsky, 1980) (Figs. 2 andyounger than previously believed (e.g. Akinin et al., 2009;
3). Strata of Jurassic and Cretaceous age are only locallfichomirov et al., 2006). Thus the OCVB represents a pe-
exposed across Chukotka, but are present from the coastlingod of distinctly younger magmatism than that represented
at Pevek southwestward to Bilibino (Gromyko and Khruzov, by the older~117-108 Ma age plutons dated in the Bilib-
1967; Sosunov and Tiliman, 1960; Belik and Susunov, 1969)ino region of Chukotka (Tichomirov et al., 2006; Akinin and
(Figs. 2, 3, and 5). Jurassic and Cretaceous strata were d&otlyar, 1997; Katkov et al., 2007). Although the two mag-
scribed as the “Rauchua Basin” (Sosunov and Ti'man, 1960matic belts partially overlap in map pattern (Figs. 2 and 5),
Bogdanov and Ti'man, 1992; Parfenov et al., 1993) and catthe main OCVB post-dates the development of a profound
egorized as a post-tectonic “overlap” sequence in Noklebergegional unconformity and lies to the south of the Pevek re-
et al. (1994, 1998). On older geologic maps, these strata argion, representing a southward jump in the locus of magma-
portrayed and described as deposited unconformably oveism with time. The distribution of OCVB along the strike
deformed Triassic and Early Jurassic basinal deposits (e.dength of the Pacific margin of Russia has been used to argue
Sosunov and Tilman, 1960; Paraketsov and Paraketsovahat it represents a subduction related volcanic belt (e.g. Par-
1989; see also discussion in Nokleberg et al., 1994). How{enov, 1984, 1991; Parfenov et al., 1993; Nokleberg et al.,
ever, the same deposits were termed the “Myrgovaam Basin1994; Zonenshain et al., 1990). Thus by the time it formed,
by Baranov (1996) and Akimenko (2000) who alternatively the magmatic “action” had shifted from the Arctic coast of
describe these strata as detached and in the hanging wall ofRussia to a position closer to today’s Pacific margin. These
thrust plate, and also involved in regional folding and thrust-relationships underscore the importance of studying the ages,
ing. This conclusion is compatible with the regional folds in compositions and petrologic origins of the older granitoid
the map pattern of this unit as portrayed on 1: 200 000 scaldodies because it is this group of magmatic rocks, not those
geologic maps (Fig. 3). Additional field studies (Miller et of the OCVB, that will be the most useful in providing upper
al., 2004, 2006) further support this interpretation. The re-age brackets on the time of collision related deformation and
sults from this study help to confirm it — the Jura—Cretaceousfinal motion in the SAZ, thus providing additional constraints
units are involved in regional folding and thus help place im- on Arctic plate reconstructions.
portant constraints on the timing of events in the Arctic. The shaly to slaty, silty and sandy sedimentary and
Cretaceous plutons cut all fold-related structures of themetasedimentary strata of the Pevek Region are not well
Anyui-Chukotka belt and are associated with abundant dikeexposed, covered by wide expanses of tundra (Figs. 4 and
swarms (Figs. 2, 3, and 4). The age constraints on plub). Cretaceous granitoid plutons are sub-circular in shape
tons in the Pevek region are based mostly on K-Ar datingand these more resistant rock types underlie isolated moun-
where reported ages range from about 150 Ma to Late Cretains and mountainous parts of the region (Fig. 4). Based on
taceous (85Ma) (Gelman, 1995; Dudkinskii et al., 1997; geophysical data, the granitic bodies are thought to connect
Akinin and Kotlyar, 1997; Tichomirov and Luchitskaya, at depth, representing batholith size intrusions (Dudkinskii
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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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Fig. 3. Generalized geologic and structural map of the broader Pevek region showing regional trends of map-scale fold axes, Cretaceous
(?117 to ?108 Ma) post-folding, syn-extension plutons and locally developed ductile extensional fabrics (Alarmaut metamorphic dome) and
northern boundary of the South Anuyi Zone (Sokolov et al., 2002). U-Pb crystallization ages for plutons are from Miller et al. (this volume).
Dotted square outlines are the boundaries of published 1:200 000 scale geologic maps used for Cretaceous dike and quartz vein orientation
discussed in this paper, and are labeled E-H corresponding to the compilations shown in Fig. 7. (E) Gromyko and Khruzov (1967), (F)
Grigorev and Paraketsov (1962), (G) Belik and Sosunov (1969), (H) Sosunov and Tilliman (1960), Akimenko (2002). Units and structures
are compiled from Gorodinsky (1980).
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et al.,, 1997). More resistant, contact-metamorphosed strata
are best exposed along the flanks of these plutons but strati-
graphic and sedimentologic details are obscured by hy-

drothermal alteration and contact (hornfels) metamorphism

(Figs. 4 and 5). Fortunately, the mostly non-resistant sed-

imentary rocks are superbly exposed along sea cliffs and,
together with stream and river bank exposures, provide ex-
cellent localities for detailed studies, where we focused our

attention.

Cape Kibe_r

4 Stratigraphy

Devonian to Cretaceous strata surrounding Pevek are region- outline Fig. 5
ally 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 vol-

ume). Because of penetrative deformation and mild meta-
morphism, fossils, where they occur, are also poorly pre-
served. Contacts shown as unconformities/disconformities

on stratigraphic columns accompanying the 1:200 000 georig 4. Landsat 7 image of Pevek region, courtesy of NASA World-
logic maps of the region (e.g. Fig. 6) (Gromyko and Khru- wind geocover imagery, showing near circular outlines (contacts)
zov, 1967) are somewhat arbitrarily designated and represerif Cretaceous plutons (pink), such as the Purkanayansk massif,
a lack of fossils in a given age range rather than hard fieldarge regions of quaternary alluvium and cover and very poor ex-
evidence for an unconformity such as conglomerates, anguposure of sedimentary and metasedimentary country rocks. Scale
lar contacts and incision. Folding and penetrative deforma=shown is approximate.
tion also compromise the thickness estimates shown on these
columns (Fig. 6).

The oldest sedimentary rocks in the region are exposed NE riassic is poorly fossiliferous with the exception of a few
of Pevek in the Cape Kiber region (Figs. 3 and 4). Here, De-localities (Fig. 6).
vonian and Carboniferous strata occur in the core of anticli- Jurassic fossils are rare in Chukotka and this has been used
nal structures (Fig. 3). Cape Kiber itself consists of deformedto suggest that a major depositional break and unconformity
granitoids dated as Devonian by Cecile et al. (1991). The Demight exist between Triassic and Cretaceous strata. Recently,
vonian sequence consists of shallow marine clastic and caldurassic microfossils have been reported from rocks previ-
bonate rocks (base not exposed) that are unconformably (Qusly mapped as Triassic near Pevek (I. Yu. Cherepanova,
overlain by Carboniferous to Permian calcareous siltstonespersonal communication, 2006). Thus it is possible that fu-
shales and minor limestone (700 m) (Fig. 6). ture detailed paleontologic studies or detrital zircon studies

Across Chukotka, the basal contact of the Triassic isProviding minimum ages for sandstones might reveal a more
mapped as conformable with underlying Permian or disconcomplete time-stratigraphic section in this otherwise poorly
formable on Carboniferous strata. The lower part of the Tri-fossiliferous and penetratively deformed section.
assic is notable in that it contains abundant masses and sills The contact between Cretaceous and Triassic strata is
of gabbro/diorite. Conventional K-Ar whole rock ages on mapped as an (unexposed) fault in the region we studied
the diorites range from 250 to 190 Ma but they have not beer(Figs. 3 and 5). The fault could be interpreted as a west side-
dated by more precise methods. (Bychkov and Gorodinskydown normal fault (as portrayed in Fig. 3) but the younger
1992; Gelman, 1963; lvanov and Milov, 1975). In the Pevek Cretaceous strata could also be preserved as part of a re-
region, the Triassic is Carnian and Norian based on fossilgjional synclinorium (Fig. 3). The Pevek region is one of
(Fig. 6) and does not contain mafic sills and dikes. Except forthe few places where Cretaceous strata are superbly exposed
the upper part of the Norian, which is described as having ebecause of the extent of sea cliff outcrops along the coast.
greater proportion of sandstone, the Triassic consists mostlfhe Cretaceous consists of medium bedded (10’s of cm to
of fine-grained slates and siltstones with thin sand beds. Theyp to 1 m thick) sandstone and siltstone with interbedded
are interpreted as a distal shelf basin or deep water basin tushales or slates. Graded beds, abundant bottom markings
bidite sequences (Tuchkova et al., 2006, this volume). Thgload casts, grooves and tool marks) suggest that the bulk of
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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 ELM0O6 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
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 basirevidence for an unconformity it is possible that Cretaceous
or deeper water basin setting. Petrographically, sandstonestrata in the Pevek region could have been deposited in se-
are immature and grains are angular and unsorted, consistinguence with older strata. However, this question cannot be
of abundant feldspar, micas and lithic fragments of metasedaddressed definitively near Pevek, because the base of the
imentary and volcanic rocks, in addition to quartz. The Cre-Cretaceous is not exposed. The greater degree of penetrative
taceous is poorly fossiliferous (Fig. 6) wifucellasp. inde-  deformation observed in the Triassic versus the Cretaceous
terminate (Late Jurassic—Early Cretaceous) and plant fossilsould alternatively be used as argument for an unconformity.
Cladophlebissp. indeterminate (Early Cretaceous) reported

from the Pevek area. A greater number of speciefof

cella (Buchig have been identified at various sites in the 5 Structural geology of the Pevek region

1:200 000 quadrangles to the SW of Pevek and have been

assigned to the Valanginian (e.g. Belik and Susunov, 1969)Our ability to compile regional structural data for the Pevek
Based on similarities in deformational history and style of region was hampered by the general poor exposure of the

deformation (see below) together with the lack of clear-cutunits and by the fact that detailed structural observations
could only be made locally, at widely separated sea cliff
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Highly altered volcanic rocks, age unknown

Valanginian: Sandstones interbedded with shales/slates and

siltstone. Graded beds indicate submarine gravity

flow deposits. Wood fragments common. Pebble to gravel
angular conglomerates reported at base. Fossils include Aucella

unconformity sp indet. and (flora) Cladophlebis sp indet.(600-700m)

100

syn-extensional l
plutons

Cretaceous

(350-400 m). Fossils include Pentacrinus sp.indet., Spirifirina sp.
indet., Palaeoneilo sp.indet., Trigonodus (?) sp.indet., Oxytoma sp. (O
ex. gr. Mojsisovicsi Tell.), Monotis (?) sp.indet., Lima sp.indet.,
Tosapecten ex gr. hiemalis (Tell.), T. subhiemalis (Kipar.), T.ex gr.

7?7 suzukii Kob.and T.ex.gr. efimovae Pol.

150
regional —gy unconformity/
deformation disconformity?
begins

Jurassic

200

/Norian: Slate with thin siltstone and sandstone beds
(1000m). Fossils includeMonotis scutiformis var.
,,,,,,,,,, typica Kipar., M. jakutica (Tell.), M. ochotica (Keys.) w/
var. M. zabaikalica var. planocostata Kiper

250 7172

Triassic

Carnian: Slate with thin siltstone and sandstone
beds (1600m). Fossils include Dentalium sp.,
No Permian fossils Neocalamites sp., Pityophylium sp., Desmiophyllum
reported sp., Podozamites sp., Macrotaerlopteris sp.indet.,
300 o Nilssonia sp.,and Phoenicopsis sp.

Permian

Calcareous sandstone, siltstone and shale; lenses of
limestone with remnants of Camarotoechia sp.,
Spirifir sp.indet., Rotaia sp. (700 m)

350

Sandstone, shaley to silty phyllite, lenses of
limestone with remnants of crinoids and
tentaculites (base not exposed). Intruded by
Devonian granite at Cape Kiber

Devonian |Carboniferous

400

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 tigh
folding and internal deformation of units.

exposures. Younger doming (cross-folding) related to plu-not be entirely ruled out without further work. Where folds
ton intrusion is evident across the region based on landsatre observed in outcrop, cleavage is axial planar to folds. We
data (Fig. 4). The observation of numerous small-scale britinterpret this penetrative fabric as regional in nature, related
tle faults in outcrop suggests that map-scale faults (a fewto shortening by folding, accompanied by low-grade meta-
shown on geologic map) could have rotated earlier-formedmorphism increasing with structural depth. The summary
structures and fabrics in indeterminate ways. Despite thesbelow lists the overall generalities of our structural data set,
reservations and possible complexities, the data we collectetbllowed by details of the data collected at individual loca-
are fairly coherent and the progression of events is the samgons. Plutons, dikes, quartz veins and brittle faults cut this
in all outcrops studied. regional deformational fabric and are discussed in a follow-
ing section.

For a regional overview of the folding event, we com-
piled bedding readings across the area of Fig. 5, based on
1:200 000 scale geologic mapping (Gromyko and Khruzov,

L . 1967). Poles to bedding (n=42) form a diffuse great circle
Both Triassic and Cretaceous strata studied are folded at th at defines a sub horizontal NAOW trending fold axis con-

olutcrop andht_hﬁ map sc;ale and tposslesz a v?rlak?jly dzvelopes stent with the orientation of mapped folds (Figs. 3 and 7a).
cleavage, which IS much more strongly developed an relore"I’ogether, all of our measured bedding attitudes at disparate
sents higher strain in Triassic rocks than in Cretaceous strat%.ea cliff and stream locations in both Triassic and Cretaceous

This may be related to the fact that stratigraphically oIderStrata show a bit more scatter (Fig. 7b) yet poles to bedding

strata have generally experienced higher strains and are MO0 form a diffuse great circle girdle that defines a similar

deformed than younger strata in the Anyui Chukotka foldbeltfold axis (N35W, sub horizontal) (Fig.7b). Individual ar-

(e.9. Katkov etal., 2006), a fairly common relationship in the eas have better defined structures but their orientation varies

deeper levels of fold and thrust belts (e.g. Ramsay and HUberSomewhat between localities.

1983), but more than one deformation in the older rocks can-

5.1 Regionally developed penetrative deformation:
an overview
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@ Direx
5.0 ° classes

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 diagegrsles to bedding measurements taken from
geologic map of the Pevek region (dots) and the regional fold axis they define (squeédles to bedding (this study) (circles), average

girdle or great circle defined, and the pole to this plane (squé&®pll poles to measured S1 cleavage showing the weighted mean of this
distribution (black dot) and the average orientation of S1 thus defined (great cifd)epedding-cleavage intersection lineations (LOx1)
(shown as x’s) and measured fold axes (shown as black diamonds) and bedding-fault cut off lines (open diéerdn&sike orientation

of dikes as measured off the geologic map of Pevek region (Fi(e)&nd the three 1:200 000 quadrangle maps highlighted to the SW of
Pevek (locations shown on Fig. 3(f) Grigorev and Paraketsov (1962y) Belik and Sosunov (1969fh) Sosunov and Tilliman (1960),
Akimenko (2002).

The penetrative cleavage is preferentially developed in5.2 Regionally developed penetrative deformation:
shales (now slates) and only weakly developed to non- local details
existent in interbedded sandstones (Fig. 8a). Poles to mea-
sured cleavage, combined from all locations, form a diffuse5.2.1 Yanranay (Triassic)
cluster and its weighted mean center yields an average cleav- )
age plane oriented N55W/20SW (Fig. 7c). Bedding-cleavagel e beach cliffs north of the town of Yanranay, N of Pevek
intersection lineations and directly measured fold axes ardFig- 5) provide excellent exposure of Triassic strata. Here,
widely distributed, trending in all directions from N-S to E- Pedding is tightly folded and strongly cleaved. Strain is sub-
W and plunging gently to the west (Fig. 7d). Such a wide stant!ally hlgher than in (;retacepus strata (Flg'. 8Db). Polgs to
variation in the orientation of bedding-cleavage intersectionPedding define a fold axis that is W-NW trending, plunging
lineations is unusual, especially in rocks that are relativelyShallowly to the W (Fig. 8a). The fold axis defined by bed-
low strain and exhibit evidence for only one main folding ding measurements is parallel to measured bedding-cleavage
event. The reason for this variation is not clear but could re-intersection lineations. Axial planes of measured folds are
sult from vertical axis rotation of some of our localities with Steep and W-NW striking (Fig. 9a). Folds are vergent to the
gently-dipping beds (these rotations would not be obvioushortheast.
in the general bedding or cleavage data (Fig. 7) and or lo- ) .
cal submarine slumping during deposition leading to beds of-2-2 Baraki 47 (Triassic)

variable orientation before deformation. Because the orien=_, . . . . .
. e . e : This is the only location (Fig. 5) where two generations of
tation of cleavage is fairly constant (Fig. 7c), it is unlikely

R i . N . . folds were visible at the outcrop scale. The younger folds
that S|gn_|f|cant post-deformational tilting l_)y l.)”tﬂ.e faulting fold both bedding and S1 cleavage described above. The
or refolding could produce the observed distribution.

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
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measured bedding-cleavage intersection lineations or LOx1
(Fig. 9¢). 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 de-
formation within the beds (stretching) during folding. If so,
they would indicate approximate fold-axis parallel stretch-
ing. The younger quartz veins trend NW and indicate NE-
SW 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 soutb) Late Trias-

sic (Norian) siliceous siltstones and fine sandstones with a well-
developed cleavage. An early quartz vein is folded, yielding anPoles to bedding define a diffuse girdle whose pole represents
approximate estimate of the strain represented by the cleavage. La fold axis that trends NW and is sub-horizontal, parallel to
cality: north of Cape Yanranay (Fig. 5), looking eagt) Photo  measured bedding-cleavage intersection lineations (Fig. 9e).
of porphyritic dike cutting across folded beds and cleavage; insetayerage cleavage dips moderately to the SW.

shows close-up of dike rock. Dike trends nearly N-S, view is to-

wards NW, locality Cape Pevek (Fig. 5)d) Photo of small offset .

normal fault, view looking approximately N. Locality Cape Pevek 2-2.6 Central Cape Pevek (Cretaceous-Valanginian?)

(Fig. 5).

5.2.5 Eastern 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

axial plane _folllgtlogt?féhel\slel\clzlc_:)ndbsei ngfglds (polel\s/l showngt:ig_ 9f). Detailed measurement of two outcrop-scale duplex
as crosses in Fig. 9b) dip N-NE abou egrees. Measuredyctures are shown in Figure 8H. In these structures, bed-

second-generatio_n fold axes (black diamonds) are W_'NWding defines a fold axis that trends NW and is sub-horizontal.
trending, sub-horizontal, and parallel to the fold axis defined

The bedding-fault cutoff line (open diamond) as well as fold

by bedding and the earlier cleavage. We interpret these datgXis (black diamond) are sub-parallel to the fold axis de-

to represent co-axial refolding of bedding and earlier formedfineol by bedding measurements. One of the small-scale
cleavage during a progressive deformational event; hOWeve':(hrust faults is southwest-vergent, another is west-vergent

small scale folds measured in this locality are south—vergentwith oblique reverse slip. A third small-scale thrust fault cuts
not north-vergent like most of the _structures measured elsefolded beds that describe a N-S trending fold axis, and is also
where and could be related to conjugate back thrusts. west-vergent (Fig. 9i). Bedding-fault cut-offs are also paral-
lel to measured fold axes. These last two examples of mea-
sured structures and their orientation are a good example of

River bluff exposures of strata mapped as Cretaceous at thi\évhere the data are consistent in a given place, but fold axes

locality (Fig. 5) are little metamorphosed and original sedi- are NS trending rather than NW trending or EW trending.
mentary structures are well preserved. Fossil plant fragments

(wood) were seen, but no macro fauna. Cleavage is prese-2.7 Western Cape Pevek (Cretaceous-Valanginian?)

at an angle to bedding and is developed only in shales, not

in sandstone beds (Fig. 8a). Bedding dips gently north her@edding here dips gently, about2® the NW (Fig. 9j). Two
(Fig. 9¢). The dip of cleavage varies as a function of lithol- cleavage measurements indicate cleavage is dipping south-
ogy. Dips are closer to those of bedding at bases and tops afiest and a third indicates it dips NNW. Bedding-cleavage
shale units due to differential strain (Fig. 8a) and indicate aintersection lineations are subhorizontal or plunge gently to
south over north sense of shear. The great circle describethe NNW. Extensional, quartz-filled fractures trend NNE, dip
by poles to cleavage is related to strain variation and the obsteeply, and are perpendicular to measured fold axes suggest-
tained fold axis trends NW and is sub-horizontal, parallel toing extension parallel to the trend of fold axes.

5.2.3 Baraki 33 (Cretaceous—Valanginian?)
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Fig. 9. Equal area, lower hemisphere projection of 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 LOx1, black diamonc
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-directec
grey arrows on outside of stereonet. Where indicated, great circle fits to poles to bedding and cleavage are shown by heavy dashed gree
lines and their poles are bigger diamonds, thin dashed green great circles are average bedding orientations, black great circles are averac
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5.2.8 Western Valkumey (Cretaceous—Valanginian?) cussed in the introduction of the structural data section. This

scatter is seen in our collective data from the region and some

Poles to bedding show uniformly gentle dips to the W-SW of the possible ways of explaining it were discussed in the in-
(Fig. 9K). Poles to cleavage show uniform gentle dips totroduction to this section.
the SW. Intersection lineations show a surprising scatter, dis-
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5.2.9 Eastern Valkumey (Cretaceous—Valanginian?) ment, seehttp://www.stephan-mueller-spec-publ-ser.net/4/
223/2009/smsps-4-223-2009-supplemen}.zifhe pluton

Bedding dips uniformly gently to the west (Fig. 9l). Cleavage dated likely connects wnh the two small plutons mapped to
dips gently to the south. The average intersection of the twdn€ south of Pevek, forming a larger body at depth (Fig. 5).
yields an E-NE trending intersection which is askew to the 1"€S€ three plutons are associated with numerous dikes of
general more NW trending regional folding. The measuregSimilar composition (Fig. 8c). The dated granite forms part

intersection lineations between bedding and cleavage (S0x1§f Dudkinskii etal.s (1997) intermediate age (126 Ma) group
again show a great deal of scatter from NW to SW trendingOf silicic granites. The zircons dated indicate the entrain-
(Fig. 91). Given the rather systematic orientation of cleavage MeNt Of zircons with slightly older ages (115 and 116 Ma)
this could be due to vertical axis rotation of gently dipping (S€€ Supplement), supporting a somewhat prolonged mag-

bedding and cleavage and/or tilted or slump-folded beddindnatic event as postulated by Dudkinskii etal. (1997), but the
prior to deformation. 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
Plutons and associated dikes sharply cut penetrative defodikes and map-scale or mappable quartz veins) in the area
mational fabrics and folds in Mesozoic strata (Fig. 8¢c). An- of Fig. 5, measured from the 1:200 000 geologic map of the
dalusite+ chloritoid are locally developed in their contact Pevek region, are plotted together and indicate an average
aureoles, suggesting that most of the granitoids were intrudedtrike direction slightly west of north (Fig. 7e), suggesting
into fairly shallow levels £5km depths?) of the crust. Ad- E-W extension during the intrusion of the dikes and associ-
jacent to plutons, abundant evidence for hydrothermal alterated granitoid plutons. To see if this was representative of a
ation is seen including quartz veins and extensive bleachmore regional trend, we compiled the orientations of dikes
ing of originally more porous quartzites and siltstones com-and map-scale hydrothermal quartz veins from the entire re-
pared to the darker slates and shales. Most plutons are pogion south and west of Pevek to the town of Bilibino (Figs. 3
phyritic with large tabular K-feldspar phenocrysts, which are and 7f, g and h). These represent a considerable number of
conspicuous in the finer grained border phases and in theneasurements and clearly show that dike orientations are re-
dikes that emanate from the plutons (Fig. 8c). Biotite andmarkably consistent over a broad region and trend NNW, in-
hornblende are the most common mafic minerals. On thalicating ENE-WSW directed extension during intrusion of
1:200 000 geologic map of the Pevek area, the age of thes€retaceous granitoids.
plutons is cited as Late Cretaceous (younger than 99 Ma)
and they are described as having a compositional rangé.4 Brittle structures
that encompasses granite, quartz monzonite and granodior-
ite. The dikes are described as Early and Late Cretaceousmall offset faults, slickensided fault surfaces and quartz
in age with a compositional range that includes granite (rhy-veins were measured whenever encountered. These struc-
olite), granodiorite (dacite), quartz diorite, syenite and lam-tures do not represent a significant amount of strain (e.g.
prophyre. Using geochemistry, petrology and available K-Ar Fig. 8d) , but if systematic, they can provide useful infor-
data, Dudkinskii et al. (1997) divide the granitoids into an mation on the orientation of strain axes during their forma-
early (144 Ma) more mafic suite of monzonite-monzodiorite- tion and clues to the nature of larger-scale structures. In sev-
granodiorite-granite, an intermediate (126 Ma) group of sili- eral outcrops we observed small-scale faults cutting parts of
cic granite-leucogranite magmas and a late (97-85 Ma) suiténe dikes described above and also cutting hydrothermally al-
of leucogranites. Despite the broad age range reported, thewred and contact metamorphosed sedimentary rocks. They
believe these magmas form part of a single, possibly ini-are often associated with quartz veins and mineralization.
tially subduction-related magmatic event, where melts in-|t seems reasonable to conclude that they may be broadly
teracted with continental crust in a progressively more sig-contemporaneous with magmatism (or slightly post-date it)
nificant fashion with time (Dudkinskii et al., 1997). They which could have provided the hydrothermal circulation sys-
conclude that the majority of magmas from mafic to fel- tems for the mineralization and quartz veining.
sic can be explained by the interaction of mafic magmas, The fault measurements yield fairly consistent data
specifically potassium-rich basalts, with the crust, supply-(Fig. 10). Most of the small offset faults trend approximately
ing heat and causing partial melting, leading to the moreN-S and dip to the east and west, with dip-slip movement his-
evolved granitoids in the region (Dudkinskii et al. 1997). A tories. These faults appear to define a conjugate set of normal
U-Pb age utilizing the USGS-Stanford University SHRIMP- faults (Fig. 10a—n). There also appears to be a lesser set of

RG on zircons from one of the Pevek plutons (Samplesteep south-dipping faults that show dip-slip to oblique slip
ELMO6 PV-12, location shown on Fig. 5) yields a weighted motion (e.g. Fig. 101).

mean age of 108#1.1 (MSWD=4.0, N=8) (Supple-

5.3 Structural relationships of dikes and plutons
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Combining all of the fault data together and utiliz- 7 Implications for the geology of the Siberian Shelf

ing the fault kinematic programhftp://www.geo.cornell.

edu/geology/faculty/RWA/programs.hin{iMarrett and All-  Based on the above data from the Arctic coast of Chukotka

mendinger, 1990) we calculated P (shortening) and T (ex-and its comparison to the broader region we have studied, it

tension) axes for each of the sets of fault planes and striaés clear that several major events of regional significance af-

measured (Fig. 11). This analysis yields an average shorterfected the crustal makeup of this part of Arctic Russia and

ing axis that is sub vertical and a dominant, approximatelythus must have also affected the acoustic basement rocks of

E-W extension axis (Fig. 11). A lesser SSW-NNE exten- the offshore Siberian Shelf. As such, these on-land geologi-

sion axis is also evident (Fig. 11). Together with the data oncal relations provide powerful constraints on various possible

dike orientations, these data provide robust documentation ofterpretations of the extremely limited existing offshore data

the direction of regional extension at the time of CretaceougFig. 12).

magmatism. Several authors have summarized and re-interpreted geo-
physical data for the Siberian Shelf. Both Franke et al. (2004)
and Mazarovich and Sokolov (2003) have suggested that,

6 Regional correlation and timing of events contrary to previous beliefs, a large portion of the Siberian
Shelf between the New Siberian Islands and Wrangel lacks

Folding related to crustal shortening is widespread on theVell-defined deep sedimentary sub-basins (Fig. 12). Over-
Russian mainland in Chukotka and continues northward tcfll: the shelf is characterized by a fairly thin sedimentary
Wrangel Island (Kos'ko et al., 1993) and westward to the COVer (2—3 km) that thickens to at least 7-8 km near the shelf
Siberian Islands (Kos’ko and Trufanov, 2002) (Figs. 2 and€dge, eastward and northward of the Siberian Islands (e_.g.
3). Folds in Chukotka are tight with south-dipping to vertical, S€kretov, 2001; Franke et al., 2004). These data and in-
penetrative axial plane cleavage (Katkov et al., 2004, 2006 €rPretations emphasize that the large E-W trending shelf
Miller et al., this volume). Shallowly dipping, bedding- basins described in previous summaries by Fujita and New-
parallel faults or far-traveled “nappes”, typical of thrust belts PerTy (1982), Savostin et al. (1984) Fujita and Cook (1990),
are not generally characteristic of the Chukotka fold beltParfenov et al. (1993) do not exist (Fig. 12). In addition, the
(Fig. 3). The attitude of fold axes and axial plane cleavageMOre recent interpretations qf offshore data suggest that the
indicate N-S to NE-SW directed shortening (Fig. 3 and dataS€"ies of extensional rift basins mapped on the Laptev Sea
presented here). The onset of deformation is dated by thenelf, related to spreading in the Eurasian Basin, do not ex-
deposition of syn-orogenic clastic rocks in latest Jurassic-€nd significantly east of the New Siberian Islands (Fig. 12)
Early Cretaceous time — the Rauchua or Myrgovaam BasirlPut see discussion of the East Siberia depo-center by Franke
(Fig. 3). These sediments record the arrival of clastic matet @l-, 2004). As described by Franke et al. (2004), acoustic
rial shed from Precambrian basement uplifts and Late Juras?@sement beneath the Siberian Shelf can be clearly mapped
sic magmatic sources to the south of Chukotka (Bondarenk&Ven when sediment cover is thickest. No coherent reflec-
et al., 2003; Miller et al., 2008; Soloviev et al., 2006). These [0rS are seen in the basement rocks in any of the data and
syn-orogenic deposits were in turn involved in folding and the basal unconformity for overlying sediments is mainly
were shortened together with underlying strata, based on théMooth to flat, suggesting it was the result of pene-planation
shared similarity of their main structures (Fig. 3 and dataP"or to final subsidence and accumulation of its sedimentary
presented here). The youngest fossils reported from sedi¢Over (Franke et al., 2004). The age of this regional ero-
mentary rocks involved in folding are Valanginian (Belik and Sional surface is critical to interpretation of the age of over-
Susunov, 1969), which corresponds to the approximate timdYing sedimentary rocks, which in tum is critical to under-
interval 140.2:3.0 Ma to 136.4-2.0 (Gradstein et al., 2004), Standing the age of rifting in the Amerasian Basin. Franke
Thus deformation began in the Late Jurassic (earliest fossil€t @l- (2004) discuss the evidence for the age of this sur-
dated syn-orogenic deposits) and continued at least througlfce in some detail and conclude (in agreement with our new
the Valanginian (youngest strata deformed). data) that it must post-date granitoid magmatism in Chukotka
The upper bracket for regional folding-related deformation and the Verkoyansk belt (Fig. 2). However, they state that

are the Cretaceous plutons and dikes discussed above. HO\H]e agehof Ct_essgtlolr of mag(rjnatlsm f's 79 M_a, and thushthe
ever, the large range in their reported K-Ar ages is confusing29€ © the seismically mapped unconformity is younger than

The pluton we dated in Pevek as 108 Ma (see Supplement OMa, and that the overlying sedim_ent_ary pa_ckage Is Pale-
provides a clear younger age limit for deformation. Based cene and younger. However, there is little evidence for plu-

on ages from a broader region, however (Fig. 3), it is likely ©ONS @S young as 70Ma in Chukotka and the Verkoyansk.

that the oldest cross-cutting plutons are at least 117 Ma old!«)s’ko and Trufavov (2002) review geologic evidence from

A long-lived (~20 Ma?) period of uplift and erosion post- the New Siberian Islands and propose that the unconformity

dated this magmatic event and resulted in the regional un's as old as Aptian-Albian (125 to 100 Ma). Based on our

conformity beneath the base of the younger OCVB volcanicSiudy and the analysis of the regional geology of the Pevek
belt (Fig. 3) and surrounding region, we would agree with Kos’ko and
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N=14

Central Cape Pevek

Ne26 Eastern Valkumey | N=155

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 (plateh) are
data from individual localities as labeled in Fig. 5. The last diagfanis the combined data set.

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 Cre-
taceous (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

Fig. 11. Fault kinematic solutions. A. Equal area, lower hemisphere gipyarig depocenter and west of Wrangel Island (Fig. 12)
plots of P (shortening) axes (black dots) and B. T (extension) axe ' '

(black squares) calculated from fault data shown in Fig. 9, using?:t:\lll;(tjigLaev;tgrd:(tjzi(tli'oa:;n daer;d MCS.d 00, tl 9943 prp vide “th

Fault Kinematics Programhftp://www.geo.cornell.edu/geology/ . p s€ |m§n ary _aS|n§ on the
faculty/RWA/programs.html (Marrett and Allmendinger, 1990), shelf north of the Pevek region of Arctic Russia (Fig. 12)

contoured by the Kamb method with 1% contour intervals shown. (S€€ also Mazarovich and Sokolov, 2003). Notable excep-
Dominant extension directions are shown by grey arrows on outeitions include the North Chukchi Sea Basin and the Hope
periphery pf plot(b); shortening direction is sub-vertical i@). Basin (Fig. 12) (Thurston and Theiss, 1987; Tolson, 1987).
Note that the Fault Kinematics Program utilizes a zero value forThe Hope Basin is often shown as connected to the South
the coefficient of friction; P axes would be near vertical if faults Chukchi Basin, developed between Wrangel Island and
initially formed 30’ from shortening axis. Pevek (Fig. 12). However, based on limited seismic data
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together with gravity data, the South Chukchi Basin appeargo the shelf edge along the southern flank of the Makarov
to be a distinct basin separated from the Hope Basin by @asin (e.g. Franke et al., 2004; Sekretov, 2001) suggesting
structural high (Fig. 12). The Hope Basin is believed to that all rifting activity had ended in the Makarov-Mendeleev
have formed in the earliest Tertiary (Paleocene) (Tol-Ridge part ofthe Amerasian Basin by the time that unconfor-
son, 1987). Based on its similar trend and close location, themity developed, as it is unfaulted (Sekretov, 2001). Thus we
South Chukchi Basin could possibly have formed at aboutwould suggest that the rift stage of opening began after the
the same time. If so, faults that bound this basin wouldend of shortening-related deformation (post Valanginian) and
cut the regional unconformity mapped as ESS1 by Frankevas simultaneous with-120 to 105 Ma magmatism. Subsi-
et al. (2004) and again, would suggest that the sedimentargence and deposition on the shelf began thereafter. Figure 13
cover of the Siberian Shelf is likely significantly older than highlights the trends of bathymetrically defined structures
Paleocene. The age of formation and sedimentary fill of thealong the flanks of the Lomonosov Ridge, in the Makarov
North Chukchi Basin is not known and because it lies to theBasin and across the Alpha-Mendeleev Ridge, which, be-
north of the Mesozoic deformational front referred to as thefore current ideas on the rotational opening of the Amerasian
Wrangel-Herald Arch (Figs. 2 and 12), it could be signifi- Basin, were interpreted as extensional normal faults (e.g.
cantly older and include Paleozoic as well as Mesozoic stratdaylor et al., 1981; Weber and Sweeney, 1990; summary
as does the Hannah Trough of offshore Alaska, which occu-of ideas in Secretov, 2001). Reflection seismic profiles il-
pies the same structural position along strike (Sherwood elustrate some of these normal fault systems in detail (e.g.
al., 2002). Forsythe and Mair, 1984; Cochran et al., 2003; Coakley et
The timing of events on land in Arctic Russia suggestal., 2005). The bathymetric data and mapping of structures
that voluminous syn-extensional magmatism occurred acrosas normal faults clearly indicates an approximate N-S ori-
a broad sector of Chukotka beginning at least #2®a entation of structures formed during E-W directed extension
ago. Reported K-Ar ages from this region are as old asthat is similar to trends of structures documented on land in
150 (e.g. Dudkinskii et al., 1997; Akinin and Kotlyar, 1997; Arctic Russia (Fig. 13). Our interpretation of the timing of
V. V. Akinin, personal communication, 2006) but it is diffi- this structuring of both the Makarov Basin-Mendeleev Ridge
cult to evaluate the accuracy of this legacy geochronologicportion of the Amerasian Basin as well as the crust beneath
data. Certainly the earliest plutons in this region most likely the adjoining East Siberian Shelf is that it occurred in the
post-date deposition of strata deposited basinal environ-  Cretaceous, after 136 Ma, during the interval 120-105 Ma.
mentand which are as young as Valanginian (14820 to This timing differs from the timing suggested initially by
136.4+2.0 Ma, Gradstein et al., 2004), so K-Ar ages older Taylor et al. (1981) who suggested that the Makarov Basin
than 136 may be suspect. In the new Siberian Islands, nearlgpened in the Late Cretaceous to Paleocene (84—-49 Ma), We-
1500 km to the west, plutons have been dated by the U-Plber and Sweeney (1990) who suggest a broad but still young
method as 118 and 120 Ma (as reported by Kos’ko and Tr-age range for seafloor spreading in the Makarov Basin (118
ufanov, 2002). Accumulating evidence suggests that magto 56 Ma) and Rowley and Lottes (1988) (between anomalies
matism in the Pevek and surrounding region was associate@2 and 34 (72—84 Ma)).
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 8 Conclusions
by data from across a very broad region of Chukotka. Vo-
luminous magmatism, ultimately mantle-derived (e.g. Dud-The mode of formation and the timing of development of
kinskii et al., 1997) together with extension, likely had an the Amerasian Basin of the Arctic is unknown and ideas
important effect on the evolution of the deeper crust beneattabout its genesis have been debated for many years. Propo-
this region, however we are still far from understanding thisnents of the rotational opening of the Amerasian Basin pro-
magmatic history. Magmatism was followed by the devel- pose that the Lomonosov Ridge margin served as a trans-
opment of a profound regional erosional unconformity, strip- form plate boundary for this opening and that the Alpha-
ping 5km or more of cover from this region. This estimate Mendeleev Ridge post-dates this opening and is related to
is based on the suggested depth of emplacement of the grahot-spot/large igneous province magmatism (e.g. Forsythe et
itoid bodies and is only approximate. The unconformity sep-al., 1986; Rowley and Lottes, 1988; Grantz et al., 1990a,
arates an earlier, syn-extensional period of magmatism fronb; Lawver et al., 2002) (Fig. 1). In this scenario, the edge
younger overlying rocks of the Okhotsk-Chukotsk volcanic of the Siberian Shelf would represent a passive rifted mar-
belt that are less tha90 Ma in the Chukotka region (Ti- gin (Fig. 1). However, prior to the development of the rota-
chomirov et al., 2006). This regionally mapped unconfor- tion model, many workers had proposed that the Lomonosov
mity on land may be correlative to the top of acoustic base-Ridge was the rifted margin, and the Makarov Basin and
ment mapped across the East Siberian Shelf (e.g. Frankalpha-Mendeleev Ridges the consequences of orthogonal
et al., 2004). The overlying sedimentary cover above thisrifting from that margin. Based on refraction and reflection
basal unconformity on the shelf can be tracked northwardseismic, together with dredge sampling, Lebedeva-lvanova
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Fig. 12. Regional Compilation of Data for East Siberian Shédf) 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
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 thdasin and Alpha-Mendeleev Ridge as a consequence of that
Alpha Ridge, the Mendeleev Ridge, is underlain by rifted rifting. A rift origin for these features is supported by the
continental crust. Our investigation of the geologic and struc-complex normal fault-related bathymetry of the Makarov and
tural history of the Arctic coast of Chukotka adds fundamen- Alpha-Mendeleev Ridge (Fig. 13), whose trends are parallel
tal data to this controversy, and provides constraints on theo extension directions established in Arctic Russia. There is
timing of events onshore. It is now established that Latelittle evidence along this part of the Russian Arctic coast for
Jurassic—Early Cretaceous sedimentary rocks (as young as1y younger (post-plutonic) rift-related structures, faults and
Valanginian 148-2 to 136+2, Gradstein et al., 2004) are sedimentary basins. Because of these relations, the regional
involved in the last stages of crustal shortening which be-basement unconformity and relatively undisturbed overlying
gan in the Late Jurassic. Cretaceous magmatic activity irsedimentary cover of the Siberian Shelf may have developed
Chukotka occurred during a major change in tectonic regimeduring (and after) this period of regional uplift and erosion.
and was accompanied by E-W to NE-SW directed extensionTectonic activity associated with formation of the Amerasian
The age range and geochemistry of these magmas is critBasin had entirely ceased by the time volcanism began in
cal to interpretations of Arctic rifting but have not at this the Okhotsk-Chukotka belt at about 90 Ma, when magma-
time been studied in detail. Reported K-Ar ages are as oldism jumped south to the Pacific margin of NE Russia.
as~150 Ma and as young as 85 Ma, but detailed structural It is more difficult to extrapolate the timing relations dis-
studies and U-Pb dating of zircon from a limited number of cussed here to the region east and north of Wrangel Island
plutons including data from one of the plutons on the Pevekincluding the Canada Basin part of the Amerasian Basin be-
coast (Fig. 3), suggest a much narrower time spdi®8—  cause of younger basin development (S. Chukchi and Hope)
117 Ma for this magmatic activity. Thus land-based dataand the lack of reported Cretaceous plutons on Wrangel Is-
from Arctic Russia support a younger than 136 (end of theland, for instance (Figs. 3 and 12). The main phase of rift-
Valanginian stage of the Cretaceous) and older than 117 Ming that opened the Canada Basin, based on interpretation
age for theinceptionof rifting along the Lomonosov mar- of seismic stratigraphy and identification of unconformities
gin of the Amerasian Basin and formation of the Makarov in Canada and Alaska is inferred to be about the same age
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Fig. 13. The International Bathymetric Chart of the Arctic
Oceans (IBCAO, 2001, available d&ittp://www.ngdc.noaa.gov/
mgg/bathymetry/arctic/arctic.htjnls shown as base for the Am-
erasian Basin to highlight the position and nature of L°m°n°5°VAkimenko, G. I.. Geologic Map 1:200000 scale, R-58 XXXV,
Ridge, Makarov Basin and Alpha Mendeleev Ridge as well as and  yyxy (Bilibino), 2000.

the Chukchi Borderland (Grantz et al., 1990a, b) . We have mappe‘)\kinin, V. V. and Kotlyar, I. N.. GEOCHRON — a computer data

linear normal faults associated with the basins and intrabasinal page of isotopic dating of minerals, rocks and ores from the North
highs of the Arctic Ocean (Fig. 7a) by highlighting the steeper side East of Russia, Magadan, NEISRI, 202—-210, 1997 (in Russian).
of these structures. The structuring of these basins and highs is conkyinin. V. V. Miller. E. L.. and Wooden. J.: Petrology and

patible with the interpretation that the Alpha and Mendeleev ridges Geochronology of crustal xenoliths from the Bering Strait re-
are stretched and foundered crust rather than the chus qfayounger gion: Linking deep and shallow processes in extending conti-
hot spot track (Lawver and Mueller, 1994). The orientation of the  onta| crust, in: Crustal cross-secctions from the western North
various arrays of normal faults (ridges and basins) seen in the bathy- american Cordillera and elsewhere: Implications for tectonic
metric data suggest a multi-stage and complex mode of stretching 5,4 petrologic processes, edited by: Miller, R. B. and Snoke,
and opening of the Amerasian Basin. Black stars are Cretaceous p W., Geol. Soc Am. Spec. Pap. 4XX, in press, 2009.
magmatic activity and elongate ellipses are average dike oriemaBaranov, M. A.: Nappe tectonics of the Myrgovaam Basin in North-
tions and inferred extension directions based on land geology (this \yestern Central Chukotka, Geology of the Pacific Ocean, 12,
paper). Cretaceous extension directions in northern Alaska (south 441-448, 1996.
flank of Brooks Range and Seward Peninsula), the Bering Strait rBelik, G. Ya. and Sosunov, G. M. (Ed.): Geologic map of USSR:
gion and adjacent Chukotka are N-S oriented and are from Miller et North-Eastern Geological Directorate, Anyuisko-Chaunskaya
al. (2002). Age of northern belt granites from Toro et al. (2007). series, R-58-XXIX, XXX: scale 1:200000, 1 sheet, 19609.
Bogdanov, N. A. and Ti'man, S. M.: Tectonics and geodynamics of
northeast of Asia (explanatory note to the tectonic map), 54 pp.,
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