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Abstract

The northernmost Kamchatka Peninsula is located along the northwestern margin of the Bering Sea and consists of
complexly deformed accreted terranes. Progressing inland from the northwestern Bering Sea, the Olyutorskiy, Ukelayat and
Koryak superterranes (OLY, UKL and KOR) are crossed. These terranes were accreted to the backstop Okhotsk-Chukotsk
volcanic-plutonic belt (OChVB) in northernmost Kamchatka. A sedimentary sequence of Albian to Maastrichtian age overlaps
the terranes and units of the Koryak superterrane, and constrains their accretion time. A paleomagnetic study of blocks within
the Kuyul (KUY) terrane of the Koryak superterrane was completed at two localities (Camp 2: 1=61.83°N, ¢=165.83°E and
Camp 3: 1=61.67°N, ¢=164.75°E). At both localities, paleomagnetic samples were collected from Late Triassic (225—208
Ma) limestone blocks (2—10 m in outcrop height) within a melange zone. Although weak in remanent magnetization, two
components of remanent magnetization were observed during stepwise thermal demagnetization at 32 sites. The A component
of magnetization was observed between room temperature and approximately 250 °C. This magnetic component is always of
downward directed inclination and shows the best grouping at relatively low degrees of unfolding. Using McFadden—Reid
inclination-only statistics and averaging all site means, the resulting A component mean is /,,,=60.3°, Ios=5.0° and n=36
(sites). The B magnetic component is observed up to 565 °C, at which temperature, most samples have no measurable remanent
magnetization, or growth of magnetic minerals has disrupted the thermal demagnetization process. Combining sites with Fisher
estimates of kappa (k-value) > 13 and # (sites) > 3, where bedding orientation differs within a block, most of these sites show
the best grouping of B component directions at 100% unfolding, and two of the blocks display remanent magnetizations of both
upward and downward directed magnetic inclination. Combining sites with Fisher estimates of kappa (k-value) > 13 and n
(sites) > 3, the resulting overall B component paleolatitude and associated uncertainty are Ayps=30.4°N or S, 1gs=8.9° and
n=19 (sites). When compared with the expected North America paleolatitude of Axpwp expectea=357.9°N, our data support a
model in which blocks within the Koryak superterrane are allochthonous and far travelled.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Koryak Highlands occupy the topographically
elevated regions of the northernmost Kamchatka Pen-
insula in northeastern Russia. Along a region of
intense study within the former Soviet Union, the
formation of the Koryak superterrane (KOR) by
accretion and assemblage of oceanic and island-arc
terranes has been suggested in the scientific literature
during the last 20 years (Aleksandrov et al., 1980;
Alekseyev, 1979, 1981, 1987; Kazimirov, 1985;
Nokleberg et al., 1998). However, the entire north-
eastern region of the Russian Republic has only
recently been interpreted to consist of accreted ter-
ranes (Fujita and Newberry, 1982; Zonenshain et al.,
1987, 1991; Stavsky et al., 1990; Didenko et al.,
1993). Fauna described within the Koryak superter-
rane is anomalous for their present-day high latitudes
when compared with the Boreal fauna of the neigh-
boring regions of Siberia within similar aged terranes
(Shapiro and Ganelin, 1988; Dagis, 1993). In this
paper, we present new paleomagnetic data from this
northernmost portion of the Kamchatka Peninsula. We
interpret our data to show that this region of north-
eastern Russia includes tectonic units that are allo-
chthonous and far traveled.

2. Regional geology of the Southern and Central
Kamchatka Peninsula

On the basis of geological mapping, structural
relationships and geochronological observations, the
geographical region of the Koryak Highland has been
subdivided into three first-order superterranes. While
more detailed tectonostratigraphic terrane models for
this region have been presented by Nokleberg et al.
(1998, 2000), the regional first-order superterranes are,
moving inboard from the northwestern Bering Sea
toward more interior Eurasia, the Olyutorskiy super-
terrane (OLY), the Ukelayat superterrane (UKL) and

the Koryak superterrane (KOR) (Fig. 1). The inner-
most terrane is the Okhotsk-Chukotsk volcanic-plu-
tonic belt (OChVB) and its associated forearc deposits
(the Udsko-Murgalsky and the Taigonosky terranes).

2.1. Olyutorskiy superterrane

The most outboard of tectonostratigraphic super-
terranes have been interpreted to represent an accre-
tionary prism composed of at least three large, thrust
fault bounded terranes made of Late Albian to Cam-
panian oceanic basalt and Late Campanian (?) Maas-
trichtian—Paleocene island arc sedimentary, volcanic
and plutonic units (Astrahantzev et al., 1987; Kazi-
mirov et al., 1987; Bogdanov and Fedorchuk, 1987).
In the central and southern Kamchatka peninsula,
corresponding terranes have been described in the
Sredinny, Valaginsky, Tumrok and Kumroch moun-
tain ranges (Shapiro, 1976; Sokolov, 1992).

The present interpretation of the Olyutorskiy super-
terrane is that it formed during the Late Campanian as
an island arc (in the Russian-language literature, the
Achaivayam terrane or Achaivayam island arc) on
Albian to Early Campanian Kula plate oceanic crust
(the Vatyna terrane). In this model, which has been
supported by paleomagnetic studies and terrane track
modeling, after northward motion on the Kula plate,
this composite terrane collided with and was accreted
to the North American plate during a major collision
and obduction event (Kazimirov et al., 1987; Heiphetz
et al., 1994b).

2.2. Ukelayat superterrane

This superterrane consists of a thick sequence of
Albian—Paleocene flysch rocks (Aleksandrov et al.,
1980; Mitrofanov, 1977; Alekseyev, 1987). Having a
similar regional structure to the Olyutorskiy super-
terrane, this superterrane strikes southwestward into
the Kamchatka peninsula where it is known as the
West Kamchatka superterrane (West Kamchatka zone

Fig. 1. Regional terrane map of the northern Kamchatka Peninsula. (A) Regional geographic view of the region. (B) Abbreviations used in the
inset figure are AL—Algan, AM—Ainyn-Main, AV—Alkatvaam, EK—Ekonai, KU—Kuyul, MY—Mainits, OLY—Olyutorskiy, PA—
Penzhina-Anadyr, UKL—Ukelayat, VL—Velikorechy and YN—Yanranay. Additional information regarding the stratigraphy and geometry of
these terranes can be found in Nokleberg et al. (1998, 2000). The Olyutorskiy superterrane extends southward into Kamchatka, where it is
known as East Kamchatka superterrane (East Kamchatka zone in the Russian-language literature) (Sokolov, 1992); although, the outcrops of
older rocks structurally located between the West and East Kamchatka superterranes are covered by Paleocene—Quaternary deposits. (C) Camp
2 and Camp 3 sampling localities and the map location of the idealized geologic cross-section are shown in Fig. 2.
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or Lesnovsky terrane in the Russian-language litera-
ture) (Shapiro and Ganelin, 1988; Sokolov, 1992).
The oldest fauna, which is Albian in age, is concen-
trated near the northern margin of the Ukelayat super-
terrane (within the Koryak mountains segment of this
superterrane). The lower part of the stratigraphic
sequence in the central part consists of sub-arkose
sandstones and mudstones that contain Santonian—
Coniacian fauna (Ermakov and Souprounenko, 1975;
Kazimirov et al., 1987). The Late Cretaceous rocks
consist mainly of graywake and turbidites interbedded
with sub-arkose contourites. These are described in
earlier Russian-language literature as a “two-compo-
nent flysch” (Ermakov and Souprounenko, 1975).
Campanian units contain layers of jasper and chert
interbedded with mudstones. The UKL superterrane
has been interpreted as having been formed in a
marginal, or back-arc, basin between the Achaivayam
member of the Olyutorskiy superterrane and a con-
tinental plate (Kazimirov et al., 1987).

2.3. Koryak superterrane

Continuing inboard from the Ukelayat superter-
rane, the Koryak superterrane is thrust over the
Ukelayat superterrane from the north (Aleksandrov,
1978; Ruzhentsev et al., 1982). The Koryak super-
terrane is a complex composite terrane, which consists
of many tectonostratigraphic terranes (Fig. 1). These
terranes vary in age from the Middle Paleozoic to the
Early Cretaceous (Sokolov, 1992; Nokleberg et al.,
1998). Thrusts within the composite superterrane
appear to be overlapped by Albian to Maastrichtian
and Late Maastrichtian to Paleocene sedimentary
rocks (Fig. 2). In the western portion of the northern
Kamchatka region, the Koryak superterrane includes
(from northwest to southeast, progressing down the
present-day tectonic section) the Ganychalan (GNC)
terrane, Upupkin (UPU) terrane, Ainyn (AIN) terrane
and Kuyul (KUY) terrane (Nekrasov, 1976; Sokolov,
1992; Grigoriev et al., 1986, 1987). Our samples were
collected from the Kuyul terrane at two localities.

3. New paleomagnetic data from the Kuyul region

Two paleomagnetic studies were completed at
localities Camp 2 (4=61.83°N, ¢=165.83°E) and

Camp 3 (A1=61.67°N, ¢=164.75°E). At each sam-
pling site, a diamond-tipped, gasoline-powered core
drill was used to collect samples and when possible,
orientation was determined using both magnetic and
solar compasses. Orientation and geological data were
communicated and recorded in both Russian and
English languages for maximum clarity. The samples
were measured in a three-axis 2G superconducting
rock magnetometer (SRM) at the University of Pitts-
burgh Paleomagnetic Laboratory (http://www.geology.
pitt.edu). The SRM, along with both AF and thermal
demagnetization equipment, is located inside a mag-
netically shielded room (maximum field<300 nT).
The paleomagnetic specimens were measured within
the SRM in two different orientations. The second
orientation was obtained by reversing the specimen’s
z-axis and rotating it 90° and data from both orienta-
tions were combined into a resulting step measure-
ment. After each set of measurements, the samples
were subjected to increasing increments of either AF
(up to 95 mT) or thermal (up to 580 °C) demagnet-
ization. Thermal cleaning was completed in an AST
magnetically shielded (total field<3—-4 nT in the
cooling region) large capacity furnace. Principal com-
ponent analysis was applied to the resultant magnet-
ization vectors in geographic coordinates to determine
best fitting linear and planar segments to the demag-
netization data.

At both localities, paleomagnetic samples were
collected from Late Triassic aged variably deformed
limestone blocks (2—10 m in outcrop height with
visible bedding surfaces present within each block),
outcropping within a sheared melange matrix.
Although weak in remanent magnetization, during
stepwise thermal, two components of remanent mag-
netization were observed at 32 sites (Fig. 3, Table 1).

4. Magnetic component A

The A component of magnetization was observed
between room temperature and approximately 250 °C.
Within sampled blocks, this component is always of
downward directed magnetic inclination and shows the
best grouping at relatively low percentages of stepwise
unfolding (Fig. 4). Using McFadden—Reid (McFadden
and Reid, 1982) inclination-only statistics, the resulting
A component is I, =60.3°, Ios=5.0°, n=36 and
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Table 1
New paleomagnetic data from the Kuyul region
Camp  Block Site Strike Dip  Direction  Geographic component A Geographic component B
IA DA n Kg [B DB n Kg
2 BLK 2 KR21 832 710 N 74.7 318.4 2 543  —128 3357 1 -
KR22 832 71.0 N 65.1 10.4 4 22.0 33 6.6 4 104.1
KR23 832 710 N 71.3 7.5 2 33.7 44 3599 2 747.0
KR24 862 620 N 51.8 349.7 3 12.0 —15.3 346.3 3 86.5
KR25 1062 66.0 N 74.6 351.7 3 381 —349 3122 3 5.8
BLK 3 KR28 672 750 N 67.1 6.3 3 39.0 68.6 1753 3 36.2
BLK 4 KR31 572 810 N 74.2 9.3 3 48.9 403 1357 3 76.9
KR33 2542 740 S 62.3 344.0 5 12.1 403 3343 3 2353
KR34 402 770 N 66.8 3449 1 - - - - -
BLK 5 KR35 91.2  90.0 56.2 243.0 1 - 208 2378 1 -
KR36 2792 87.0 S 74.0 354.0 1 - 36.8 28.6 1 -
KR37 1212 650 N 63.4 302.5 1 - —-11.9 306 1 -
UB KR45 2642 750 S 49.8 346.7 6 24.1 44.1 133 6 20.6
KR46 2712 740 S 61.5 355.4 5 11.7 45.7 85 4 163.5
KR47 562 660 N 64.1 15.6 5 9.0 454 3424 4 17.8
KR51 542 740 N 63.1 345.2 4 26.0 60.6 3176 3 16.0
KR52 62 580 W 85.5 347.7 4 23.5 60.5 157 4 12.4
KR53 62 580 W 61.5 346.5 4 15.5 60.6 119 3 12.6
3 IkBLK  KR58 356.8 29.0 W 64.4 167.3 5 10.0 785 1633 5 215.1
KR59 3528 160 W 73.2 189.1 5 6.6 76.1 2228 5 29.3
KR60 58 340 W 84.8 305.6 5 9.2 - - - -
KR61 58 340 W 67.0 132.0 5 20.1 - - - -
KR62 58 340 W 54.5 145.1 5 7.2 - - - -
KR63 58 340 W 423 184.6 5 39.8 - - - -
KR64 58 340 W 67.4 163.3 5 5.2 - - - -
2 kBLK  KR73 368 690 W 59.3 310.8 3 13.7 652 2938 4 84.6
KR74 678 430 W 51.6 287.7 1 - 355 3192 4 161.0
KR75 86.8 300 N 46.5 336.5 4 8.9 373 3264 5 75.5
KR77 988 250 N 32.0 345.0 4 12.6 30.6 333.5 4 100.4
KR78 998 640 N 68.9 300.7 2 7.8 65.0 2789 2 729.4
4kBLK KR79 117.8 40.0 E 12.5 256.1 1 - 131 2600 1 -
KR80 1368 29.0 N 57.2 357.5 1 - —15.2 584 2 12.4
KR81 101.8 87.0 N 74.0 311.8 4 12.8 24.7 3174 4 13.1
KR82 101.8 87.0 N 63.2 310.3 5 19.2 140 3285 5 15.1
KR&83 83.8 190 N 65.5 337.7 3 334 38.3 318.6 3 1.9
KR86 103.8 50.0 N 69.9 6.7 2 12.8 515 554 3 2.4
KR87 1228 540 N - - - - 65.9 68 2 45.8
KRS8 96.8 400 N - - - - —38.9 425 3 60.4

k=19.1. If an incremental fold test is applied to the
Fisher averaged A site mean directions, the highest /-
value is observed at 4% unfolding coordinates with

associated statistics of D=329.1°, I=73.7°, ogs=
8.3°, k-value=9.3 and n=36 (sites). These results do
not differ significantly from those in geographic co-

Fig. 3. Representative orthogonal vector plots, magnetic intensity decay diagrams and equal-area stereographic projects for selected stepwise
thermal demagnetization data for samples (A) KR2203 (site 22), (B) KR2301 (site 23) and (C) KR7402 (site 74); all in geographic coordinates.

Lower hemisphere demagnetization directions are shown by the

Cr

symbol, upper hemisphere directions with the “O” symbol on the equal

area stereographic projections, orthogonal vector plot projections onto the vertical plane are shown by circles and onto the horizontal plane by

diamonds.



222 W. Harbert et al. / Tectonophysics 361 (2003) 215-227

Component A

A Magnetic Component
20 h
B - ALPHA-95
18
ce ]
16
14
12
10

0 20 40 60 80 100

Alpha-95/Fisher Estimate of Kappa

Percent Unfolding

A Magnetic Component
Inclination-only Statistics

Camp 2 BLK 2 P> A ° -
BLK3 <> 15 |- o -Apha os
BLK4 ) ;
BLK5 ()

UB
Camp 3 IkKBLKA s

2kBLK O ~
@ 4kBLK G 0 20 40 60 80 100 @

Percent Unfolding

Alpha-95/Fisher Estimate of Kappa
5

o N & O ®

Fig. 4. (A) Equal area stereographic projections of the lower hemisphere A component group I and II site mean directions (all are lower-
hemisphere directions), present-day magnetic field direction (E), component A mean direction (M) and o5 circle of confidence shown in
geographic coordinates. Also shown is (B) stepwise unfolding statistics for the Fisherian k-value and o5 and (C) variation in the McFadden—
Reid inclination-only A-value and a5 during incremental unfolding.

ordinates of D,=329.0°, I,=74.8°, a9s=8.4°, k- 5. Magnetic component B

value=9.1 and n =36 (sites). This inclination is similar

with that reported for Late Cretaceous age Ar*”/Ar*’ The B magnetic component is observed up to 565
dated basalt dikes within the Kuyul region (Table 2, °C, at which temperature, most samples have lost
result GA2), suggesting a possible common overprint- measurable remanent magnetization or new magnetic
ing thermal event associated with both the observed A minerals appear, making interpretation of the charac-

component and these intruding dikes. teristic remanence impossible. The B magnetic com-
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Table 2
Selected paleomagnetic data from the Koryak region, Northeastern Russia
Result  Age Location N Demagnetization/  Dq I o5 Aobs T 0los Terrane
(°N/°E) Test/Polar
UB Senonian 63.0/179.5 13 AF/2M 263 82 13 743 £ 13° Al’Katvaamsky —Koryak
PB Cenomanian— 61.5/1640 10 AF/?2M 61 75 15 618 +15° Ainyn—Koryak
Maastrichtian
YA Late Jurassic— 63.2/174.3 5  TH/F/N 2012 507 153  314+15° Maynitsky —Koryak
Early Cretaceous
KO Late Triassic 62.5/174.5 5 TH/EM 186.5 415 154 239+15° Khatyrka—Koryak
RY Late Jurassic 62.4/174.8 4  TH/F/N 479 387 88 21.8+9° Khatyrka—Koryak
SE Senonian 62.5/174.4 5  TH/F/N 55 844 69 7189+7° Overlap sequence Koryak
GALl Late Bathonian—  61.5/164.6 15 TH/F/M 346 435 7.1 254+%7° Kuyul—-Koryak
Early Callovian
GA2 93.6+2.7 61.5/164.6 4  TH/F/N 2734 873 231 84.6 £24° Gankuvayamsky—Koryak
KU Late Triassic - 22 TH/F/M - - - 30.4+8.9°  Kuyul-Koryak

References: Pechersky (1970) UB and PB; Didenko et al. (1993) YA, KO, RY and SE; Heiphetz et al. (1994a) GA1 and GA2; This study KU.

ponent is observed within blocks located in both the
Camp 2 and Camp 3 regions. For sites collected
within deformed blocks (see Table 1 for within-block
variation in measured bedding attitudes), combining
sites with Fisher estimates of kappa (k-value)=> 13
and n > 3 (sites), most of these blocks show their best
grouping of B component directions at 100% unfold-
ing and two of the blocks display remanent magnet-
izations of both upward and downward directed
magnetic inclination. Because of the potential for
relative rotations of sampled blocks, we decided to
use inclination-only statistics to calculate overall
mean directions for the B component. Using McFad-
den—Reid statistics and combining sites with n >3
that have associated Fisher (1953) estimates of -
value > 13, the resulting overall B component paleo-
latitude and associated uncertainty in stratigraphic
coordinates are A,,s=30.4°N or S, 19s=8.9°, n=19
(sites) and k-value=11.1 (Fig. 5). This overall study
of paleolatitude result is similar to previously reported
paleomagnetic studies completed within the Koryak
superterrane (Table 2; results GA1, YA and KO).

6. Interpretation of paleomagnetic data

Our paleomagnetic data suggest that limestone
blocks presently found within the Koryak superterrane
were deposited during the Late Triassic at signifi-
cantly lower than expected paleolatitudes. Our ob-
served paleolatitude is 1=30.4°N or S, /95=8.9°.

The expected paleolatitude for this site, calculated
using the Besse and Courtillot (1991) North America
Apparent Polar Wander Reference Pole (NAM
APWP) for 196.2 Ma, is Jexp, =62.5° and Ags=6.7°.
Using the Irving and Irving (1982) NAM APWP of
201 Ma, the expected site paleolatitude is Lex,=57.9°,
J95=5.0°, and of 224 Ma, is Aexp=57.2°, A95=5.0°.
Each of these estimates is significantly greater than
our component B paleomagnetic results.

Eight previous paleomagnetic studies have been
completed within this region in which sampled units
range in age between Late Triassic and Late Creta-
ceous. Paleomagnetic data presented in these studies
from units within the Koryak superterrane (see Table
2 for appropriate references) suggest low paleolati-
tudes of deposition. Paleomagnetic results from por-
tions of the Koryak superterrane including the
Khatyrka terrane (results KO and RY), Kuyul terrane
(result GA1), Maynitsky terrane (result YA) and
sedimentary overlap sequences (results SE, UB and
PB) constrain the Late Paleozoic and Mesozoic pale-
olatitudes of these terranes. Within the Khatyrka
terrane, the observed paleomagnetic paleolatitude is
24°N or S for the island arc complex of the Late
Triassic aged KO locality. The observed paleomag-
netic paleolatitude from the Jurassic to Cretaceous,
RY locality is 22°N or S, and 25°N or S for GA1. The
ophiolite rocks studied in the Maynitsky terrane also
differ significantly in paleolatitude when compared
with that expected for either the Eurasia or North
Anmerica plates. The paleolatitude, calculated from the
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the o5 for virtual latitudes is shown as a function of percent unfolding. In (C), series 2 shows this statistic calculated during stepwise unfolding
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95=8.9° and n=19 (sites). In (C), series 1 shows this statistic when applied to all sites with Fisher estimates of kappa (k-value) > 12, and n
(sites) > 2. The resulting study result is Aops=28.0°N or S, 19s=7.3° and n=24 (sites).

YA of the Maynitsky terrane, yields a paleolatitude of
32°N or S, significantly shallower than expected. Our
study agrees with these previous studies and suggests
a coherent picture of low paleolatitudes between the
Late Triassic and the Early Cretaceous (Fig. 6). None
of these studies uniquely determines the hemisphere
of deposition of these units.

In contrast, the observed paleolatitudes for over-
lapping sedimentary units are well constrained by
paleomagnetic results from the Senonian and Campa-
nian—Maastrichtian sedimentary sequences (UB and
PB). These units suggest expected high latitudes
during the Late Cretaceous. The paleomagnetic data
from the Senonian and Campanian—Maastrichtian age

overlap sediments of the Al’katvaamsky terrane (UB),
Penzhina Bay (PB) and Khatyrka terrane (SE) suggest
that these sediments were deposited at high paleola-
titude along the southeastern edge on the Eurasia
plate. This suggests that accretion of the Koryak
superterrane occurred prior to Senonian—Campa-
nian—Maastrichtian time.

7. Conclusion
Our paleomagnetic study observed two compo-

nents of magnetization during stepwise thermal
demagnetization. The A component appears to be of
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secondary origin, is best clustered at low percentages
of unfolding and is always of downward directed
inclination. Using McFadden—Reid or Fisher averag-
ing, our A component study mean paleolatitude is
similar to that observed in reconnaissance paleomag-
netic studies of Late Cretaceous dikes in the Koryak
superterrane. In two of the paleomagnetically sampled
blocks, two polarities of characteristic magnetization
were observed. In most cases within-block fold tests
show highest site clustering at 100% unfolding.
Calculation of McFadden—Reid inclination-only sta-
tistics for the B component in stratigraphic coordi-
nates indicates a paleolatitude of A=30.4°N or S,
Ao5s=8.9°, n=12 (sites) and k-value=11.1. When
combined with apparent polar wander path reference
data from Besse and Courtillot (1991) and Irving and
Irving (1982), our paleomagnetic data suggest signifi-
cant northward latitude displacement.
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