TECTONICS, VOL. 32, 827–842, doi:10.1002/tect.20051, 2013

“Arc-continent collision” of the Aleutian-Komandorsky arc
into Kamchatka: Insight into Quaternary tectonic
segmentation through Pleistocene marine terraces and
morphometric analysis of ﬂuvial drainage
K. Pedoja,1,2,3 C. Authemayou,4 T. Pinegina,5 J. Bourgeois,6 M. Nexer,1,2,3
B. Delcaillau,1,2,3 and V. Regard 7,8,9
Received 14 September 2012; revised 11 May 2013; accepted 17 May 2013; published 20 July 2013.

[1] At the NW corner of the Paciﬁc region, just south of the Kamchatsky Peninsula, the

northern tip of the Paciﬁc plate subduction and associated volcanic arc interacts with the
western end of the Aleutian-Komandorsky dextral transform plate boundary and associated
arc. Study of both Holocene and Pleistocene sequences of uplifted marine terraces and also
of ﬂuvial drainage patterns on the Kamchatsky Peninsula allows us to highlight active
tectonics produced by complex plate interaction. Our results show that the central eastern
coast of the peninsula is currently divided into four different zones consisting in uplifted
blocks associated with various uplift rates in front of a fold-and-thrust zone to the west. Our
main tectonic benchmark—the altitude of the shoreline correlated to the Last Interglacial
Maximum (Marine Isotopic Stage 5e)—yields late Pleistocene uplift rates ranging from 0.2
to 2.74 mm/yr. One of the main active faults bounding the coastal blocks is dextral and is
interpreted as a prolongation of an offshore fault of the Aleutian-Komandorsky dextral
transform plate boundary. We suggest that structures on the Kamchatsky Peninsula
accommodate a part of the transform motion, but that mainly, the arc-continent collision of
the Aleutian arc against Kamchatka produces a “bulldozer” effect on the
Kamchatsky Peninsula.
Citation: Pedoja, K., C. Authemayou, T. Pinegina, J. Bourgeois, M. Nexer, B. Delcaillau, and V. Regard (2013), “Arccontinent collision” of the Aleutian-Komandorsky arc into Kamchatka: Insight into Quaternary tectonic segmentation through
Pleistocene marine terraces and morphometric analysis of fluvial drainage, Tectonics, 32, 827–842, doi:10.1002/tect.20051.

1.

Introduction

[2] The NW corner of the Paciﬁc is one of the most tectonically active and complex areas of the circum-Paciﬁc. In this
region, the Paciﬁc oceanic plate is subducting along the
Kuril-Kamchatka trench at an estimated rate of 80 mm/yr
(Model Nuvel 1A) [DeMets et al., 1994] and ends along the
south side of the Kamchatsky Peninsula (Figure 1). [The
Kamchatsky Peninsula, not to be confused with the entire
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Kamchatka Peninsula (a continental-scale peninsula, i.e.,
>1000 km long), is sometimes called the Kamchatsky Mys
Peninsula or the Cape Kamchatsky Peninsula, where
Kamchatsky Mys (Cape) is a subfeature of the Kamchatsky
Peninsula (Figure 2).] Just north of the subduction zone, the
Aleutian-Komandorsky arc, located along the AleutianKomandorsky dextral transform plate boundary, is impinging on Kamchatka at a short-term (GPS-measured) rate of
about 40 mm/yr [Gordeev et al., 2001]. Bering Island is moving about 35–50 mm/yr NW relative to North America
(Figure 1), and Krutoberegovo, on the west side of the
Kamchatsky Peninsula, is moving about 8–15 mm/yr
(Figure 2) [e.g., Bürgmann et al., 2005; Levin et al., 2005].
The morphotectonic expression of this impingement is the
primary topic of this paper.
[3] Late Cenozoic tectonics of the Kamchatsky Peninsula
has been previously investigated [Fedorenko, 1965;
Kozhurin, 1985; Gaedicke et al., 2000; Freitag et al., 2001;
Kozhurin, 2007; Baranov et al., 2010; Pﬂanz et al., 2012],
based primarily not only on mapping of active faults but also
on geomorphology, trenching, and thermochronology.
Historical seismicity has been also analyzed (compilations
in Geist and Scholl [1994] and Mackey et al. [2010]), as well
as Holocene tsunami history [Bourgeois et al., 2006].
Another indicator of the peninsula’s active tectonics is
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Figure 1. Tectonic setting of central eastern Kamchatka. (a) Location and plate tectonics: Bering block as
in Mackey et al. [1997], Okhotsk block as in Gordeev et al. [2001], and KIB (Komandorsky Island block)
as in McElfresh et al. [2002]. Arrows show suggested motion of plates relative to ﬁxed North America. (b)
Tectonic setting detail from Figure 1a, compiled and revised from Geist and Scholl [1994], Gaedicke et al.
[2000], and Baranov et al. [2010]. The position of the northern boundary of the Okhotsk Sea plate is not
well deﬁned (shown by a broad band); some models place it as far south as the Kamchatsky Peninsula.
present along the coast of the Kamchatsky Peninsula, particularly its eastern part, in the form of Holocene and
Pleistocene sequences of uplifted marine terraces. Pedoja
et al. [2006], through marine terraces analyses, calculated uplift rates for a segment of the Kamchatsky Peninsula coast
(~0.15–1 mm/yr), as well as for the Ozernoi Peninsula to
the north (Figure 1b). In the current paper, we expand the marine terrace analyses and add a morphotectonic evaluation of
the entire Kamchatsky Peninsula. One of our main objectives
is to study well-developed Pleistocene coastal sequences in
order to determine uplift rates and to analyze their variations.
Field-based study is complemented by drainage analyses of
the entire Kamchatsky Peninsula, including areas where no
coastal sequences are preserved, using digital elevation
model (DEM) and satellite images and morphometric
methods. These combined analyses are used to quantify
drainage evolution, to highlight structures affecting the entire
onshore zone, and thereby to reﬁne our knowledge of active
tectonics on the whole peninsula. We suggest that the current
deformation observed in the peninsula is produced by impingement of the Aleutian-Komandorsky island chain and
by dextral motion of its transform plate boundary. The potential continuity of onshore faults with offshore faults associated with this transform plate boundary is then discussed.

2. Geological Background of Plio-Quaternary
Geology
2.1. Tectonic Setting
[4] Currently, the Kamchatsky Peninsula is located in the
interaction zone between three major plates (Paciﬁc,
Eurasia, and North America) and minor plates consisting of
the Okhotsk plate at the eastern part of the Eurasian plate
[Gordeev et al., 2001; Apel et al., 2006], the Bering plate at

the northwestern part of the North American plate [Lander
et al., 1996, Mackey et al., 1997; Cross and Freymueller,
2008], and the Komandorsky Island block corresponding to
the western part of the Aleutian-Komandorsky arc between
the North American plate and the Paciﬁc plate [McElfresh
et al., 2002] (Figure 1).
[5] The Cenozoic structure of the western AleutianKomandorsky arc is deﬁned by an active fault zone
interpreted as a transform plate boundary with a dextral
strike-slip increasing westward along the fault zone [Geist
and Scholl, 1994; Cross and Freymueller, 2008]. As measured by GPS, the short-term movement of the
Komandorsky Island block is northwestward (relative to
North America) at the rate of ~40 mm/yr [Gordeev et al.,
2001] (Figure 1b).
[6] The present-day subduction of the Paciﬁc plate along
the Kuril-Kamchatka trench has its northern termination
along the central part of the eastern coast of Kamchatka.
Southeast of the Kamchatsky Peninsula, the trench interacts
with the Komandorsky dextral transform plate boundary
(Figure 1). This Komandorsky-Kamchatka junction at the
Kamchatsky Peninsula can be identiﬁed as an area of active
arc-continent (or “arc-arc”) collision. Indeed, the entire
Kamchatka Peninsula was formed during the Cenozoic by
several arc accretions against the Kamchatka margin, the latest collision forming the Kamchatsky Peninsula [Bakhteev
et al., 1992; Kimura, 1996; see Scholl, 2007 for review].
The timing and details of the impingement and the interactions among theses arcs are an area of active study
[Seliverstov, 1983; Geist and Scholl, 1994; Lander et al.,
1996; Mackey et al., 1997; Seliverstov, 1998; Gaedicke et al.,
2000; Konstantinovskaia, 2000, 2001; Freitag et al., 2001;
McElfresh et al., 2002; Kozhurin, 2004, 2007; Solov’ev et al.,
2004; Levin et al., 2005; Steblov and Kogan, 2005; Alexeiev
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Kuril-Kamchatka trench. The northern boundary of the arc
is associated with the dextral Bering fault zone (Figure 1).
Onshore, on the Kamchatsky Peninsula, major faults have
been also recognized [Kozhurin, 1985, 2004, 2007;
Bakhteev et al., 1992; Gaedicke et al., 2000, Freitag et al.,
2001, McElfresh et al., 2002] (Figure 2). Gaedicke et al.
[2000] presented maps showing the faults offshore and onshore as connected (Figure 2), whereas Kozhurin [2007]
questioned these connections. Better understanding of the active regional fault system is necessary for correct interpretation of the impingement of the Aleutian-Komandorsky arc
(more speciﬁcally, the Komandorsky Island block)
on Kamchatka.
[8] Three models for the Aleutian-KomandorskyKamchatka interaction have been proposed: (1) Distributed
shear across the Aleutian-Komandorsky arc results in westward movement and subsequent collision (or stuffed subduction) with Kamchatka at the Kamchatsky Peninsula [e.g.,
Gaedicke et al., 2000]; (2) the distributed shear is taken
up by block clockwise rotations, with strike-slip and normal faulting [Kozhurin, 2007]; and (3) the Komandorsky
Island block is only apparently moving to the west as measured by transient GPS; accumulated strain would be released in earthquakes, snapping the islands back to earlier
positions [Steblov and Kogan, 2005]; this latter interpretation represents a model where the Komandorsky Island
block and the Bering plate remain part of the North
America plate.
Figure 2. Geologic and tectonic setting of the Kamchatsky
Peninsula showing the location of coastal sequences (i.e.,
marine terraces, beach ridges, and wave-built terraces).
Geologic and tectonic setting redrawn from previous authors
(see text for references) and is subject to interpretation; question marks indicate tenuous, suggested onshore connections
proposed by Freitag et al. [2001]. The faults are mapped
from the literature, from our ﬁeld work, and from our observations on DEM and aerial images.
et al., 2006; Lees et al., 2007; Scholl, 2007; Cross and
Freymueller, 2008; Seliverstov, 2009; Shapiro and Solov’ev,
2009; Mackey et al., 2010; Baranov et al., 2010]. However,
the boundaries between these ancient arcs are currently inactive;
therefore, we considered the (continental-scale) Kamchatka
Peninsula as continental in nature.
[7] The relationships between mapped, offshore faults associated with the Aleutian-Komandorsky plate boundary
and mapped, onshore faults on the Kamchatsky Peninsula
are poorly constrained because of the data gap under the continental shelf (Figure 2, red question marks). Moreover, the
origin and scale of data obtained offshore and onshore are
quite different. Offshore of the Kamchatsky Peninsula, on
the western tip of the Aleutian-Komandorsky arc, the seaﬂoor exhibits a complicated structure comprising a number
of fracture zones represented by dextral strike-slip with thrust
components (Figure 2). The Steller and Aleutian fault zones
(Figure 2) as mapped by Gaedicke et al. [2000] (based on
earlier studies) deﬁne the southern boundary of the
Kamchatsky Peninsula and correspond to the dextral limit
of the Aleutian-Komandorsky arc to the south. Relative motion on this fault zone becomes sinistral westward of the

2.2. Geology
[9] The Kamchatsky Peninsula (Figure 2) is composed of a
broad variety of rocks and sediments ranging in age from
Early Cretaceous to Holocene [Tsukanov, 1991], of which
we focus on sequences of later Pleistocene marine terraces
and present relevant data back to the early Pleistocene. The
Cretaceous to lower Pleistocene formations are locally overlain
with angular discordance by middle and upper Pleistocene and
also Holocene soil-tephra sequences [Pevzner et al., 1997;
Ponomorova et al., 2007] and shallow-marine sediments. The
upper Pliocene to lower Quaternary Olkhovskaya Formation
caps large portions of the peninsula and is characterized by
coarse-grained, semiconsolidated, marine sediments [Basilyan
and Bylinskaya, 1997]. The maximum uplift (from below sea
level) for this formation is estimated to be 1500–2000 m on
the southeastern Kamchatsky Peninsula, giving a mean uplift
rate of 1.0–1.3 mm/yr, which decreases to zero toward the west,
near Ust’ Kamchatsk (Figure 2) [Basilyan and Bylinskaya,
1997]. Involvement of the Plio-Pleistocene Olkhovskaya
Formation in mélange formation gives additional evidence for
the active tectonics occurring on the Kamchatsky Peninsula
[Bakhteev et al., 1993].
[10] The coast of the Kamchatsky Peninsula in many
places looks like a huge staircase, which consists of
Pleistocene and Holocene terraces, as also observed in other
very active parts of the Paciﬁc Rim (e.g., Mahia Peninsula in
New Zealand) [Berryman, 1993a, 1993b]. The shape of terrace cross-sectional proﬁles depends essentially on the direction and character of relative sea level change driven by local
crustal deformation and by longer-term, glacioeustatic trends
imposed on local tectonic trends [Lajoie, 1986]. The “stairs”
of Pleistocene terraces are typically separated by scarps from
10 to 100 m high, and a sequence of Pleistocene marine
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terraces, (including latest of Pliocene in certain areas [see
Pedoja et al., 2011, Figure 2A]) is interpreted as the geomorphic expression of repeated glacioeustatic high sea level
stands superimposed on a rising coastline. The stairs of
Holocene terraces are commonly separated by scarps from
0.5 m to several meters high, and such features are evidence
of abrupt changes of relative sea level during the Holocene
(as in Ota and Yamaguchi [2004]). Details of the Holocene
terrace record are the subject of another study by our group
[Pinegina et al., 2010, 2013] and will be compared herein
with Pleistocene data.
2.3. Previous Work on Marine Terrace Sequences and
Drainage Patterns
[11] Pleistocene marine terrace sequences of the eastern
part of the Kamchatsky Peninsula have been previously partially and brieﬂy described or mentioned [Erlikh et al., 1974;
Fedorenko, 1965; Kozhurin, 1985; Pedoja et al., 2006;
Baranov et al., 2010; Pinegina et al., 2010; Pﬂanz et al.,
2012]. In the north of the central part of the eastern
Kamchatsky Peninsula, Pedoja et al. [2006] mapped ﬁve
Pleistocene marine terraces along more than 20 km of the coastline. Following standard practice [Lajoie, 1986; Johnson and
Libbey, 1997], the prominent T1 marine terrace was correlated
with interglacial Marine Isotopic Stage (MIS) 5 (i.e., last interglacial 85–130 kyr); the shoreline of this terrace was tied to
MIS 5e (circa 120 kyr). This correlation yielded long-term uplift rates ranging from 0.10  0.07 mm/yr (0.1 m/kyr) to
1.12  0.20 mm/yr (1 m/kyr), rates comparable to those determined by the same method in other areas of the Western
Paciﬁc Rim [Ota and Yamaguchi, 2004]. For carving of the
T2 terrace, Pedoja et al. [2006] favored for most transects a
correlation with MIS 9 (circa 330 kyr) rather than MIS 7 (circa
220 kyr). As other authors had [e.g., Zazo, 1999], (see http://
asterweb.jpl.nasa.gov/gdem.asp), Pedoja et al. [2006] postulated that because MIS 7 was probably weaker than MIS 5
or MIS 9, the terraces correlated to MIS 7 were preserved only
where uplift rates have been medium to high [see Pedoja et al.,
2011]. Further ﬁeld observation and synthesis [Pedoja et al.,
2011] have led to reconsideration of this postulate, as detailed
below. Recently, Pﬂanz et al. [2012] have dated via optically
stimulated luminescence deposits from a marine terrace located south of Krutoberegovo (see the unstudied Pleistocene
coastal sequence in Figure 2). The deposits (taken at
66  0.5 m) yielded an age of 111.8  10.5 kyr that could suggest a correlation either to MIS 5c (105 kyr) or MIS 5e (120
kyr). In any case, the resulting uplift rate (0.8 0.1 mm/yr,
given by Pﬂanz et al. [2012]) is within the range of coastal uplift rates we have calculated [Pedoja et al., 2006; this study].
[12] Interactions between fault activity and drainage patterns have to date been studied primarily on the coastal fringe
of the peninsula [Gaedicke et al., 2000; Freitag et al., 2001;
Kozhurin, 2007, Baranov et al., 2010; Pﬂanz et al., 2012], in
particular along the ﬁrst and second Pereval’naya River valleys (Figure 2). Examining offset of Quaternary alluvial deposits and striations affecting Pliocene formations, Freitag
et al. [2001] and Gaedicke et al. [2000] interpreted the faults
exposed along the ﬁrst Pereval’naya River valley as the onshore trace of the dextral Pikezh fracture zone (Figure 2).
Instead, Kozhurin [2007] considered the entire fault of the
ﬁrst Pereval’naya River to be largely normal according to
SW facing scarp affecting alluvial deposits. Kozhurin

[2007] also indicated a small sinistral component, also observed by Baranov et al. [2010], showing left-lateral stream
offsets of around 30–40 m. Along the main fault of the second Pereval’naya River valley (Figure 2), another fault zone
affects Quaternary alluvial deposits and the current drainage.
According to reverse offsets of alluvial deposits and marine
terraces, Freitag et al. [2001], Gaedicke et al. [2000], and
Pﬂanz et al. [2012] assigned to this fault zone a reverse motion. Kozhurin [2007] interpreted the kinematics of the same
fault zone to be right lateral, with an estimated Quaternary
slip rate of 4 mm/yr, based on offsets of dated
alluvial terraces.

3.

Approach and Methods

[13] In this section, we ﬁrst present our estimation of
coastal uplift rates based on elevation of shoreline angles of
marine terrace sequences on the southeastern part of the peninsula. Then we present the drainage analysis that we
performed, ﬁrst on the studied marine terrace area and then
through DEM observations, extended to other parts of the
peninsula where coastal sequences are neither present nor
preserved or were not visited.
3.1. Coastal Uplift Rates
[14] The interpretation of marine terraces as formed during
separated highstands of interglacial stages correlated to marine oxygen isotopic stages and/or substages (MIS or
MISS) [James et al., 1971; Chappell, 1974; Bull, 1985;
Ota, 1986] is now widely applied to Pleistocene terrace sequences. Each marine terrace is characterized by a shoreline
angle, i.e., the angle between the fossil marine abrasion platform and the associated paleo–sea cliff. This geomorphic indicator represents the maximum extension of a transgression
and, therefore, a highstand in the former sea level. Vertical
displacement of the shoreline relative to the age of the associated interglacial stage yields a mean uplift rate. The classic
equation [e.g., Lajoie, 1986] for calculating vertical motion
rate V is
V ¼ ðE  eÞ=A;

where E is the current elevation of the paleo–shoreline relative to the current local sea level, A is the age of MIS 5e,
and e is the correction for eustasy (i.e., the altitude of the
paleo–sea level stand relative to the modern one). In the present study, we calculate the mean displacement rate since MIS
5e using a simpler, yet more conservative method [Pedoja
et al., 2011]. We do not account for any a priori eustatic correction e and simply calculate V = E/A. In fact, estimates on
sea level variations during MIS 5e (with respect to today’s
datum) are principally based on coastal indicators found on
platforms formerly considered stable, an assumption revealed to be uncertain (see discussion in Pedoja et al.
[2011]).
3.2. Altitude Measurements of Pleistocene
Shoreline Angles
[15] Altitudes of Pleistocene shoreline angles were measured with digital altimeters calibrated to the last high tide
mark observed on the shore. The local mean sea level was determined from tide tables. We assume that the uplifted terraces were formed under tide conditions similar to the
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present, with a tide range of less than 2 m. With the same altimeter, we estimated barometric drift and made a calibration
on the reference point after the altitude measurements. The
major error on the measured shoreline angle altitude comes
from preservation quality and elevation of the shoreline angle. Disturbance could come, for example, from erosion of
sea cliffs or cover of terraces by colluvium and glacial deposits. In most cases in this ﬁeld area, only the morphology
of the terrace is preserved; marine deposits are either lacking
or buried.
[16] The shoreline angles of Kamchatsky Peninsula terraces are commonly covered by about 5 m of colluvium or
glacial deposits, and the oldest (uppermost) ones are barely
observable, whereas the two or three lower ones can be seen
easily in the landscape. In all sequences, the best preserved
terrace is the lowest one, which is tentatively correlated to
MIS 5e. Individual patterns of deformation in each area,
since the period of time represented by the four Pleistocene
marine terraces (T1 = MIS 5, Substage 5e; T2 = MIS 7 or 9;
T3 = MIS 9 or 11; T4 = MIS 11 or older), were previously
established along the northern part of the central eastern coast
of the Kamchatsky Peninsula [Pedoja et al., 2006].
3.3. Evaluation of Active Tectonics From Topography
and Drainage Patterns
[17] Physiographically, the Kamchatsky Peninsula combines several isolated mountainous massifs adjacent to a lowland in the west central part of the peninsula, with the large
lakes Stolbovoe, Nerpich’e, and Kultuchnoe (Figure 2). We
analyzed Quaternary geomorphic markers (alluvial terraces,
fans) and the drainage patterns incising this relief to help in
the identiﬁcation of active tectonics (as in Merritts and
Vincent [1989], Burbank and Anderson [2001], Keller and
Pinter [2002], and Regard et al. [2009]). First, topographic
proﬁles were produced along geomorphic features affected
by inferred faults in order to identify vertical tectonic offset.
Second, a qualitative analysis of the drainage network geometry was realized to identify active zones in terms of relative
vertical motion and tilting [e.g., Delcaillau et al., 1998].
Finally, three geomorphic indices were extracted from the topography: (1) asymmetry of watersheds [Cox, 1994], (2)
shape of stream long proﬁles [e.g., Hack, 1973; Hare and
Gardner, 1985; Molin et al., 2004], and (3) hypsometric integral [Stralher, 1952; Hurtrez et al., 1999]. In this study, the
drainage network was automatically derived from the 20 m
horizontal resolution DEM Advanced Spaceborne Thermal
Emission and Reﬂection Radiometer (ASTER). For 21 basins and associated major streams over the peninsula, the longitudinal stream proﬁle and the hypsometric integral were
calculated from the DEM ASTER analysis with RiverTools
software (http://www.rivix.com/).

4.

Results

4.1. Pleistocene (and Holocene) Marine
Terrace Sequences
[18] Morphologically, the southeastern coast of the
Kamchatsky Peninsula is characterized by two distinct marine terrace sequences: the Holocene sequence and, topographically above it, the Pleistocene one (Figures 3 and 4).
The Pleistocene sequence of marine terraces includes a maximum total of ﬁve “ﬁrst-order” marine terraces. We call ﬁrst-

order terraces the marine terraces whose width is >500 m
with a well-deﬁned shoreline angle (base of a high paleo–
sea cliff). First-order terraces can be compounds of various
“second-order” terraces. For example, in some places, T1 is
composed of at least two distinct platforms (T10 and T100 )
separated by a small scarp (<20 m elevation difference),
barely noticeable in the landscape (see, for example,
Figure 4d, transect 4). In the case of the marine terrace T1
of transect 4 (Figure 4d), we interpret these terraces to be
the result of sea level stability during second-order
highstands (Substage 5a or 5c) of the last interglacial, MIS
5. Such small terraces are probably also present on older
Pleistocene marine terraces of the sequence, but they are
barely noticeable because of erosion, particularly glacial erosion, as well as deposition, processes that have been active
and have partially buried or eroded the intermediary
shoreline angles.
[19] We divide the southeastern coast of the Kamchatsky
Peninsula into four different zones (named I, II, III, and IV
in Figures 2, 3, 4c, and 4d) characterized by their deformation
pattern, as follows.
4.1.1. Cape Nose Block (Zone I)
[20] The Cape Nose block is bounded to the north by vertical cliffs and to the south by Soldatskaya Bay (Figure 2).
The southern boundary is also marked by a fault (Figures 2
and 5b, F2). In Zone I, the marine terrace sequence reaches
90  5 m in altitude. The sequence is composed of at least
three Pleistocene marine terraces overlooking the Holocene
sequence. Three altitudinal transects of the Pleistocene terraces were performed around Cape Nose (Figure 4d).
Maximum altitudes of the shoreline angles of T1, T2, and
T3 were measured on the northernmost transect (Figures 3
and 4, transect 1) at the following altitudes: 25  3 m (T1),
60  5 m (T2), and 90  5 m (T3). Minimum altitudes of
the shoreline angles of T1, T2, and T3 were measured on
the southernmost transect (Figures 3 and 4, transect 3) at
the following altitudes: 20  3 m (T1) and 55  5 m (T2).
Given the error range, it is not possible to determine conclusively whether there is a tilting of the sequence toward the
south or an offset produced by fault motion (Figure 5b, fault
F2). The T1 marine terrace has been correlated with the last
interglacial maximum (MIS 5 Substage 5e) [Pedoja
et al., 2006].
4.1.2. Cape Reef Block (Zone II)
[21] From the southern side of Soldatskaya Bay southward
to Cape Reef (Figures 2, 3, and 4d), over 15 km, the
Pleistocene marine terrace sequence fringes the coast on a
faulted and tilted block that we name the Cape Reef block.
The altitude of the lowest Pleistocene marine terrace (T1)
rises from 55  3 m in the north (Figure 4d, transect 4) to
180  15 m in the south (Cape Reef; Figure 4c, transect 8).
This terrace is correlated with the last interglacial maximum
(MIS 5 Substage 5e) [Pedoja et al., 2006]. Walking the
beaches of this zone, and during helicopter ﬂight, and on imagery (air photo, Landsat, etc.), we observed the morphological continuity of the sequence. Therefore, relative tectonic
motion can be inferred from the difference in altitude of the
same terrace. That is, the southern part of Zone II has experienced a 3 times stronger uplift than the northern part. The
correlation of T1 to MIS 5e leads us to propose mean uplift
rates ranging from 0.46  0.07 mm/yr (north) to 1.49  0.22
mm/yr (south) for the late Pleistocene (Figure 3 and Table 1).

831

PEDOJA ET AL.: ACTIVE TECTONICS ON THE KAMCHATSKY AREA

Figure 3. Uplift of the east central coast of the Kamchatsky Peninsula and analysis of faulting and tilting
affecting the Pleistocene marine terrace sequence. Mapped outline and topographic proﬁle of Pleistocene
and Holocene shoreline angles, based on this work and Pedoja et al. [2006] (northern zone, Pleistocene).
Holocene coastal uplift rates are from Pinegina et al. [2010, 2013]. All values (uplift, slip rates) are in millimeters per year or the equivalent meters per kiloyear. Different time intervals show similar trends but different rates, as discussed in Pinegina et al. [2010]. Topographic proﬁles, vertical offsets, and tilting angles
for Pleistocene marine terraces T1–T4, from DEM and from altitude transects. These proﬁles are oriented
parallel to their mapped images, above, but the horizontal scale is slightly different (e.g., there is a break in
the horizontal scale, below). Faults are discussed in the text. (inset) From displaced terrace morphology,
analysis of horizontal slip rates along faults between Zones III and IV, north of Cape Africa, and vertical
slip rates along these same fault zones and the fault south of Cape Reef.
[22] Three older marine terraces (T2, T3, and T4) and an
upper planation surface (Figures 3 and 4) overlook the young
Pleistocene marine terrace (T1) as well as the Holocene sequence. We produced NNW-SSE trending topographic proﬁles along each shoreline angle of the marine terraces in
order to observe potential tilting (Figure 3). The strike of
each geomorphic marker (i.e., the shoreline of each marine
terrace) shows a tilting up toward the south, with the tilt angle
for progressively higher terraces increasing in relation with
age. The oldest mapped marine terrace (T4) is tilted
3.9  0.2 , a tilt 3 times higher than that of T1 (1.2  0.2 )
(Figure 3 and Table 2). This increase of northward tilt with
age is consistent with a tilt induced by continuing vertical
motion along the NE-SW trending northern fault of the second Pereval’naya River fault zone (2PNRFZ), at the southern
boundary of Zone II (Figure 3).
4.1.3. The Second Pereval’naya River Block (Zone III)
[23] Zone III (Figures 3 and 4c) essentially comprises the
second Pereval’naya River valley affected by the fault zone
bearing the name of the river (2PNRFZ). In Zone III, the
sea cliffs are reduced (heights ranging from 20 to 50 m),

and the T1 marine terrace (Figure 4c) is found at an altitude
distinctly lower than to the north (Zone II) and to the south
(Zone IV). In Zone III, unlike Zones II and IV, T4 and the upper surface are not present in the landscape, and the T3
paleo–sea cliff corresponds to the highest point of the area
(Figure 4c). We conclude that this zone probably emerged
above sea level after the uplift and emergence of the blocks
to the north and to the south (Figure 4c, Zones II and IV).
In Zone III, tentative correlation of T1 to the last interglacial
maximum (MIS 5e) leads us to propose mean uplift rates
ranging from 0.54  0.08 to 0.27  0.04 mm/yr for the
late Pleistocene.
[24] After a sharp shift in altitude of T1 at the boundary between Zones II and III (180  15–65  5 m), T1’s altitude in
Zone III decreases to the south more gradually (65  5 to 28–
32  4 m) on transects 9–12 (Figures 3 and 4c). South of the
Zone III boundary, T1 is signiﬁcantly higher (330 20 m) in
Zone IV (Figures 3 and 4c). The vertical offsets of T1 on the
northern (145  40 m) and on the southern (315  40 m)
boundaries of Zone III are most likely associated with vertical displacement along the southern and northern faults of
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Figure 4. Morphologic expression of the middle and upper Pleistocene marine terraces. (a) Interpreted
photo of Mount Africa (proﬁle 14). (b) Interpreted photo of Cape Reef marine terrace. (c and d) Threedimensional oblique views (Google Earth image) of the Holocene and Pleistocene coastal sequences.
Elevations shown in italics are based on ﬁeld measurements along numbered transects; elevations in bold
black are from DEM analysis. Figure 4c shows the eastern coast from Cape Nose to Cape Reef. Figure 4d
shows the eastern coast from south of Cape Reef around Cape Africa. Scale and orientation of both images
are about the same.
the 2PNRFZ (Figure 3). The higher vertical component of
displacement along the southern fault also affects the older
marine terraces: T2 (offset 415  40 m) and T3 (offset
500  40 m), vertical offsets increasing in agreement with
marine terrace age.
[25] The marine terraces between Zones III and IV also
show right-lateral offsets at the southern boundary of the
2PNRFZ, in agreement with the right strike-slip fault kinematics assigned by Kozhurin [2007]. The horizontal offsets
are 1330  40, 1350  40, and 1475  40 m of the shoreline
angles of T1, T2, and T3, respectively, thus increasing with
offset marine terrace age. These offsets plus the vertical motion imply an oblique dextral motion of the fault zone. As the
fault dip is unknown, we cannot determine if it is
transpressive or transtensive kinematics.
[26] We estimate vertical and horizontal slip rates on the
northern and southern faults of the 2PNRFZ of Zone III
according to the location, altitude, and age of marine terraces
north and south of those faults. According to the T1 vertical
offset, our age assignments (Table 2) lead to vertical slip rates
ranging from 2.1 to 3.1 mm/yr along the northern fault of the
2PNRFZ and from 0.8 to 1.6 mm/yr for the southern fault of
the 2PNRFZ (Figure 3). On the northern fault, older vertical
offset rates can be calculated according to T2 as from 1.6 to
2.3 mm/yr and according to T3 from 1.4 to 1.7 mm/yr. It
seems that vertical slip rate decreases with age, a tendency
also shown by horizontal slip rates estimated on the southern
fault of the 2PNRFZ (Figure 3), where the T1 offset yields
horizontal slip rates from 9.9 to 12 mm/yr, T2 from 5.7 to
7.3 mm/yr, and T3 from 4.3 to 4.9 mm/yr. This decrease
could be due to heterogeneous fault activity during a relatively short-period (~330 year) cyclic fault activity or a

decrease of the convergence rate of the Komandorsky
Island block affecting onshore fault activity.
4.1.4. Cape Africa Block (Zone IV)
[27] On Cape Africa (Zone IV), between the second and
ﬁrst Pereval’naya River valleys, a high Holocene sequence
(up to >30 m above mean sea level) lies at the foot of a high
Pleistocene sequence (Figures 3 and 4), with the T3 and T4
terraces and the upper surface well preserved above the younger terraces (Figures 4a and 4c). In Zone IV, the Pleistocene
marine terrace sequence reaches its maximum altitude on the
Kamchatsky Peninsula: 330  20 m for T1, 420  40 m for
T2, 500  40 m for T3, and 620  40 m for T4 plus an upper
surface at 800  20 m (Figures 4a and 4c). Correlation of T1
to MIS 5e yields mean uplift rates ranging from 1.91  0.37
to 2.73  0.34 mm/yr for the late Pleistocene.
[28] In Zone IV, the Pleistocene marine terraces and the
modern abrasion platform are wide, separated by a narrow
Holocene accumulative sequence [Pinegina et al., 2010,
2013]. The T1 terrace is wider than 1.5 km and is probably
compound on Cape Africa. We observed at least two “steps”
(scarps) in the T1 surface (Figure 4c). Because the map trace
of these scarps is straight and nonconforming to the modern
shoreline, we tentatively interpret these scarps as NW-SE
trending faults (Figure 4c), but these scarps might be superposed, former intermediate shorelines. The morphology of
this part of the coast is strongly affected by active faulting,
as described by other authors [e.g., Baranov et al., 2010].
[29] The sequence of terraces on Cape Africa manifests a
southwestward tilt (Figures 3 and 4c). The T3 marine terrace
is tilted 1.8  0.2 , T2 is tilted 1.3  0.2 , and T1 is tilted
1.2  0.2 . These tilts are lower than for the marine terraces
in the Cape Reef block (Zone II), which has a maximum tilt
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Figure 5. Morphological observations on the Kamchatsky Peninsula. For all the subﬁgures, see location in
Figure 2. (a) Reverse fault (F1) affecting the Olkhovsk deposits as seen on Google Earth. (b) Fault trace of F2
fault revealed by a trellis drainage pattern as observed on Google Earth. (d and e) Fault scarps of F3–F5 as
deduced from topographical analysis on DEM (proﬁles below photos). (f and g) Morphotectonics to the
SW from Cape Kamchatsky, focused on fault 6 (see Figure 2 for map location). Figure 5f shows the interpreted
zone on a 3-D view Google Earth showing the morphotectonics units; the along-fault topographic proﬁle is
shown below, at the same horizontal scale. Figure 5g shows proﬁles: cross-valley proﬁles 1–5 show enhanced
vertical change across fault 6, and the river thalweg proﬁle shows knickpoints, including one across fault 6.
834

PEDOJA ET AL.: ACTIVE TECTONICS ON THE KAMCHATSKY AREA
Table 1. Uplift Rates on the Kamchatsky Peninsula
T1 = MIS 5e

T2 = MIS 7

T3 = MIS 9

T4 = MIS 11

Zone

No.

E T1

MoE

U

MoE

E T2

MoE

U

MoE

E T3

MoE

U

MoE

I

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

25
20
20
55
68
75
140
180
65
40
28
32
290
330
238
230

3
3
3
5
5
5
10
15
5
5
4
3
20
20
9
30

0.21
0.17
0.17
0.46
0.56
0.62
1.16
1.49
0.54
0.33
0.23
0.27
2.40
2.73
1.96
1.9

0.04
0.04
0.04
0.07
0.08
0.08
0.16
0.22
0.08
0.06
0.05
0.04
0.32
0.34
0.20
0.37

60
60
55
75
90
105
240
230

5
5
5
5
40
40
40
40

0.29
0.29
0.27
0.36
0.45
0.52
1.17
1.12

0.05
0.05
0.05
0.06
0.23
0.24
0.30
0.30

90
80

5
10

0.28
0.25

0.02
0.04

150
170
360
390

40
40
40
40

0.47
0.54
1.13
1.22

0.14
0.14
0.16
0.16

50
60

20
20

0.25
0.30

0.12
0.12

95
100

40
40

0.30
0.32

0.13
0.13

420

40

2.04

0.38

500

40

1.57

0.17

230

11

0.72

0.06

310

40

0.74

0.13

II

III

IV

E T4

MoE

U

MoE

180
240

40
40

0.43
0.58

0.12
0.12

550

40

1.32

0.16

620

40

1.48

0.17

No.: transect number; E T1, T2, T3, T4: elevation T1, T2, T3, T4; MoE: margin of error; U = uplift rate; T1 = Mis 5e (7, 9, or 11): chronostratigraphical
interpretation, which means that the shoreline angle of T1 (T2, T3, or T4) has been correlated to a highstand associated with the Marine Isotopic Stage (or
Substage) 5e (7, 9, or 11). We considered ages of 122  8, 210  20, 320  10, and 420  20 kyr for MIS 5e, 7, 9, and 11, respectively (see text for details).

of 3.9  0.2 (for T4; Figure 3 and Table 2). The southwestward tilt of Zone IV appears to be accommodated by differential slip on faults along the E-W trend of the 2PNRFZ
and the NW-SE trend of the 1PNRFZ located in the ﬁrst
Pereval’naya River valley, which bounds the Cape Africa
block. Vertical motion along the 1PNRFZ south of the
Cape Africa block (Figure 3) would compensate the tilt produced by vertical motion along the 2PNRFZ. However, the
southwestward tilt is maintained, suggesting a larger vertical
slip rate of the 2PNRFZ than the 1PNRFZ. This tilting is perpendicular to the southeastward tilting affecting the same
geomorphic features described by Fedorenko [1965] and
Kozhurin [1985], who associated this tilting with a NE-SW
trending folding due to the interaction between Cape Africa
and the Komandorsky Island block. The southwestward
tilting we have described is more consistent with a combination of faulting between the 1PNRFZ and the 2PNRFZ than
with folding.
4.2. Geomorphic Evidence of Active Faults in the
Kamchatsky Peninsula
[30] Analyses of satellite images of Landsat and Google
Earth associated with topographic measures using ASTER
DEM allow us to distinguish geomorphic evidence of (at
least) six active faults (F1–F6) in the Kamchatsky
Peninsula (Figures 2, 5, and 6).
4.2.1. Faults F1–F5
[31] F1, striking NE-SW and located north of the massif of
Cape Africa, was identiﬁed using Google Earth navigation
(Figures 2 and 5a). An outcrop of upper Pliocene to lower

Quaternary deposits on the slope of a large and incised valley
shows a vertical offset of beds on the two sides of the
fault with an eastern subsiding fault ﬂank (Figure 5a). In
the natural cross section of the valley, the dip of the fault is
toward the northwest. Thus, the fault appears in this vertical
section as a reverse fault with a high-angle dip and a SE
vergence (Figure 5a).
[32] F2, located at Cape Nose, is traced westward, where it
could constitute the southern linear boundary of Kultuchnoe
Lake (Figure 2). This EW striking fault (Figure 5b) imprints
the landscape and seems to affect Quaternary deposits along
the coast by limiting the prolongation of the Pleistocene sequence of marine terraces to the north (northern boundary
of Zone I). However, the displacement mechanisms cannot
be determined as no vertical offset was measured and no lateral offset observed. Consequently, this fault is an
inferred fault.
[33] F3 is the southern boundary of the massif of Cape
Sivuchy (Figures 2 and 5c). This fault was observed by
Gaedicke et al. [2000], who described it as a south verging
reverse fault associated with well-developed drag folds in
the footwall. Topographic proﬁle AB in Figure 5c across
the fault in Quaternary deposits shows an apparent vertical
topographic offset of ~20 m of the northern block uplifted
relatively to the southern block, in agreement with the fault
kinematics suggested by Gaedicke et al. [2000].
[34] F4 and F5 are located in the northeasternmost zone of
the Kamchatsky Peninsula in the large alluvial plain
(Stolbovskaya depression) northwest of Nerpich’e Lake
(Figure 2). Geomorphic analyses show that F4 and F5 affect

Table 2. Vertical Offsets of the Marine Terraces Along the Northern and Southern Boundaries of Zone III and Induced Vertical Slip Rates
Marine
Terrace
T1
T2
T3
T4

Age Vertical Offset BetweenVertical Offset Between Tilting of Cape Tilting of Cape Vertical Slip Rate Between Vertical Slip Rate Along the
(kyr)
Zones II and III (m) Zones III and IV (m) Reef Terraces Africa Terraces Zones III and IV (mm/yr) Southern Segment (mm/yr)
122  8
210  20
330  10
420  20

145  40

315  40
415  40
500  40

1.2  0.2
1.5  0.2
2.9  0.2
3.9  0.2
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1.2  0.2
1.3  0.2
1.8  0.2

2.1–3.1
1.6–2.3
1.4–1.7

0.8–1.6
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Figure 6. Drainage and morphometry on ASTER DEM. The drainage anomalies for the drainage basins
are superimposed on the geological map. Values of hypsometric integrals are shown by color-coded dots
for basins B1–B21; see text for discussion. (upper right) Longitudinal proﬁles were calculated and are plotted for each trunk stream. Stream knickpoints (knickzones) are shown by black ovals on the map and by red
lines on the stream proﬁles.
Quaternary deposits with an apparent vertical motion of
about 20–30 m, producing an uplift of the SE ﬂanks of the
faults (Figures 5d and 5e). These young topographic offsets
control drainage rearrangement (Figure 5e), as indicated by
the alignment of ponds along the fault (Figure 5d). The
curved fault trace of F4, underlined by the topography and
the relative motion of fault walls, leads us to suggest that
F4 and F5 are reverse faults with a NW vergence. This interpretation is in agreement with the kinematics of minor faults
observed in a trench dug across the fault at the foot of the
Kumroch Range (north of F4) and analyzed by Kozhurin
[2009]. The NW vergence of faults F4 and F5 is opposite
to the general SE verging structural grain of the Kumroch
Range located to the north of F4. Consequently, the fault
activity of F4 and F5 is superposed relative to the uplift of
this range.
4.2.2. Fault F6 and Associated Marine Terraces
[35] In the southwestern region of the Kamchatsky
Peninsula, a NW-SE trending scarp traces the western coast
of Cape Kamchatsky (Figures 2, 5f, and 5g). According to
geomorphic indices, we suggest that this scarp is associated
with a fault (F6). The inferred fault F6 is parallel to the fault
zone along the 1PNRFZ located 20 km eastward [Gaedicke
et al., 2000; Freitag et al., 2001; Kozhurin, 2007]. The two
faults mark the boundaries of the massif of Cape
Kamchatsky (Figures 5f and 5g). Along the coast, the inferred fault F6 seems to control the development of a sequence of two marine terraces (Figure 5f) above the
Holocene one and to affect Quaternary alluvial fans
(Figure 5f, Qf3).
[36] We did not have the occasion to study this marine terrace sequence in the same detail as those on the eastern coast.
On the easternmost part of the sequence, we observed
uplifted shallow-marine coastal deposits, including articulated valves of Chione sp, Tagelus sp, and Polinices sp.

The deposit containing this fauna lies unconformably above
a ﬂuviomarine sequence. The altitude of the shallow-marine
deposits and the distal edge of marine terrace T1 was measured at 37  3 m. East of this zone, the westernmost preserved Holocene terrace sequence along this southern shore
(Figure 3) exhibits one of the highest uplift rates measured
of all 33 Holocene proﬁles [Pinegina et al., 2013, Proﬁle 23].
[37] Between Cape Kamchatsky and Ust’ Kamchatsk, we
observed various landforms, including marine terraces, ﬂuvial terraces, alluvial fan deposits, and triangular facets
(Figures 5f and 5g). The fault scarp of fault F6 appears to
be associated with two generations of triangular facets
(Figure 5f), which are typically associated with normal
faulting. The two generations of facets suggest a long-lived
fault with episodes of activity. The topographic proﬁle AB
in Figure 5g shows that the fan deposits, associated with a
typical convex shape, cover the upper surface of marine terraces at the level of 30 m. Five DEM-generated cross-stream
topographic proﬁles across the western alluvial fan on both
sides of the fault F6 (Figures 5f and 5g) suggest motion along
the fault that vertically offsets the fan 20–30 m, with an
uplifted block NE of the fault. Associated with the observed
triangular facets, this motion implies that F6 is a normal fault
dipping to the SW.
4.3. Geomorphic Indices of Recent Tectonics in the
Drainage of the Kamchatsky Peninsula
4.3.1. Analysis of the Drainage Network Geometry
[38] Drainage anomalies allow us to characterize an
uplifted zone in the northern part of the Kamchatsky
Peninsula, north of fault F3 (Figure 6), constituted primarily
of Paleogene volcaniclastics and sandstone. This zone forms
three bulges from Cape Nose toward Stolbovoe Lake
(Figure 6). The two northern ones are associated with radial
drainage (Figure 6). The bulge near Cape Sivuchy is
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elongated with a NE-SW strike, with its axis corresponding
to a drainage divide separating a broadly parallel network
pattern on the southern side from a dendritic pattern to the
north (Figure 6). The elongated bulge could correspond to
an anticline in agreement with a compressional regime indicated by the neighboring south verging reverse fault F3 (fault
F3 as in Gaedicke et al. [2000]). A tilting of the southern
ﬂank of the bulge could explain the high-angle bent drainage
near the bulge axis as produced by drainage capture of a
northern drainage by a southern drainage associated with retrogressive erosion in response to tilting (Figure 6). The
southwestern termination of the bulge coincides with the
NW-SE en echelon fault system (Figure 6). The juncture between the NW-SE fault system and F2 corresponds to the
boundary between the Nerpich’e and Kultuchnoe Lakes,
suggesting a tectonic control of the basin connection.
[39] Another elongated, NE-SW trending uplifted zone is
deﬁned north of Soldatskaya Bay (Figures 2 and 6). Tilting
associating with this uplift is suggested by a change of strike
from SW-NE to E-W, perpendicular to a NE-SW trending
anticline of three and two drainages west and east of the
bulge axis, respectively (Figure 6). Symmetric tilting of
ﬂanks on both sides of the bulge axis supports the anticline
hypothesis. This bulge or anticline must be recent as it affects
these minor deﬂected drainages.
[40] The two inferred anticlines between Cape Sivuchy
and Cape Nose must create a NE-SW trending synclinal depression between them. This depression guides a major
drainage ﬂowing ~12 km toward the southwest to
Kultuchnoe Lake. The spring of this drainage is located ~1
km from the sea to the north, and no relief blocks the way
of the drainage to the sea (Figure 6). This anomaly must imply that the drainage was forced to ﬂow SW by an uplift near
the coast, producing a southwestward inclination in this zone
(Figure 6). The spring of the stream is localized in the
periclinal termination of the syncline. The lakes of
Kultuchnoe and Nerpich’e are aligned in the SW prolongation of this NE-SW trending synclinal axis that may indicate
that this structure affects a larger area on the
Kamchatsky Peninsula.
[41] In the southern part of the peninsula, three uplifted
zones are suggested by a radial drainage. The ﬁrst one corresponds to the southern part of Cape Reef (Figure 6). It is
characterized by tilting of the marine terrace sequence. The
second uplifted zone corresponds to the Cape Africa massif
and is also in agreement with marine terrace analyses. The
third zone of uplift, located in the southern part of the peninsula, west of the ﬁrst Pereval’naya River, is associated
with a radial drainage (Figure 6). This region is characterized by the highest summits on the peninsula at around
1200 m of altitude, comprising Cretaceous ophiolites.
This lithology could be less erodible than the nearby younger volcano-sedimentary formations and explain the elevation of the relief. However, the eastern ﬂank is associated
with asymmetric drainages that imply titling due to uplift
(see below).
[42] As a measure of tilting, we calculated the asymmetric
factor (AF) [Cox, 1994] of three parallel streams with trunks
that ﬂow north in between the two southern uplifting zones
(Figure 6). Deﬁned as AF = 100(Ar/At), where Ar is the area
of the basin to the right (facing downstream) of the trunk
stream, and At is the total area of the drainage basin, the

factor AF is sensitive to tilting perpendicular to the trunkstream trend. A stream that formed and continues to ﬂow in
a stable setting has an AF of ~50, whereas values greater or
less than 50 may suggest tilt. In our study, the western
stream, which drains the western uplifting zone, has an AF
of 14; that is, tributaries on the western side of the trunk
stream are long compared to those on the east side. This result implies that tectonic tilting is down to the east, in agreement with western uplift. As these streams mostly incise
Pliocene conglomerate, the age of the tilting produced by uplift must be younger than Pliocene. The central stream has an
AF of 45, and the eastern stream (draining the eastern uplift
zone) has an AF of 70. This AF change from west to east
from a value <50 to one >50 suggests a tectonic depression
in between the uplifting zones.
4.3.2. Longitudinal Stream Proﬁles
[43] Variations in channel proﬁles and presence of
knickzones depend on gradients in rock uplift rate, occurrence of base level fall, and contrasts in lithology [Gardner,
1983; Whipple and Tucker, 1999; Kirby and Whipple,
2001; Zaprowski et al., 2001; Molin et al., 2004; Duvall
et al., 2004; Bishop et al., 2005]. A concave-up stream proﬁle
indicates that morphodynamic equilibrium has been reached.
Most of the channel proﬁles in this study show a general concave-up shape with local straight or convex reaches/
knickzones (Figure 6). These knickzones could be the result
of base level drop due to eustatic fall of sea level, in which
case the anomaly should be present on all proﬁles connected
to the sea. However, in this study, one third of such streams
(Figure 6; B22, B21, B20, B19, B18, B4, and B10) do not exhibit knickzones along their proﬁle. We instead correlate the
knickzones to factors other than eustasy—tectonic (B2, B3,
B5, B6, B7, B8, B13, B14, B15, B16) or lithologic (B9,
B11, B12, B7, B8).
[44] In the southern part of the peninsula, channels B11
and B12 show a concave proﬁle upslope and a more convex
proﬁle downslope (Figure 6). This change can be explained
by the effect of lithologic contrast between resistant igneous
rocks (gabbro) downslope and more erodible volcano-sedimentary rocks upslope (Figure 6). For B12, we also suspect
that sea cliff erosion may affect the lowest part of this proﬁle shape. Anomalously, however, channel proﬁles B7–B9
and B13 are convex, where the basins incise soft formations
(alluvial sediments, weathered ophiolite, volcanic sediments). As all these streams drain the Cape Kamchatsky
massif, these anomalies can be interpreted as morphometric
evidence of a more rapid rate of uplift in this massif. We already suspected this uplift due to the radial drainage network of the Cape Kamchatsky massif, and it was also
highlighted by Gaedicke et al. [2000] from the presence
of Quaternary marine formations at high altitude and by
Freitag et al. [2001] from ﬁssion track analysis of
exhumation rates.
[45] Concerning the drainage of B13 (Pikezh River), the
impact of vertical displacement of a fault zone in the valley
could explain the knickzone in the proﬁle upslope of the fault
crossing the valley (Figure 6). The same is also the case for
B14 (ﬁrst Pereval’naya River) and for streams B6 and B15
(second Pereval’naya River valley), which intersect the
1PNRFZ and the 2PNRFZ, respectively. For each of these
channels, the knickzones do not correspond to
lithologic changes.
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[46] Uplift of the Cape Reef massif as revealed by marine
terrace analysis is also highlighted by upslope knickzones
along stream proﬁles B5 and B16. These anomalies are not
associated with lithologic contrast or fault/drainage intersections, and thus, we interpret them to be induced by a general
uplift of the zone by tilting.
[47] The impact of fault F3 and the associated bulge of
Cape Sivuchy (Figure 6) are also suggested by the
knickzones upslope of the fault along channel proﬁles B2
and B3, which drain the southern slope of the bulge. The
knickzone alignment is parallel to the bulge axis. However,
the streams that drain the northern slope (B20, B19, B18)
do not show anomalies along their concave-up long proﬁle
as might be expected by symmetry. A hypothesis to explain
this difference is that marine erosion on the northern side
has removed the convex reach of the channel proﬁle. This explanation may also apply to B17 and B21.
4.3.3. Hypsometric Parameters
[48] The area below a hypsometric curve portrays the
amount of material left after erosion. A low hypsometric integral (HI <0.5) indicates major erosional activity and, thus,
a mature basin [Stralher, 1952; Hurtrez et al., 1999]. Except
for the alluvial basin B11 (Figure 6), the hypsometric integrals of the 20 other selected basins have generally moderate
to low values (HI <0.5) reﬂecting a dissected, eroding landscape, approaching equilibrium phase. The low HI values (HI
<0.5) may be explained by the easily eroded lithology of soft
volcaniclastic and alluvial deposits underlying most the peninsula. Resistant igneous basement crops out only in the
southern region and explains the highest integrals of basins
B10–B12 (Figure 6).
[49] There are some patterns unexplained by erodability,
however. In the south, the high values of basins B8, B13,
and B14 which drain only soft formations require another
factor such as tectonic uplift (Figure 6). In contrast, basins
B4–B6 and B16 in the central region have very low HI values
(< 0.2) that cannot be explained by the easily eroded lithology of soft volcaniclastic and alluvial deposits alone but by
the additional effect of the geomorphic and structural location of the basins. The basins drain, in major part, large alluvial plains located in the suspected NE-SW trending syncline
between the zones of Cape Reef and Cape Sivuchy (Figures 6
and 7). This region may be subsiding and thus preventing efﬁcient erosion. The northern basins (B17–B21) show moderate values of HI relative to the other basins on the peninsula.
As these northern basins drain soft formations (Paleogene
sandstone and tuff), the increase in HI values compared with

Figure 7. Cartoon representing the “encroachment” of the
Komandorsky Island block on the Kamchatsky Peninsula.

those of the central zone may be explained by the tectonic
bulge effect in this region from Stolbovoe Lake to Cape
Sivuchy (Figure 6).

5.

Discussion

5.1. Active Deformation of the Coastal Sequences and
Onshore/Offshore Fault Correlation
[50] For all four zones deﬁned above, relative differences
in altitude are conserved between the oldest (highest)
Holocene shoreline angle and the youngest (lowest)
Pleistocene shoreline angle (Figure 3 for uplift rates).
Morphologically, the sequences (particularly the
Pleistocene ones) are often tilted. These vertical motions
are accommodated by faults at the boundary of each zone
(which behaves as block), from north to southwest: F3, F2,
the northern fault of the 2PNRFZ, the southern fault of the
2PNRFZ, and F6 (Figures 3 and 6). Some faults oblique to
the tilting direction are observable in the landscape at the outcrop scale and in aerial views, but fault planes and slickensides are not noticeable because they are covered by
alluvial and soil-tephra deposits.
[51] The fault system of the offshore AleutianKomandorsky transform boundary is trending toward the
Kamchatsky Peninsula and these onshore blocks and faults.
Freitag et al. [2001] and Gaedicke et al. [2000] interpreted
the onshore coastal faults (1PNRFZ, 2PNRFZ, F2) as prolongations of offshore dextral transform faults which exhibit reverse dextral motion due to bent terminations of the faults
toward shore. They take this interpretation to argue for the
hypothesis of impingement of the Komandorsky Island
block. For Kozhurin [2007], active onshore faults on the peninsula may reﬂect just internal deformation in the peninsula
induced by its clockwise rotation associated with the decrease in rate of dextral motion from one fault to another with
distance (northward) from the Aleutian-Paciﬁc interface. The
disagreements are partly based on differences in ﬁeld interpretations and partly on differences in how those interpretations ﬁt the larger picture.
[52] To the north, we show folding and vertical motion associated with the ENE trending F3 that bounds Zone I. These
trends agree with the SE verging reverse kinematics assigned
to this fault by Freitag et al. [2001]. However, the strike is
perpendicular to the offshore transform fault zone, which
does not permit a linking of the two structures.
[53] South of Zone I, as in Kozhurin [2007] and Gaedicke
et al. [2000], we suspect a ENE trending fault (F2). However,
we did not observe any displacements of Quaternary geomorphological features along the fault. Thus, dextral motion or
reverse motion inferred by Kozhurin [2007] or Gaedicke
et al. [2001], respectively, is still subject to discussion. We
do not have any argument to link this fault to an
offshore fault.
[54] Zone III, where the second Pereval’naya River valley
is located, is bounded by the northern and southern faults of
the 2PNRFZ. Apparently, vertical fault motion is tilting and
offsetting the terrace sequences north and south of the
2PNRFZ, within which the terrace sequence is lower
(Figure 3). The structural trough between the northern and
southern faults could correspond to a foreland basin if the
boundary faults accommodate shortening or a graben if the
faults accommodate extension. However, we also have to
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keep in mind that we observed horizontal offsets of the marine terraces which are higher than the vertical offsets along
the southern fault of the 2PNRFZ, indicating that dextral motion is the dominant component of fault slip in this fault zone,
in agreement with Kozhurin [2007]. Along the southern fault
of the 2PNRFZ, Kozhurin [2007] measured right-lateral displacements of Holocene geomorphic markers and estimated a
~25 mm/yr horizontal slip rate. According to the horizontal
offset and age of T1, we estimate a horizontal slip rate of
~10 mm/yr.
[55] South of the 2PNRFZ, the MIS 5e marine terrace exhibits its maximum elevation (Cape Africa block, Zone IV).
According to the marine terrace offset, the vertical slip rate
is higher along the southern fault of the 2PNRFZ than along
the northern fault of the 2PNRFZ. The asymmetry in uplift
and tilt rates north and south of the 2PNRFZ leads us to interpret that the excess uplift to the south is due to the simultaneous activity of the 2PNRFZ and the 1PNRFZ bounding
the Cape Africa block, producing a bulge effect on this
block (Figure 6).
[56] A connection of the 2PNRFZ with a proposed splay of
the offshore Bering fault [Gaedicke et al., 2000] is supported
by their proximity, their similar dextral kinematics, and the
small angle between their strike which can produce a small
reverse motion component along the 2PNRFZ, explaining
the maximum uplift of the northern part of Africa block.
Thus, our results are not only in agreement with the kinematics proposed by Kozhurin [2007] for the 2PNRFZ, but they
are also in agreement with the offshore/onshore fault connection proposed by Gaedicke et al. [2000].
[57] Concerning the 1PNRFZ south of Zone IV and north
of Cape Kamchatsky, according to our data, we have observed a vertical motion along the 1PNRFZ associated with
a northern uplifted ﬂank of the fault. This vertical motion disagrees with dextral motion proposed by Gaedicke et al.
[2000] and Freitag et al. [2001] but is consistent with the
south verging normal faulting attributed to the 1PNRFZ by
Kozhurin [2007]. Freitag et al. [2001] and Gaedicke et al.
[2000] proposed dextral kinematics with a reverse bend termination westward. Their dextral tectonic regime was deduced by observation of right-lateral striations on Pliocene
deposits along the main SE trending fault on the coast.
They considered then that the fault is the prolongation of
the offshore dextral Pikezh fracture zone. Instead, Baranov
et al. [2010] attributed a sinistral motion to the same fault
according to left-lateral offsets of minor drainages.
Kozhurin [2007] considered the entire 1PNRFZ to be largely
normal and dipping to the south with a small component of
left-lateral motion. Indices of normal faulting are purely geometric, reﬂecting the interaction between topography and the
fresh fault scarp orientation, if it corresponds to the fault
plane. Kozhurin concluded that contrary to previous interpretations, there are still no valid data supporting the idea that
the fault zone corresponds to the dextral offshore Pikezh fault
zone. Furthermore, sinistral offset of drainages shown by
Baranov et al. [2010] is convincing enough for us to favor
a sinistral transtensive tectonic regime for the 1PNRFZ that
does not allow its link to the dextral offshore Pikezh
fault zone.
[58] West of Cape Kamchatsky, an inferred NW-SE
trending active fault bounding the major relief (F6) is
interpreted in this study as a normal fault. Ten kilometers

southwest of fault F6, the major NW-SE trending Steller fracture zone affects the offshore domain (Figure 2). This NWSE trending fault zone was interpreted by Gaedicke et al.
[2000] as a sinistral strike-slip fault because it left-laterally
displaces the Kamchatka River canyon and is associated with
NNW-SSE anticlines and reverse faults. As the NNW
trending F6 fault is located close to the NW trending Steller
FZ, it could represent a splay off this major structure.
However, its normal fault kinematics is not consistent with
the reverse sinistral kinematics that would be observed along
a NNW trending splay of the NW trending sinistral Steller
fault zone. Thus, we do not connect this onshore fault with
the offshore neighboring fault.
5.2. Deformation Rate and Active Tectonics on the
Northwestern Terminus of the Paciﬁc Plate
[59] Drainage anomalies combined with analyses of
uplifted marine terraces and fault scarps in Quaternary deposits allow us to distinguish four coastal blocks delimited
by onshore faults: the Cape Kamchatsky block, the Cape
Africa block, the second Pereval’naya River valley block,
and the Cape Reef block, which are uplifted and tilted with
different uplift rates (Figures 3 and 7). As observed elsewhere on very active areas of the Paciﬁc Rim, the uplift rates
are highly variable [Ota and Yamaguchi, 2004]. Landward of
(behind) these blocks, compressive deformation creates NESW reverse faults and NE trending bulges interpreted
as anticlines.
[60] The most intense deformation takes places in Cape
Africa, where the block constitutes a corner that is pushed
against the Kamchatsky Peninsula due to dextral motion
along the 1PNRFZ and sinistral motion along the conjugate
2PNRFZ (Figures 3 and 7). This analysis is in agreement
with kinematics suggested by Kozhurin [2007] and
Baranov et al. [2010]. The coastal sequence in this area reﬂects strong uplift rates (locally >2 mm/yr). The impingement of the Cape Africa block should be also
accommodated by shortening associated with a component
of reverse motion along the 2PNRFZ as suggested by
Gaedicke et al. [2000].
[61] To the southwest of Cape Africa, Holocene marine
terraces are present at the southern point of Cape
Kamchatsky, but Pleistocene ones are not observable in the
landscape. There are two possible explanatory hypotheses:
(1) The Pleistocene terraces were never carved; or 2) the terraces were carved but erased after their formation. The ﬁrst
hypothesis would imply that the uplift there is a recent phenomenon. However, because of the lithology of the Cape
Kamchatsky block (i.e., in most cases, ﬁne-grained deposits
of the Olkhovskaya Formation), we favor the second hypothesis. Pleistocene marine terraces do crop out along the southwestern part of the Cape Kamchatsky block, and alluvial fans
above them seem to be affected by a NW-SE trending normal
fault (F6) which can accommodate uplift. For its part, the reverse motion along F1 bounding the northwestern part of the
Cape Kamchatsky block could accommodate the shortening
produced by the westward motion of this block (Figures 2
and 7).
[62] To the north of Cape Africa, the Cape Reef block
shows an extensive sequence of marine terraces (Figure 3).
They are tilted northward in relation with the vertical motion
along the 2PNRFZ. The asymmetric basin that drains the
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western side of Cape Reef suggests a westward component of
tilting. Combining the two vergences of tilting, Cape Reef,
with a rigid behavior, tilts toward the NW (Figure 7). This
strike agrees with the motion of the frontal impingement of
the Komandorsky Island block against Kamchatka.
[63] In the northwestern part of the Peninsula, we detected
recent compressive structures: to the west, NE-SW reverse
faults and, to the east, NE-SW folds extended to the south
of Cape Nose (Figure 6). This region corresponds to a foldand-thrust zone (Figure 7). One of these faults was trenched
by Kozhurin [2009] for paleoseismicity study and reveals minor reverse NW verging faults affecting alluvial deposits.
The Stolbovoe, Kultuchnoe, and Nerpich’e Lakes are located
on a NE-SW depression corresponding to a syncline
delimited by reverse faults and anticlines (Figure 7).
[64] All these results support the active AleutianKomandorsky arc collision suggested by a number of earlier
studies (reviewed in Scholl [2007]). Uplifted and deformed
terraces as well as distinctive drainage patterns demonstrate
that collision affects the whole Kamchatsky Peninsula
(Figure 7), uplifting coastal blocks and folding the hinterland
as a “bulldozer effect.” Deformation reaches the Kumroch
Range which was formed during the late Miocene collision
between the Kronotskaya arc and Kamchatka [Solov’ev
et al., 2004]. This range shows active reverse faulting in its
eastern boundary only in the Kamchatsky Peninsula region
[Kozhurin, 2009]. Westward motion of the Kamchatsky
Peninsula due to the Aleutian-Komandorsky arc collision is
indicated also by the sinistral motion along the Steller fault
zone west of the Paciﬁc subduction zone. The Steller fault
zone delimits to the south the Aleutian-Komandorsky island
block and the Kamchatsky Peninsula. Local sinistral motion
accommodates the westward relative movement of the peninsula relative to the accretionary wedge west of the Paciﬁc
subduction zone due to the arc-continent collision [Geist
and Scholl, 1994; Gaedicke et al., 2000].
[65] Kozhurin [2007] suggested that the KamchatkaAleutian interaction produces only clockwise rotation of
the entire Kamchatsky Peninsula block accommodated by
movements along onshore faults. Such a model does not
predict folding and reverse faulting as identiﬁed in our
study for faults F1, F3, F4, and F5, with mainly dextral kinematics along F3, F2, and 2PNRFZ and normal kinematics along 2PNRFZ, F4, and F5. In a collision context,
block rotation would be blocked by shortening [England
and Molnar, 1990]. We do not reject the occurrence of potential block rotation of the entire Kamchatsky Peninsula
proposed by Kozhurin [2007], but most of the kinematics
of internal faults he deduced disagree with our results;
moreover, if the rotation exists, compressive contact with
the Kumroch Range to the west must slow down
this rotation.

6.

Conclusion

[66] Our results show marked tectonic segmentation of the
coastal fringe of the Kamchatsky Peninsula. Late Pleistocene
uplift rates along the coast vary in space with marked rapidity, ranging from 0.2 to 2.74 mm/yr. Geomorphic analysis
suggests folding and thrusting in the hinterland of the
Kamchatsky Peninsula and tilting of the coastal blocks associated with vertical and strike-slip displacements along faults

at the block boundaries. Since the Kamchatsky Peninsula is
located near the western end of the large dextral transform
system associated with the western Aleutian-Komandorsky
arc, the structures on the peninsula likely accommodate westward convergence of the Komandorsky Island block and its
collision with the continent, producing the effect of
a bulldozer.
[67] This deformation pattern indicates that the Kamchatsky
Peninsula actively undergoes arc-continent collision with the
Aleutian arc at the triple junction between the Okhotsk,
North American, and Bering plates, as suggested by several
earlier studies. On the other hand, the pattern, in particular
the shortening in the hinterland associated with Kumroch
Range blocking, contravenes an active, rigid, clockwise
rotation of the entire Kamchatsky Peninsula as proposed
by Kozhurin [2007]. Also, the connection between onshore
faults of the peninsula and offshore faults of the AleutianKomandorsky transform boundary suggested by Gaedicke
et al. [2000] is not supported by our results, except for the fault
zone of the second Pereval’naya River valley, which can be
linked to a proposed splay of the Bering fault zone. This independence of onshore faults was also proposed by Kozhurin
[2007], although our kinematic model does not agree with
some details of his analysis.
[68] In this study, uplift rates and active deformation of the
Kamchatsky Peninsula—located at the intersection of the
Paciﬁc subduction zone and the Komandorsky-Aleutian dextral transform boundary—have been estimated using a combined ﬁeld and map analysis of Pleistocene marine terraces,
drainage anomalies, and active faults. Extensive ﬁeld data
and ground truthing accompanied by morphotectonic analysis using several remote-sensing techniques have permitted
us to reﬁne a neotectonic model for the entire Kamchatsky
Peninsula as affected by this very active and complex
collision zone.
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