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INTRODUCTION

Interaction between each couple of neighboring
island arcs in the northwestern Pacific Ocean—Izu–
Bonin and Japan [15, 46], Japan and Kurile [31–33],
Kamchatka and Aleutian [29]—develops according to
the collisional scenario. The tangential component of
oceanic plate motion, which appears under nonor�
thogonal underthrusting, is the driving force of arcs
(more precisely, of their ends) convergence [22, 26].
Depending on the direction of oceanic plate motion,
the value of the tangential component can be equal for
two arcs, often unequal, and in the extreme case, rela�
tive motion is absent in one arc and accommodated in
the other. The kinematic situation at the junction of
the Aleutian and Kamchatka arcs corresponds to the
latter variant. The Pacific Plate subducting beneath
Kamchatka at almost an orthogonal angle moves par�
allel to the westernmost Komandorsky segment of the
Aleutian arc (Fig. 1).

The rate of collisional deformation, i.e., the rate of
lateral shortening of the Earth’s crust in the collision
zone is an important characteristic of this process. Its
maximum value cannot exceed the tangential compo�
nent of the rate of oceanic plate motion, and the real
value shows what part of the total relative motion is

transferred to island arc convergence and deformation
in the collision zone.

The rate of Pacific Plate movement relative to the
North American Plate near the northern end of the
Kurile–Kamchatka subduction zone is about 8 cm/yr
with a difference of a few millimeters between the
NUVEL�1 and NUVEL�1a models [24, 25] and rate
estimates based on space geodesy [23, 24, 44]. The dis�
placements in the Komandorsky segment of the Aleu�
tian arc are distributed over several longitudinal right�
lateral strike�slip faults [12, 13, 16]. Taken together,
they make up the so�called diffuse transform zone [21]
with a decrease in the motion rate away from the
Pacific Ocean [34]. According to GPS measurements,
the present�day rate of the Komandorsky Block move�
ment toward Kamchatka is approximately 55 mm/yr
[14, 20], i.e., about two�thirds the rate of the Pacific
Plate motion.

The Kamchatsky Peninsula is located between
Kamchatka and the Aleutian arc behind the western
end of the Aleutian Transform Fault, so that its defor�
mations can be related only to stress from the Aleutian
arc. The fast vertical movements and high rate of exhu�
mation of pre�Pliocene rocks in the eastern part of the
peninsula [27], formation of Pleistocene and
Holocene marine terraces [11, 40–42], and move�
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Fig. 1. (a) Collisional interaction of island arcs in the
northwestern Pacific: 1, Izu–Bonin and Japan; 2, Japan
and Kurile–Kamchatka; 3, Kurile–Kamchatka and Aleu�
tian; bathymetry and topography, after SRTM30_PLUS
[17]; (b) conceptual scheme of tangential and normal
components of oceanic plate motion relative to island arcs
(above) and their relationships in the junction of Kam�
chatka and Aleutian island arcs (below). (1a) Direction of
the Pacific Plate motion, (1b) orthogonal and tangential
components of plate motion relative to island arcs, (1c) direc�
tion of motion of part of island arc toward collisional zone;
(2) subduction zone; size of triangular ticks shows increase
(decrease) of underthrusting (normal) component; (3) colli�
sional domain. Rectangle (dotted line) in panel (b) is position
of Fig. 2; KP, Kamchatksky Peninsula; Pa, Pacific Plate.

ments along active faults [1, 28] are considered as
manifestations of collision.

The rate of collisional deformation of the peninsula
and its relationships to the rate of northwestern drift of
Komandorsky Block of the Aleutian arc are estimated
in this paper based on the sense and average rate of
movements along the near�latitudinal fault in the
southeastern part of the peninsula. This fault, called
below the Second Pereval’naya, is the northern limita�
tion of the frontal part of the Komandorsky Block or a
separate block in front of the latter. In the first version,
this fault is interpreted as a branch of the Bering Fault
[27, 28] (Figs. 2a, 2b), and in the second version, as a
relatively independent structural element [8] (Fig. 2c).

The published estimates of the average lateral slip
rate in the central part of the fault over the Holocene,
which are based on single determinations of radiocar�
bon age of displaced landforms, are scattered from 15
to 20 mm/yr [6]. The slip rate at the western end of this
fault, involving tephrochronological datings of the dis�
placed river terrace, was estimated at 4 mm/yr [34].

In this paper, we report new data, which allowed us
to obtain precise estimates of the average rates of ver�
tical and horizontal movements along the Second
Pereval’naya Fault. The measurements were carried
out at two observation points along the fault line. In
the near�shore zone, we have measured and dated ver�
tical and horizontal displacements of late Holocene
marine terraces and deformations of Holocene loose
sediments in the trench excavated across the fault
scarp. The largest of the observed displacements of
erosion topography elements have been measured and
dated in the central segment of the fault.

GENERAL CHARACTERIZATION 
OF THE SECOND PEREVAL’NAYA FAULT

The activity of the Second Pereval’naya Fault and
its right�lateral kinematics were established long ago
[6, 7]. The idea of reverse movements along the entire
onshore portion of the fault [28] or only along its west�
ern segment [27] has not been proved by factual evi�
dence and followed only from general reasoning, e.g.,
from strike of the fault at an angle to the submarine
right�lateral Bering Fault (Fig. 2).

On land, the fault is distinctly subdivided into the
western and eastern parts approximately equal in
length and with a two�kilometer gap between them.
The eastern part of the near�latitudinal segment of the
Kamchatsky Mys Range is the southern side of both
parts of the fault (Fig. 3). The northern sides differ in
geological structure. The northern side of western part
is a depression filled with upper Pliocene–Eopleis�
tocene sediments of the Ol’khovaya Formation [2, 4].
The depression opens into the central basin of the pen�
insula occupied by lakes Nerpich’e and Kultuchnoe.
The eastern part of the fault bounds in the south a wide
and relatively short basin with the Second Pere�
val’naya River valley between the nearly meridional

(Mount Komandnaya) and east�striking (Mount
Afrika) segments of the Kamchatsky Mys Range. Sev�
eral intrabasinal uplifts are composed of Cretaceous
rocks of the Smagin and Pikezh formations [4]. Their
flat tops, apparently representing fragments of one
(two?) Pleistocene marine terraces, gradually get lower
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seaward at a general slope of ~3° (Fig. 3, inset (b)). The
northern wall of the basin is probably also bounded by
a fault. A scarp about 100 m high occurs near the shore
on the trend of the northern limitation of the basin.
The same Late Pleistocene terrace is localized to the

north and south of this scarp. This terrace formed
approximately 120000 years ago during the marine iso�
topic stage of the MIS 5e [40, 41] (Fig. 3). No indications
of displacements along this fault in the Holocene have
been documented.

METHODS

Observation and Interpretation of Faulted Sediments

The technique applied to study sedimentary rocks
displaced along faults is now standard and does not
require special description. In particular, it was con�
sidered in detail in Paleoseismology [38, 39]. In gen�
eral, this technique uses traditional methods of struc�
tural geology and analysis of facies and thickness
aimed at recognition and dating one or several ground
surfaces that existed at the moments of the faulting
events, in order to ascertain sense and amplitude of
individual offsets, their age, and average recurrence
intervals. These movements rupture ground surface
and initiate a number of exogenic processes, without
knowledge and consideration of which reliable inter�
pretation of the faulted section is impossible.

Determination of Kinematic Parameters 
of a Fault from Deformed Landforms

Determination of the sense and rate of movements
along a fault from offsets of erosion network elements
is an ordinary and longstanding technique. The study
of wave�built marine terraces for this purpose is a com�
plicated task, which requires identification and divi�
sion of the contributions from eustatic fluctuations
and tectonic movements proper to their formation.

The wave�built marine terraces form by attachment
of beach ridges different in age to one another. The
attachment is prolonged in time, so that to speak of the
age of a wave�built marine terrace, it is reasonable to
indicate the time interval when the oldest and the
youngest beach ridges making up the given terrace
formed. Morphological attributes, in particular, scarps
and shoreline angles dividing terrace levels, are com�
monly used for recognition of marine terrace levels,
although these levels can be so close in age that they
must be combined into a single terrace. The height and
shape of a beach ridge depend on the wave energy and
sediment supply. Therefore, a beach ridge that formed
during a period between movements along a fault
crosscutting wave�built marine terraces has approxi�
mately the same height and morphology on both sides
of the fault. When a terrace is displaced along a fault,
part of the beach ridge in the fault side uplifted and
shifted away from the sea may leave the zone of active
beach, whereas another part located in the fault side
downthrown and shifted seaward may be partly or
completely eroded. Thus, having dated beach ridges or
shoreline angles of different terrace levels and revealed
coeval ones on opposite sides of the fault, we can
reconstruct the sense and amplitude of displacement

Fig. 2. Models of collisional interaction between Aleutian
and Kamchatka island arcs, modified (a) after [28], (b)
after [1], (c) after [8]. (1a) Major active faults; (1b) sense
of movements along reverse and thrust (triangles), strike�
slip (arrows), and normal (dots) faults; (1c) subducted
edge of the Pacific Plate; (2a) frontal part of Komandorsky
Block in panels (a) and (b); (2b) block of the western
(major) and (2c) southeastern parts of Kamchatsky Penin�
sula in panel (c); (3) vectors of GPS station migration in
panel (c), after [20]: western arrow is station in Krutobere�
govo Settlement, eastern arrow is station in Bering Settle�
ment. Submarine faults of Komandorsky segment of Aleu�
tian arc (letters in circles): B, Bering; P, Pikezh; S, Steller;
A, Aleutian (axis of the Aleutian trench); shown in panel
(c) after [13]. Black arrows in panels (a), (b), and (c) point
to Second Pereval’naya Fault. Rectangle in panel (c) con�
tours Fig. 3.
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along the fault and estimate the time interval when this
displacement took place.

To determine the approximate age of each terrace
level, the tephrochronological method has been used
[19, 36]. Thus, the volcanic tephra interbeds at the top
of marine sand in excavations near the shoreline
angles of terraces were identified. This technique was
described by Pinegina et al. [11, 42]. Tephra layers are
clearly seen as bright interbeds against the background
of relatively dark soil and marine sand.

The average rates of net vertical shore movements
(V, mm/yr) and for the time intervals between the for�
mation of separate terrace levels were estimated from
the relationship V = (H – H0)/t, where H is the height
of shoreline angle above sea level at the moment of
measurement; H0 is the height of a certain zeroth ele�
vation mark above sea level at the moment of measure�
ment; t is the difference in age between terrace levels H
and H0 [11, 42]. The height of shoreline angles is
determined by measuring of topographic profiles with
measurement points at each bend of the topography,
including those in the shoreline angles of terrace levels
differing in height. As was established by the earlier
study [11], the line of maximum storm inundation
rather than the mean sea level should be used as the
zeroth mark in comparing terrace heights, because the
height of the terrace depends on the energy of waves,
which varies at shores with different expositions. The
tectonic constituent of the difference in terrace
heights is determined by subtracting the exogenic con�
stituent from the total height difference. It is known
that the height of the line of maximum storm inunda�
tion along the shore of the Kamchatsky Peninsula var�
ies from 3.5 to 7.5 m [11, 42], and that the line of the
maximum storm inundation is marked by transition
from pioneer plants to first dense vegetation. Compar�
ison of relative heights of shoreline angles along one
profile is based on the assumption that the wave energy
remained constant during the formation of terraces at
a given point of the shore and that storm activity did
not change significantly during the past ~2000 yr. To
estimate the absolute rate of vertical movements, a
correction for along�shore variation of storm activity
is necessary.

Taking into account that the deformation of young
landforms as a result of one or several offsets along the
fault is small and cannot be revealed in topographic
maps on scales of 1 : 50000 and 1 : 100000, the portion
of the Second Pereval’naya Fault was covered by a
topographic survey using a Trimble�3m electron laser
tacheometer. The horizontal step of the survey did not
exceed 2 m, on average. The detailed digital topogra�
phy model prepared as a result of surveying was used to
further measure the horizontal and vertical displace�
ments along the fault.

Dating of Sediments

Holocene loose sediments in Kamchatka are dis�
tinguished by the occurrence of volcanic ash (tephra)
interbeds. This feature made it possible to use the
tephrochronological method to estimate the rate of
movements along the fault [36]. We studied tephra lay�
ers exposed in excavations to date marine terraces and
displacements along the faults. The applied technique
was described in [11, 35, 42]. To do this we correlated
tephra layers with those previously studied and dated
in the area [9, 11] to estimate their age and volcanic
sources. Some samples of tephra from the base of
excavations were also used for microprobe analysis of
volcanic glass carried out on a JEOL JXA 8200 micro�
probe (GEOMAR, Kiel, Germany).

To date landforms and sediments in the studied
area, the following tephra units were used: SH1964

(1964 A.D., Shiveluch volcano), SH1450 (~1350 yrs BP,
Shiveluch volcano), KS1 (~1650 yrs BP, Ksudach vol�
cano); PL2 (~ 10200 yrs BP, Ploskie Sopki [Flat
Hills]) [10, 18, 43]. The age of tephra related to the
historical eruption of Shiveluch volcano in 1964 is
given as a calendar date, whereas the ages of other
tephra interbeds determined by radiocarbon method
are in years before 1950 (calibrated age BP).

SENSE AND AVERAGE RATE 
OF MOVEMENTS ALONG THE SECOND 

PEREVAL’NAYA FAULT

Eastern Part of the Fault

At the shore, the Second Pereval’naya Fault cross�
cuts a series of Pleistocene wave�cut and Holocene
wave�built marine terraces and approaches the shore�
line at almost right angle. The Holocene marine ter�
races are attached to the cliff of the youngest of Pleis�
tocene terraces, presumably 120000 years in age [40,
41] (Fig. 3).

A trench has been excavated few tens of meters
from the cliff edge at the base of the fault scarp on the
Pleistocene terrace. The aim of trenching primarily
was to corroborate real existence of that fault.

Age and recurrence interval of movements along the
fault from the data on deformed section. The section
exposed in the trench comprises poorly lithified and
strongly altered agglomerate in silty matrix and soil–
pyroclastic cover with KS1, SH1450, and SH1964 tephras
(Fig. 4). The section is broken by two fault planes
steeply dipping southward. With the downthrown
northern side, this implies that vertical movements are
reverse. The small step at the fault scarp surface and
details of the deformed section show that approxi�
mately 3 m to the south from the southern margin of
trench there may be one more fault plane (Fig. 4a).

The undisturbed part of the section is observed in
the northernmost part of the trench, i.e., in the
downthrown side of fault and composed of the base of
soil–pyroclastic cover (1), soil layer (2) with KS1 (3)
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and SH1450 (4) tephra followed upsection by mixed soil
and slope�derived sediments (8), overlying SH1964

tephra (9), and a layer of currently forming soil with
falling plant detritus (10) (Fig. 4b). The structure of
section changes when approaching the fault. A wedge
of coarse sediments (5) appears in the soil profile
between KS1 and SH1450 tephras; soil layer (2) doubles
and is overlapped by coarse sediments (6) and (7); the
slope�derived sediment and soil unit (8) abruptly
increases in thickness and bear indications of down�
slope movement. In the southern wall, the KS1 and
SH1450 tephra layers are disintegrated, and wedge of
slope�derived sediments (5) between them rapidly
increases southward.

Lenses and wedges (5–7) composed of coarse basal
material (1) indicate repeated movements along the
fault. Wedge (5) between the KS1 and SH1450 tephra,

whose thickness increases southward, apparently rep�
resents the distal portion of colluvial sediments, the
appearance of which could have been related to a
movement along the fault plane not exposed by the
trench. The wedge overlies the lower part of the soil
layer (2a) that had accumulated by the moment of
movement. The displacement of all units of the sec�
tion, including wedge (5) up to the upper part of soil
layer (2b), is a result of younger movement along the
fault plane exposed at the trench wall. Its relative age is
determined by the age of the roof of soil layer (2) over�
lain by lenses (6) and (7). The tops of layers (2a) and
(2b) overlain by colluvium are the paleosurfaces that
existed at the moment of movements (event horizons)
(Fig. 4b).

The absolute age of both movements can be esti�
mated in the following way.

Fig. 4. Section of soil–pyroclastic cover at northwestern wall of trench across Second Pereval’naya Fault: (a) topographic profile
across the lower part of fault scarp and location of trench; (b) photograph of trench wall (black line along perimeter is contour of
sketch in panel (c)); (c) sketch of deformed section with elements of interpretation; (1) fault plane; (2) paleosurfaces displaced
during (a) the first and (b) second movements; (c) erosion surface; (3) visible bedding surfaces. Numerals in circles and ovals are
units; Roman numerals denote sediments deposited before first (I), second (II), and after second (III) movements. Distances in
meters along perimeter of trench wall (panel (b)) and in sketch (panel (c)) are given relative to conventional zero below south�
western corner of trench. Photograph in panel (b) and sketch in panel (c) are presented on the same scale.
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The thickness of soil layer between KS1 (~1650 yrs BP)
and SH1450 (1350 yrs BP) tephras is ~3.5 cm (average
of five measurements); the time interval of its deposi�
tion (difference between calibrated ages of the divided
tephras) is approximately 300 years. This implies that
a mean rate of soil growth is ~0.1 mm/yr. At such a
rate, a part of the soil profile (2b) approximately 8 cm
in thickness (average of four measurements) overlying
SH1450 tephra could have developed approximately
over 800 years. This implies that the age of paleosur�
face at that moment when it had been overlain by col�
luvial material of lenses 6 and 7 and the corresponding
age of the most recent movement is ~550 years. The
vertical separation on the fault (the difference between
the base of the soil–pyroclastic cover in the southern�
most and northernmost parts of the trench) was 0.30–
0.35 m.

The age of the penultimate faulting movement can
be approximately estimated in the same way.

Accumulation of the soil layer approximately 3 cm
in thickness (average of five measurements) between
KS1 tephra and colluvial wedge (5) took about
300 years. This implies that the Earth’s surface upon
which colluvial wedge (5) rests, and movement itself,
is about 1350 (1650–300) years old. Deposition of
alternating soil, slope�derived, and mixed sediments
of unit (8) variable in thickness and extent beneath the
lower part of the faultline scarp after 550 years ago
could have been related to the movements along the

fault plane uncovered by trenching. The number of
movements responsible for the formation of unit (8)
cannot be exactly determined. If the layers of coarse
slope�derived sediments between soil layers are inter�
preted as evidence for movement along the fault plane
beyond the trench, then at least, one to two additional
movements could be added.

As follows from the aforesaid, the average time
interval of recurrent movements along the fault is
approximately 800 years.

Sense, Amplitude, and Rate of Movement 
along the Fault from Study of Holocene 

Wave�Built Marine Terraces

Geomorphic characterization of the terrace. The
shore on opposite sides of the fault looks differently
(Fig. 5). Four Holocene terrace levels and recent
active beach are distinguished on the southern fault
side. The highest and oldest terrace is attached to the
now inactive cliff, which was active and scoured between
reaching a maximal sea level in Holocene about
6000 years ago and onset of the formation of the wave�
built marine terrace. The width of separate terrace levels
on southern side of the fault reaches 20–35 m; the total
terrace width together with beach is about 150 m.

Only two lower terrace levels and active beach
extend to the northern side from the southern side
remaining undisturbed by the fault.

Fig. 5. Panoramic view of the Second Pereval’naya Fault by the shore of the Kamchatsky Strait: (a) view from east (shore) and
(b) from north. (1) Fault; (2) shoreline angle of terrace level and its number on Holocene wave�built terrace; (3) excavation and
its number; (4) relict paleocliff; (5) fan; (6) trench across fault�line scarp on terrace MIS 5e (see Fig. 3). 
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The sections in excavations at each terrace level
along the profile reveal the following features (Fig. 6).
At level I located above the still not overgrown part of
active beach, no volcanic ash has been revealed. Level I
itself has not still gone out of zone of storm inunda�

tion, and thus represents the upper active beach. Its
section is composed of clean, humus�free marine
storm sand with graded bedding.

No volcanic ash older than SH1964 has been identi�
fied at level II. The upper 30�cm portion of the section

Fig. 6. (a) Topographic profile and (b) geological section of the marine terrace in the southern side of Second Pereval’naya Fault.
(1) Clean marine sand; (2) marine sand with humified sandy loam; (3) humified sandy loam; (4) turf; (5) tephra; (6) humified
soil and slope�derived sediments; (7) excavation and its number; (8) shoreline angle and ordinal number of terrace level; SH1964
and SH1450, tephra from Shiveluch volcano. Levels I and II extend continuously to northern side of fault; levels III and IV are
retained only in the southern side. Photograph (c) is fragment of wall in excavation 4 with SH1450 tephra.
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consists of marine sand colored with humus. The
experience of our study shows that humus forms at the
shore beyond the zone of storm inundation. There�
fore, it is assumed that terrace level II became a relict
(inactive) part of the wave�built terrace no earlier than
a few hundreds of years ago.

The lower part of the soil–pyroclastic cover over�
lapping terrace level III lacks volcanic ash older than
SH1964. The soil profile here contains a layer of humi�
fied sandy loam as thick as 60 cm and an underlying
10–15�cm bed of humified marine sand. With allow�
ance for the structure of this soil profile and its com�
parison with the adjacent profiles, it is assumed that
level III could have become a relict site of the terrace
probably soon after fall of SH1450 tephra.

The layer of humified soil at terrace level IV is
115 cm in thickness. At a depth of 80 cm, the soil con�
tains SH1450 tephra, whereas somewhat older
KS1 tephra dated 1650 yrs BP is absent. Thus, it is as
though level IV is younger than KS1 tephra, but it is
close to the latter in age, because a break between the
fall of SH1450 and KS1 tephras was only 300 years.

The highest terrace level level adjoining the cliff is
inclined seaward much more steeply than the younger
levels (Fig. 6). This could have been caused by an ini�
tially steeper slope of the active beach during forma�
tion of this area or by accumulation of the material
derived from the surface of wave�cut cliff, at the foot of
which this terrace is located. The cliff is not active cur�
rently, however, the soil–pyroclastic cover overlying
the terrace contains three interbeds of slope�derived
sediments each 5–10 cm thick. Thus, material was
probably supplied to the terrace from time to time as a
result of the impact of tsunami waves on the shore or
due to movements along the fault.

Rates of vertical movements. In the measured topo�
graphical profile (Fig. 6), the width of lower active
beach both to north and south of the fault crosscutting
the terrace is ~45 m. The height of the scarp between
the lower and upper active beaches, i.e., the height of
the shoreline angle of the lower beach, is 3 m above the
mean sea level. The scarp is not the result of tectonic
uplift; it formed under the impact of storm waves, and
its position changes depending on season and from
year to year. The boundary line of first dense vegeta�
tion spatially coincides with the shoreline angle of
level I (upper active beach) and occurs ~1.5 m above

the shoreline angle of the lower beach, i.e., at a height
of 4.5 m. The position of this line relative to the mean
sea level indicates the height above which the marine
terrace does not experience the influence of storms
except for tsunamis and is retained as a landform for a
long time; i.e., it becomes a relict [11].

The relative heights of different terrace levels and
rates of vertical movements calculated from these data
are shown in Table 1.

As mentioned above, only two lowermost terrace
levels I and II are continuously traced from one side of
the fault to another. These levels have not been dis�
placed either laterally or vertically. This indicates that
the most recent movement along the Second Pere�
val’naya Fault took place before formation of level II
but after formation of levels III and IV, i.e., in the time
interval of 1400 to 200–300 yrs BP (calibrated age). In
general, this corresponds to the age of the most recent
movement (~550 yrs BP, calibrated age), which has
been established by studying the deformed section
opened in the trench (see above).

The undeformed levels I and II on both fault sides
indicate that the formation of marine terraces them�
selves is independent of vertical movements along the
fault. In the time interval between movements, the
shore undergoes the common tectonic uplift, when
the shore segments on opposite sides of fault emerge
simultaneously with the same rate. This suggestion is
consistent with approximately equal rates of uplifting
for deformed (IV) and undeformed (II) levels (Table 1).
At the same time, the movements along the fault
resulted in uplifting of levels III and IV south of the
fault and erosion of them north of the fault. In other
words, disappearance of the upper levels in the north�
ern fault side is caused by movements along the fault.
To be eroded, levels III and IV must have subsided
below the line of maximum storm inundation, i.e.,
approximately below 4.5 m above the mean sea level.
Thus, the total vertical separation must be a minimum
of no less than 14.5 m for level IV and no less than
5.5 m for level III. It is evident that such throw ampli�
tudes are cumulative, and several movements along the
Second Pereval’naya Fault took place over the last
~1700 years after the fall of KS1 tephra (see descrip�
tion of trench above).

The rates of vertical movements of shore far from
the fault were previously calculated also for the last

Table 1. Height, age, and rate of vertical motions for wave�built marine terrace at intersection with Second Pereval’naya Fault

Terrace level I II III IV

Level height relative to line of maximal storm inundation 0 1.5 5.5 14.5**

Age of shoreline angle, years (calibrated age) modern ~200 <1400 ~1650

Mean rate of vertical tectonic motions, mm/yr 7.5 * 8.3

   * Rate of vertical motion for level III was not determined because of inaccurate estimation of its age.
** Without 1 m taken as total thickness of soil and colluvial material.
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1650 years [11, 42]. The mean rates of vertical move�
ments of the shore to the south of fault is ~7 mm/yr. To
the north of the fault, the shore either remains stable
or submerges. The obtained estimates of the vertical
movement rate along the fault are approximately equal
to the difference in rates of movements of shore to the
north and south of the fault.

Rates of horizontal movements. The paleocliff,
against which the late Holocene wave�built marine
terraces lean, is displaced 30–32 m right�laterally.
This value, obtained by measurement based on the
digital topography model, cannot be attributed to the
time interval of 6000 years that elapsed from the time
when the cliff became active at the maximum sea level
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Fig. 7. 3D model of topography of wave�built marine terrace cut by the Second Pereval’naya Fault. (1) Fault line along which
landforms and sediments have been deformed; dashed line is segment of fault where young marine terrace remains undeformed;
(2) abrasion cliff displaced along fault 30–32 m; (3) topographic profile; (4) terrace level II undeformed by fault; (5, 6) terrace
levels III and IV retained only in southern uplifted side of fault; (7) scarps separating terrace levels; (8) terrace level number. Con�
tour lines are spaced at 2 m.

Table 2. Chemical composition (wt %) of volcanic glass from tephra interlayer at base of soil–pyroclastic cover overlying
displaced terrace of creek

Sample SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 SO3 Cl Total

263�4 58.84 1.43 16.13 7.53 0.17 2.79 6.13 3.89 2.43 0.59 0.04 0.04 100.00

59.07 1.44 16.00 7.38 0.07 2.86 6.07 3.93 2.46 0.69 0.01 0.03 100.00

58.80 1.40 15.93 7.67 0.14 2.81 5.98 4.13 2.44 0.62 0.03 0.04 100.00

58.76 1.42 16.04 7.85 0.09 2.84 6.08 3.82 2.39 0.63 0.06 0.03 100.00

58.58 1.39 16.09 7.94 0.13 2.90 6.01 3.76 2.44 0.70 0.02 0.04 100.00

59.08 1.39 15.81 7.67 0.19 2.76 5.93 3.91 2.46 0.69 0.06 0.04 100.00

Analyses carried out on JEOL JXA 8200 microprobe, analyst M.V. Portnyagin (GEOMAR, Kiel, Germany). Analyses normalized
to 100 wt % volatile free.
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in the Holocene. Before attachment of late Holocene
terrace level IV, the cliff underwent intense scouring
facilitated by the low mechanical strength of rocks of
the Cretaceous Smagin Formation (fractured basalt,
dolerite, tuff, tuffaceous siltstone, chert, limestone)
[3]. The abrasion rate even for rocks most resistant to
disintegration, to which the Smagin Formation can�
not be referred, is about 1 cm/yr [5]. For unstable
rocks, this rate can reach tens of meters per year, and
under specific conditions of the studied site, could
have exceeded the rate of movement along the fault.
Thus, to estimate the slip rate, we used the age when

the cliff terminated its activity during the onset of
aggradation of terrace level IV about 2000 years ago
rather than the age of the initial cliff formation.

The distance along the fault line between the inter�
section with shoreline angle of the displaced terrace
and the foot of the paleocliff on the opposite fault side,
which coincides in plan view with the shoreline angle
of undeformed terrace level II, was taken as the hori�
zontal offset (Fig. 7). The results of topographic survey
have shown that the shoreline angles of levels III and
IV are offset laterally along the fault 5–6 and 30–32 m,
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Fig. 8. Offsets of landforms at eastern end of western segment of Second Perevel’naya Fault: (a) photograph (view to the south),
(b) sketch after this photograph, (c) plan view. (1) Displaced terrace; (2) facets above young fault scarp; (3) drainage divide;
(4) active channel; (5) scarp along fault line; (6) landforms (a) and excavations (b) repeating in panels (a), (b), and (c). Distances
A–A1 and B–B1 correspond to horizontal offsets (see text for explanation).
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respectively. Both offset values should be regarded as
minimal.

As follows from the available data, a minimal mean
value of the rate of right�lateral movements along the Sec�
ond Pereval’naya Fault over ~1700 years is 18–19 mm/yr.

Western Part of the Fault

The largest of the revealed horizontal offsets of
landforms along the western fault segment were
observed at its eastern end, at the observation point
with coordinates 56.2012° N and 163.1876° E (Fig. 8;
see Fig. 3 for location). The measurement of the right�
lateral offset of the right side of the stream running
down from the Kamchatsky Mys Range into the basin
of the Second Pereval’naya River, using aerial photo�
graph linked to the geographic coordinate system,
yielded approximately 150 m. This value differs by
almost one�fourth toward the larger side from the pre�
vious estimate based on visual evaluation [6, 34)]; it is
accepted as more accurate.

A pit was dug on the southern side of the fault at the
surface of stream terrace, the shoreline angle of which
was displaced for the aforementioned distance. Sev�
eral tephra interbeds were found in the opened soil–
pyroclastic cover in excavation overlapping the creek’s
alluvium. The composition of volcanic glass from the
lowermost ash interbed was identical to the composi�
tion of glass from PL2 tephra related to the volcanic
center of Ploskie Sopki and dated at a calibrated age of
~10200 years (Table 2; Fig. 9) [43]. The axis of ash fall
extended through the studied area, and this corrobo�
rates the validity of the correlation. Thus, the terrace
most likely formed in the early Holocene, and the
mean rate of Holocene offsets was 14–15 mm/yr. The
vertical separation of this fault segment was incom�
mensurably smaller in comparison with the horizontal
offset. The fluvioglacial (?) surface, the terrace
deformed by the fault incised in, was displaced
approximately 5 m vertically. Thus, the minimal ratio
of the horizontal to vertical components of movement
is 30.

DISCUSSION

The study of the fault�deformed sediments has
shown that two movement events, which took place
over the last 1700 years, were separated by a time inter�
val estimated at ~800 years. This conclusion is incon�
sistent with the amplitudes of vertical and horizontal
displacements over the same time, estimated from
studying the deformed marine terrace. Attribution of
the cumulative horizontal offset (30–32 m) to the two
events yields a one�event offset of about 15–16 m; this
value cannot be taken as a real without additional sub�
stantiation. Individual vertical offset is also far from
reality if the 14.5 m of relative subsidence of the north�
ern side of the fault is attributed to the two events. The
available data provide no insights into this inconsis�
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tency. We only can assume that the fault splits into
more than two planes near the Earth’s surface, which
did left no traces in the section exposed in the trench.

The mean slip rate along the eastern segment of the
fault over the last 1600–1700 years is 18–19 mm/yr.
The rate was probably even higher, because the calcu�
lation does not take into account the time that elapsed
after the most recent movement. The mean rate of
horizontal offset along the central segment of the fault
in the Holocene calculated over the first 8000 years
without cumulative offset (~30 m) over the last
1700 years is somewhat lower (13.5 mm/yr). It should
be noted that the estimated mean rates are sufficiently
rigorous. Their comparison indicates that the rate of
horizontal movements along the Second Pereval’naya
Fault in the Holocene increased with time. Judging by
the reverse sense of vertical component of movements,
they developed under transpressional conditions.

Comparison of slip rates in the Holocene with
those that followed from older offsets also demon�
strates the time�dependent acceleration of horizontal
movements along the fault. For example, the right�lat�
eral offset of the shoreline angle of the late Pleistocene
terrace MIS 5e (~120000 years) along the eastern seg�

ment of the fault is ~900 m (Fig. 10, A1). Based on this
value, the mean rate of horizontal movement over the late
Pleistocene and Holocene is estimated at ~7.5 mm/yr,
i.e., twice as low as the average for the Holocene. This
estimate is apparently inaccurate, because the cumu�
lative offset for 900 m was obtained by extrapolation of
the shoreline angle segment trends of terrace MIS 5e
from opposite sides of the fault at the base ~1.2 km
(Figs. 3, 10). Pedoja et al. [40] estimated the right�lat�
eral offsets of the shoreline angles of terraces t1
(MIS 5e, ~120000 years) and t2 (MIS 7, ~210000 years)
at 1330 ± 40 m and 1350 ± 40 m; the mean rates have
been estimated at 9.9 to 12 mm/yr and 5.7 to
7.3 mm/yr, respectively. These estimates also corrobo�
rate the acceleration of horizontal movements with
time. It is noteworthy that the strike�slip offsets of the
shoreline angles of terraces t1 and t2 (Fig. 10, A1 and
A2) are approximately equal within the measurement
accuracy limits. This implies that between the forma�
tion of these terraces from 210000 to 120000 years, the
slip rate was close to zero or movements did not
develop at all and resumed along the eastern fault seg�
ment only after the formation of terrace t1, i.e., since
the end of the late Pleistocene.
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Fig. 10. Right�lateral offset of pre�Holocene rocks and landforms along the Second Pereval’naya Fault. (1) Faults: (a) active,
(b) inactive, and (c) their submarine extensions (schematized); (2) displaced geological and geomorphic elements: (a) boundary
of Ol’khovaya Formation (dotted line is unconformable contact with older rocks), (b) shoreline angle of marine terrace;
(c) inferred position of displaced elements overlapped by loose Quaternary sediments or subsequently eroded; (d) base of subma�
rine slope (approximation of 20 m isobath, after [4]). A1–A6 are amplitudes of horizontal offsets, km.
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The evident difference in the proportions of the
horizontal and lateral components of movements
along particular segments of the fault cannot be
explained by the uncertainty of measurements. In the
near�shore part of the fault, the rate of vertical move�
ments is about 8 mm/yr, yielding only twice to the rate
of horizontal movements, whereas far from the shore
in the western segment of the fault, the rate of vertical
movements is negligibly low as compared with hori�
zontal movements. It remains unknown whether the
proportion of horizontal and vertical components var�
ies along the eastern segment of the fault. It can be
inferred that the vertical component gradually
decreases inland and approaches a value inherent to
the western segment of the fault, or it remains constant
and abruptly drops by passing from one fault segment
to another. The first inference is consistent with dis�
tinct seaward tilt of top surface of elevations at an
angle of ~3° in the northern side of the eastern seg�
ment of the fault, south of the Second Pereval’naya
River (Fig. 3b), if it is actually a tectonic monocline.
The second inference assumes that this tilt is a com�
mon primary seaward slope of marine terraces, so that
depression bottom submerged with the same rate over
the entire length. Both versions imply that larger verti�
cal component of movements along the eastern seg�
ment of the fault is related to the formation of the
basin now occupied by the Second Pereval’naya River
valley and is not a property of the fault as a whole. The
absence of significant vertical displacements along the
eastern fault segment in the Quaternary is corrobo�
rated by approximately the same heights of tops of the
near�meridional segment of the Kamchatsky Mys
Range (Mount Komandnaya) and its near�latitudinal
segment (Mount Africa) located to the north and
south of the depression, respectively.

The mean rate of vertical movement in the eastern
segment of the fault in the late Pleistocene–Holocene
calculated by surface of the marine MIS 5e terrace is
2–3 mm/yr, i.e., 2.5–3.0 times lower than the rate cal�
culated for the Holocene terrace (~8 mm/yr).

The total cumulative offset along the western part
of the Second Pereval’naya River is estimated from the
horizontal offset of the boundary of the territory occu�
pied by the Ol’khovaya Formation. The eastern
boundary is offset approximately 2.7 km, while the
western boundary, approximately 1.3 km (Figs. 3; 10,
A3, A4) in line with the westward decrease in the mean
slip rate. The total horizontal offset along the eastern
part of the fault, where movement started in late Pleis�
tocene, is about 1 km. The lacking 2 km were appar�
ently accommodated by slip along another, currently
inactive fault. It is most probable that this fault was the
northern boundary of uplifts in the Second Pere�
val’naya River valley. The projection of the eastern part
of boundary of the Ol’khovaya Formation beneath
loose sediments of the valley on this fault from the
north gives offset from 1.3 to 1.8 km, which is close to
the lacking offset. A maximum offset is reached, if a

plan�view bend of the boundary near the fault is added
to net offset (Fig. 10, A5). Thus, it can be suggested
that until the end of late Pleistocene, the Second Pere�
val’naya Fault on land consisted of two segments
arranged en echelon and was afterward transformed
into a single rectilinear fault. In general, the total A3 +
A5 value of horizontal offset of the eastern boundary of
the Ol’khovaya Formation along the active western
part of the fault and the inactive fault to the north of
the active eastern segment reached a maximum of
3.5 km. The extrapolation of shoreline segments and
the submarine slope to the south and north of the Sec�
ond Pereval’naya River (Fig. 10, A6) gives a close value
of the maximum cumulative offset (3.7–3.9 km). In
the basin of the First Ol’khovaya River, i.e., in the
northern side of the western fault segment, the
Ol’khovaya Formation is represented by the upper
subformation with the onset of deposition approxi�
mately 0.7–0.8 Ma ago [2]. This implies that the mean
rate of strike�slip movements along the fault was
approximately 4.5 mm/yr in the post�Ol’khovaya
time.

The present�day rate of strike�slip movements
along the Second Pereval’naya Fault can be approxi�
mately estimated by extrapolating the mean values for
various time intervals of the Holocene to the present
and assuming that within a short Holocene time inter�
val, the relationship between them was linear (Fig. 11).
The extrapolation result (~20 mm/yr) makes it possi�
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ble to compare the obtained rates of strike�slip move�
ments with the migration rate of GPS stations on the
Kamchatsky Peninsula and Bering Island [14, 20]
(Fig. 2c). If movement rate of Krutoberegovo station
to the northwest (~15 mm/yr) is attributed to the
northern side of the Second Pereval’naya Fault, then
its southern side must move in the same direction at a
rate of ~35 mm/yr. A difference between the rates of
Krutoberegovo station and the southern side of the
fault can be compensated, first, by the folding of the
frontal (western) part of the southern side of the fault
near the Pikezh and First Pereval’naya rivers, and sec�
ond, by movement along the near�meridional fault
zone, which conjugates in the north with the western
end of the Second Pereval’naya Fault (Figs. 2c; 3a).
The meridional fault zone on the western slope of the
Kamchatsky Mys Range immediately to the east of the
settlement of Krutoberegovo may be the westernmost
element of this structural assembly. Combination of
the right�lateral Second Pereval’naya Fault with the
inferred near�meridional reverse–thrust fault system
is similar to the reverse–strike�slip fault system in the
westernmost part of the peninsula, which separates it
from the rest of Kamchatka (Figs. 2; 3a).

The rates of westward movement of either the north�
ern (15 mm/yr) or southern (35 mm/yr) sides of the Sec�
ond Pereval’naya Fault are much lower than of the north�
western movement of the GPS station on Bering Island,
i.e., of the Komandorsky Block (~50 mm/yr). A zone of
shortening caused by this difference in rates can occur on
the eastern continental slope of the peninsula, probably
at the continental rise (Fig. 2c). Most likely, it should be
compared with the zone of tectonic contact of the Aleu�
tian arc and Kamchatsky Peninsula suggested from seis�
mic data [29].

CONCLUSIONS

The horizontal movements along the Second Pere�
val’naya Fault in the Holocene were characterized by
a high rate. For comparison, it can be seen that the
mean rate over the last 2000 years (18–19 mm/yr) and
the suggested modern rate (~20 mm/yr) are equal to
the rate of horizontal movements in the Holocene
along the North Anatolian Fault (18 ± 5 mm/yr) [30]
and that it only slightly yields to the rate of movements
along some segments of San Andreas Fault (24 ±
3 mm/yr) over the last 14000 years [37, 45]. The fast
propagation of the southern side of the Second Pere�
val’naya Fault is apparently determined by the geody�
namic situation, especially by the closeness to the con�
tact of the western Aleutian arc and Pacific Plate as a
source of motion. Comparison of the estimated rates
of horizontal movements along the above fault and the
rates of GPS station migration suggests that the south�
ern side of the fault should be limited in the east and
west by zones of horizontal shortening of the crust;
i.e., it is a separate block (Fig. 2c). This implies, first,
the possibility, to a certain degree, of independent

movement of the southeastern part of the Kamchatsky
Peninsula relative to the Komandorsky Block, and
second, that the Second Pereval’naya River Fault is
not an immediate onshore extension of the right�lat�
eral Bering Fault on land.

From the two�thirds of the transform movement
rate related to the northwestern drift of the western
Aleutians, almost half is consumed by collisional
deformation of the Kamchatsky Peninsula, which is a
buffer in the zone of interaction between the Aleutian
arc and Kamchatka. The remaining motions of the
Komandorsky Block are apparently consumed by
movements (probably underthrusting) in the zone of
tectonic contact at the eastern continental slope of the
peninsula established by Geist and Scholl [29].

The increase in mean rate of horizontal movements
along the Second Pereval’naya River Fault reflects the
acceleration of movement of the southern side of this
fault (southeastern block of the Kamchatky Peninsula)
since the onset of its motion in the early Quaternary.
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