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Abstract—Reconstructing the tectonic evolution of Kamchatka is crucial for deciphering the mechanisms of
fold belt formation and development of subduction systems. This requires reliable paleomagnetic information
for the poorly studied segments of the Koryak–Kamchatka fold region such as southern Kamchatka. This
paper presents the first paleomagnetic data on Miocene magmatic bodies of the Pribrezhny complex, which
is widespread on the Pacific coast of southern Kamchatka. The paleomagnetic pole calculated for the Mio-
cene of southern Kamchatka from 33 sites is statistically significantly different from all the published Ceno-
zoic poles in the nearby regions. The new data indicate the formation of Miocene volcanics at a paleolatitude
close to the present position (52.3°) and support the formation of the Miocene supra-subduction volcanic belt
on the more ancient basement of the Olyutor–Kamchatka fold system rather than within a separate exotic
block. It is shown that most of the sampled volcanics formed before the main phase of tectonic deformation,
but at least part of the studied normal-polarity bodies contain postfolding magnetization and may represent
products of younger episodes of magmatism.

Keywords: paleomagnetism, magnetic properties, Kamchatka, Miocene, supra-subduction volcanism, tec-
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1. INTRODUCTION
Kamchatka is a unique example of a modern active

continental margin and an active volcanic region in
the territory of Russia. This makes deciphering the
tectonic evolution of Kamchatka crucial for under-
standing the mechanisms of fold formation and tec-
tono-magmatic evolution of subduction systems.
Despite this, many issues remain controversial even in
the Cenozoic history of Kamchatka. In particular, all
modern tectonic reconstructions of this segment of
the northwestern Pacific are based on paleomagnetic
data for northern Kamchatka alone (Kovalenko, 1992;
2003; Pecherskiy et al., 1997; Levashova et al., 1998;
2000; Bazhenov et al., 2001; Kovalenko and Chernov,
2003; Vaes et al., 2019). The structural affiliation of
southern Kamchatka remains a subject of debate. Var-
ious tectonic schemes consider this region part of the
Olyutor–Kamchatka fold system with an overlying
Neogene volcanic belt (Zonenshain et al., 1990), a
continuation of the Kuril Island arc that has existed
since the Oligocene (Avdeiko et al., 2006; Khanchuk

and Grebennikov, 2021), or an independent tectonic
block (Bogdanov and Chekhovich, 2002).

Cenozoic magmatic complexes are widespread in
southern Kamchatka, but their structural position and
the geodynamic setting of their formation are still
unclear. Initially, these magmatic formations were
combined into the “Miocene andesite formation” of
southern Kamchatka (Sheimovich and Patoka, 1989).
The 1 : 200000 State Geological Map distinguishes the
Zavoiko, Akhomten, and Asacha Miocene complexes
in this region (Sheimovich et al., 2000). In the latest
version of the 1 : 1000000 State Geological Map
(Slyadnev et al., 2006), the volcanic formations of
southern Kamchatka are combined into the Oligo-
cene–Miocene Pribrezhny volcanic complex. In this
paper, the latter is referred to as Pribrezhny complex.

The age of the Pribrezhny complex magmatics is
primarily determined by the K-Ar dating estimates
ranging between 20.5 and 9.6 Ma (Sheimovich et al.,
2000), which corresponds to the early Miocene. Our
recent isotopic dating estimates narrow this range
318
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Fig. 1. Geological map of study region (based on (Sheimovich and Patoka, 1989), with modifications). 1, Eocene–Quaternary
terrigenous deposits; 2, Pleistocene–Holocene volcanic formations; 3, Pliocene volcanics of mainly basaltic and basaltic andesite
composition; 4, Pliocene–Pleistocene volcanics of mainly dacite–rhyolite composition; 5, Miocene magmatic formations of the
Pribrezhny complex; 6, Cretaceous magmatic and metamorphic formations; 7, large Quaternary volcanic centers; 8, sampling
points; 9, boundaries of Malka–Petropavlovsk transverse fault zone. Inset shows boundaries of tectonic zones according to (Zon-
enshain et al., 1990; Nikishin et al., 2009), with changes: I, Koryak–West Kamchatka terrain belt; II, Olyutor–Mid-Kamchatka
terrain belt; III, Kronotsky terrane.
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somewhat (19.1–13.2 Ma (Bergal-Kuvikas et al., in
press)) but confirm the early Miocene age of the main
magmatic phase. Thus, the Pribrezhny complex volca-
nics are older than the final stage of folding deforma-
tion within Kamchatka associated with the accretion
of the Kronotsky island arc terrain 10–5 Myr ago,
which corresponds to the end of the Miocene (Levash-
ova et al., 2000; Solov’ev et al., 2004; Lander and Sha-
piro, 2007). At the same time, the Pribrezhny complex
extends northward to Petropavlovsk-Kamchatsky,
where weakly dislocated Miocene volcanics occur
within the Malka–Petropavlovsk zone of transverse
dislocations and overlie the Cretaceous island-arc
complexes (Fig. 1). Thus, the early Miocene age of the
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volcanic rocks of the Pribrezhny complex as well as
their low degree of deformation compared to the Kro-
notsky terrane complexes raises the issue of the tec-
tonic affiliation of these volcanics and their geody-
namic position.

This work describes the detailed paleomagnetic
studies of magmatic formations conducted in southern
Kamchatka. The main objectives of our research were
(1) to obtain a reliable paleomagnetic pole for the
Miocene, which can be used in paleotectonic recon-
structions of the northwestern Pacific; (2) to deter-
mine the paleolatitude of the formation of the Pribre-
zhny complex volcanics and their temporal correlation
with the last phase of deformations; and (3) to typify
 No. 3  2025
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the volcanics by age and identify the main magmatic
events.

2. GEOLOGY OF THE REGION 
AND STUDY OBJECTS

The volcanic bodies of the Pribrezhny complex
compose the coastal ridges of the southern Kam-
chatka Pacific coast. Stratified formations are repre-
sented by tuff sequences and, less frequently, lava
flows. Among the subvolcanic bodies, thin (up to 5–8 m
thick) dikes are predominant; sills and larger stock-
like massifs are also present. The largest intrusion in
the study area is the Akhomten granite massif, which
is attributed to the Miocene plutonic complex of the
same name (Slyadnev et al., 2006). The Miocene
magmatites have extremely diverse petrographic com-
positions, forming a continuous series from basalts
and picrobasalts to rhyolites.

The volcanics of the Pribrezhny complex and the
granitoids of the Akhomten massif are hosted by the
volcanic-terrigenous deposits of the Presnovskaya
(Eocene), Zhirovskaya (Oligocene), Mutnovskaya
(Oligocene–Miocene), and Asacha (Miocene) for-
mations (Slyadnev et al., 2006). These deposits are
relatively weakly dislocated, crumpled into gentle
folds with dip angles of up to 25°–30° or form isolated
monoclines between volcanic formations. These
deformations can probably be partly synmagmatic and
associated with intrusion of nearby intrusive bodies.

During this study, we have sampled stratified and
intrusive bodies in several regions on the Pacific coast
of southern Kamchatka (Bergal-Kuvikas et al., 2022)
(Fig. 1). The sampled bodies, from south to north, are
briefly described below.

(1) Five andesitic intrusive bodies were sampled in
the Mutnaya Bay area. These are the steeply dipping,
northwesterly striking dikes with a thickness of 1.5–8 m
(sites 8.1-22, 8.2-22, 9-22, 12-22) and a subvolcanic
body of unclear morphology (site 10-22). The intru-
sions cut the sandstones and conglomerates of the
Asacha formation crumpled into gentle folds.

(2) In Russkaya Bay and Cape Kekurnyi area, gra-
nodiorites (sites 19-22, 21-22, 24-22) and monzodio-
rites (20-22, 22.2-22) of the Akhomten massif were
sampled. According to field observations and litera-
ture data (Slyadnev et al., 2006), monzodiorites corre-
spond to the first phase, and granodiorites to the sec-
ond phase of the Akhomten complex. Also sampled
were subvertical dikes of porphyritic basalts (sites 22.1-
22, 23-22) cutting the Akhomten massif.

(3) In the Vilyuchinskaya Bay, samples were taken
from dikes of granosyenite porphyries (sites 3-22, 5-
22), basalts (4-22), and f low-banded rhyolites (2-22).
All dikes are thin (0.5–3 m), with strike varying from
northwest to almost meridional. The hosting rocks are
sandy-gravelly deposits of the Mutnovskaya Forma-
tion, dipping northeast at angles ranging from 20° to
IZVESTIYA, PHY
50°. Subhorizontal, felsic, locally ignimbrite-like tuffs
(sites 18-22) are also sampled in the neighboring Sab-
otazhnaya Bay.

(4) On the Starichkov Island and in the Malyi
Vilyui River mouth, subvolcanic bodies of basaltic–
andesitic composition with complex morphology were
sampled from sites 14-22 to 17-22. Samples were also
taken from gently dipping gravelly sandstones of the
Presnovskaya Formation (site 13-22) 25 m west of the
contact with the subvolcanic body.

(5) In the vicinity of Vilyuchinsk, subvolcanic bod-
ies and lava f lows of basaltic andesite composition
(sites 7-21–13-21, v3-23) and rhyolite sills (6-21, v2-
23) were sampled. Host rocks are gently folded volca-
nic-sedimentary deposits of the Pribrezhny complex.

(6) South of Petropavlovsk-Kamchatsky, in the
region of Zavoiko Peninsula, samples were taken from
lava f lows (sites 16-21, 27-21) and mafic dikes (14-21,
17.1-21, 18.2-21), as well as from gabbro massifs (17.2-
21, 18.1-21, 18.3-21, 21-21) attributed to the Pribre-
zhny complex. The dikes cut through the gabbroid
massifs and probably represent the youngest episode
of magmatism in this location.

(7) North of the Vilyuchinsky volcano, in the Para-
tunka River valley, samples were collected from two
felsic subvolcanic bodies of dyke-like morphology
(sites 3-23, 4-23), located in the field of terrigenous
deposits of the Mutnovskaya Formation.

3. METHODS
Paleomagnetic samples were collected manually or

using a mechanical sampler. Their orientation in space
was determined using a magnetic compass with con-
stant monitoring of the probable influence of strongly
magnetic rocks on the compass needle. Eight to 25 ori-
ented samples were acquired from each site. The local
magnetic declination was calculated from the IGRF
model (https://geomag.bgs.ac.uk/data_service/mod-
els_compass/igrf_calc.html). Laboratory paleomag-
netic studies and processing of demagnetization data
were performed in the Laboratory of the Main Geo-
magnetic Field and Rock Magnetism of Schmidt
Institute of Physics of the Earth of the Russian Acad-
emy of Scieces (IPE RAS). All samples were subjected
to stepwise thermal demagnetization up to complete
magnetization removal (10–16 steps), which was
achieved in most cases at temperatures of 500–620°C.
Samples were demagnetized in non-magnetic
MMTD-80 thermal demagnetizers with a residual
field of at most 5–10 nT. The remanent magnetization
of the samples was measured using a JR-6 (AGICO)
spin magnetometer and a 2G Enterprises cryogenic
magnetometer. In addition to thermal demagnetiza-
tion, part of the samples was subjected to demagneti-
zation by alternating magnetic field (AF) using a
demagnetization unit built into the cryogenic magne-
tometer. AF demagnetization was conducted up to
SICS OF THE SOLID EARTH  Vol. 61  No. 3  2025
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130 mT. The remanent magnetization measurements
were processed using the Enkin software package
(Enkin, 1994) with PCA method (Kirschvink, 1980)
to isolate the remanence components. The obtained
data were analyzed based on Fisher’s statistics (Fisher,
1953). The angular difference between the poles was
calculated in the PMCALC program of the Enkin
package (Enkin, 1994) with uncertainties taken into
account according to (Debiche and Watson, 1995).

The temperature dependence of magnetic suscepti-
bility K(T) was measured on MFK-1FA kappabridge
with CS-3 high-temperature furnace apparatus with
heating to 700°C (in air) and subsequent cooling to
room temperature. Hysteresis loops were recorded on
a RMS MicroMag 3900 vibration magnetometer at
room temperature with a saturation field of 1 T. The
domain structure of ferromagnetic grains was evalu-
ated from the Day–Dunlop diagram (Day et al., 1977;
Dunlop, 2002). Microscopic studies were conducted
on a TESCAN MIRA LMS scanning electron micro-
scope with an Ultim Max 65 energy dispersive X-ray
(EDX) spectrometer with integrated AZtecLive Auto-
mated software (Oxford Instruments) at IPE RAS
Center of Shared Research Facilities (CSRF) “Petro-
physics, Geomechanics and Paleomagnetism” in
Moscow (Veselovskiy et al., 2022).

4. MAGNETIC MINERALOGY

To characterize the composition of the main mag-
netic minerals and evaluate the possibility of preserva-
tion of primary remanent magnetization, rock mag-
netic studies were conducted on selected samples rep-
resenting magmatic bodies of different composition
and different paleomagnetic record.

The electron microscopic studies revealed a variety
of magnetic mineral structures. Primarily magmatic
magnetite and/or titanomagnetite crystals were
detected in all studied samples. Both large homoge-
neous unaltered grains (Fig. 2a) and magnetite crystals
with ilmenite lamellae characteristic of high-tempera-
ture deuteric oxidation (Haggerty, 1976; McEnroe,
1996) (Figs. 2b, 2e) are widespread. In a number of
samples, large or small titanomagnetite grains are cut
by cracks, indicating single-phase oxidation processes
(Gapeev and Tselmovich, 1989) (Fig. 2c). In the gra-
nodiorites of the Akhomten massif (sites 19-22), as
well as in basalt dikes and lava f lows (sites 10-21, 16-
21), primary magmatic inclusions of titanomagnetite
and magnetite were found in pyroxenes and amphi-
boles (Fig. 2d). Thus, in most of the studied samples,
the structures of magnetic minerals suggest their mag-
matic origin and possible preservation of primary
thermoremanent magnetization. Felsic volcanics (site
6-21) proved to be most altered, as indicated by the
presence of secondary aggregates of magnetite and
albite, along with clusters of secondary pyrite within
the groundmass (Fig. 2f).
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The temperature curves of magnetic susceptibility
in most cases show the predominance of magnetite or
low-Ti titanomagnetite with Curie temperatures of
570–590°C among the magnetic minerals (Figs. 3a–
3c). After the heating and cooling cycles, the magnetic
susceptibility is frequently observed to decrease, which
is probably due to partial oxidation of magnetite. The
curves of a number of samples also have a “tail” above
temperatures of 600°C due to the presence of hematite
or a significant proportion of the paramagnetic com-
ponent. The f lat peak around 300°C observed in the
heating curves of some samples (Fig. 3c) can be related
to the presence of maghemite and its subsequent oxi-
dation to hematite (Liu et al., 2005).

Rhyolites (site 6-21) differ sharply from all studied
samples by their low bulk magnetic susceptibility (for
most samples 0.1–1 × 10–3 SI units, compared to 1–
50 × 10–3 for basic and intermediate rocks). After
heating to 700°C, the cooling curves show a sharp
growth in magnetic susceptibility (Fig. 3d), which is
associated with the formation of magnetite from
pyrite. The instability of felsic volcanics to heating,
coupled with the presence of secondary magnetite and
sulfides, explains the generally low quality of the
paleomagnetic signal in these rocks (see Section
“Paleomagnetism”).

The hysteresis parameters Mrs/Ms and Hcr/Hc for
the studied samples vary widely (0.002–0.3 and 1.5–7,
respectively). Samples from different regions form dif-
ferent clusters in the Day-Dunlop diagram (Fig. 3e),
reflecting changes in the composition and structure of
the rocks and variations in the domain state of the
magnetic grains. Most of the basite samples from the
vicinity of Vilyuchinsk and the Zavoiko Peninsula fall
in the field corresponding to pseudo-single-domain
(PSD) magnetite and titanomagnetite grains, which is
typical for samples from volcanic rocks and shallow
intrusions of basic composition (e.g., (Latyshev et al.,
2021; 2023)). Samples of volcanics from the vicinity of
Vilyuchinsk are characterized by the highest Mrs/Ms
ratios in the range of 0.1–0.3, suggesting a high pro-
portion of single-domain (SD) particles. Samples of
porphyritic andesites from the Mutnaya Bay and gran-
itoids from the Akhomten massif have maximum
Hcr/Hc ratios, tending toward the field of multidomain
(MD) grains, which indicates larger magnetite grain
sizes.

5. PALEOMAGNETISM

The quality of the paleomagnetic signal in the stud-
ied volcanics varies from excellent to practically unin-
terpretable. Nevertheless, at all sites considered in this
work, it was possible to identify characteristic rema-
nence components from a sufficient number of sam-
ples and calculate mean paleomagnetic directions.
The results of stepwise thermal demagnetization and
AF demagnetization are consistent with each other,
 No. 3  2025
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Fig. 2. Electron microscopic images of magnetic minerals in studied magmatic rocks: (a) homogeneous unaltered titanomagnetite
crystals in gabbro, site 17.2-21; (b) magnetite grains with high-temperature deuteric oxidation structures, granodiorites, site 19-
22; (c) large magnetite grain with single-phase oxidation structures, andesite dike, site 10-22; (d) primary magmatic magnetite
inclusions in amphibole, granodiorites of Akhomten massif, site 19-22; (e) magnetite with ilmenite lamellae in gabbro, site 21-
21; (f) pyrite clusters in rhyolites, site 6-21.

(a) (b)

(c) (d)

(e) (f)
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Fig. 3. Magnetic properties of studied samples. (a)–(d) Thermal curves of magnetic susceptibility: (a) site 21-21, gabbro; (b) site
11-21, andesites; (c) site 19-22, granodiorites; (d) site 6-21, rhyolites. (e) Day–Dunlop diagram (Day et al., 1977; Dunlop, 2002).
Ms is saturation magnetization, Mrs is saturation remanent magnetization, Hc is coercive force, Hcr is remanent coercive force.
Fields in diagram: SD, single-domain grains; PSD, pseudo-single-domain grains; MD, multi-domain grains.
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with AF demagnetization providing better quality of
the paleomagnetic record in most cases. Most sites are
characterized by a two-component remanence com-
position (a few exceptions are described below). The
low-temperature and low-coercive remanence com-
ponents are removed at 200–300°C and 5–10 mT and
frequently have directions close to the present field.
This component is most likely to have viscous nature
and is not discussed below. The high-temperature and
high-coercive components are isolated in different
field and temperature intervals and are characterized
by a variety of directions, but in most cases they come
to the origin of coordinates in the Zijderveld diagrams
(Zijderveld, 1967). Next, we consider the features of
the paleomagnetic record for magmatic bodies from
different sampling regions.

The andesites of Mutnaya Bay, as a rule, have a sin-
gle stable high-temperature and high-coercive magne-
tization component (Fig. 4d), which is removed in the
temperature interval of 400–560°C (rarely from 350 to
600°C) and in the fields of 20–110 mT (sometimes up
to 130 mT). Site-mean paleomagnetic directions for all
dikes correspond to normal polarity and have north or
northwest declinations.

The granitoids of the Akhomten massif and the
basalt dikes cutting them are characterized by a diverse
paleomagnetic signal. In most cases, a single stable
component is isolated in the intervals 350–580°C and
20–130 mT (Fig. 4c). This component has normal
polarity at sites 19-22, 20-22, 22.2-22, 24-22 (gran-
odiorites and monzodiorites) and a reversed polarity
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at sites 21-22 (granodiorites), 22.1-22, and 23-22
(basaltic dikes). Thus, the formation of the Akhomten
massif covers at least two intervals of normal and
reversed polarity. It is worth noting that normally
magnetized monzodiorites (site 22.2-22) are cut by a
reversely magnetized dike (22.1-22), which indicates the
absence of magnetic overprint in this area. A similar
situation is observed at site 23-22, where the only gra-
nodiorite sample taken directly from the exocontact
zone of the dike is magnetized in reversed polarity,
while granodiorite samples taken 10 cm or more apart
(site 23-22e) show normal polarity and bear no traces
of remagnetization. Overall, the data for sites 22-22
and 23-22 indicate the absence of regional remagneti-
zation and provide a positive baked contact test.

The sampled bodies in the Vilyuchinskaya Bay
region generally have a noised paleomagnetic signal of
only moderate quality. The most stable component is
isolated in the intervals of 350–560°C (sometimes up
to 600°C) and 8–130 mT. This component corre-
sponds to normal polarity at site 2-22 (subvolcanic
rhyolites) and to reversed polarity at the other sites.
Also, at sites 4-22 and 18-22, a medium-tempera-
ture/medium-coercive component (up to 500°C or up
to 20 mT) of normal polarity is identified in a number
of samples (Fig. 4a). This component can be related to
remagnetization by more recent magmatic events or to
viscous magnetization.

Basaltoids from the subvolcanic bodies in the
region of the Starichkov Island have a clear paleomag-
netic record in most samples (Fig. 4b). In addition to
 No. 3  2025
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Fig. 4. Thermal and AF demagnetization results: (a) sample 219, site 18-22 (rhyolite tuffs); (b) sample 193, site 16-22 (andesites);
(c) sample 241, site 20-22 (monzodiorites); (d) sample 151, site 12-22 (andesites); (e) sample 195, site 17.2-21 (dolerites); (f) sam-
ple 181, site 7-21 (basalts). Stratigraphic coordinate system.
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Fig. 5. Distribution of site-mean paleomagnetic direc-
tions: (a) geographic coordinate system; (b) stratigraphic
coordinate system. Filled and open circles correspond to
normal and reversed polarity.

N N(a) (b)
the low-temperature/low-coercive viscous compo-
nent, they have a single stable component isolated in
the intervals 440–600°C and 20–110 mT. The mean
paleomagnetic directions over all sites are character-
ized by southeasterly declinations and negative incli-
nations. The remanence of the terrigenous deposits of
the Presnovskaya Formation (sites 13-22), sampled 25
m from the contact of subvolcanic bodies, corre-
sponds to normal polarity (exception for a single sam-
ple), which indicates the absence of regional remagne-
tization.

The magmatic bodies sampled in the vicinity of
Vilyuchinsk are extremely diverse in the pattern of
paleomagnetic record and in the calculated paleomag-
netic directions. The clearest paleomagnetic signal is
identified in subvolcanic bodies of basaltic composi-
tion (sites 7-21, v3-23) (Fig. 4f), while the poorest
quality of the paleomagnetic signal is observed in sills
of rhyolite composition (sites 6-21, v2-23). Felsic sub-
volcanic bodies from the Paratunka River valley (sites
3-23, 4-23) are also characterized by noisy records and
instability during thermal demagnetization. Most of
the sampled bodies are magnetized in reversed polar-
ity (rhyolites from sites 6-21, v2-23, andesites from
sites 8-21, 10-21, 13-21, and basalt dikes at site v3-23).
Normal polarity is established in felsic subvolcanoes
from the Paratunka River valley (sites 3-23, 4-23),
dikes, and andesite lava f lows (sites 11-21, 12-21). Site
7-21 differs from others by its anomalous paleomag-
netic directions with northwestern declinations and
nearly zero inclinations.

In the region of the Zavoiko Peninsula, most sites
have a single stable magnetization component, which
is unblocked in the temperature interval of 400–600°C
(rarely up to 640°C) and in the fields of 20–120 mT
(Fig. 4e). For four sites (17.2-21, 18.1-21, 18.3-21, 21-
21), the calculated mean paleomagnetic directions
have a reversed polarity with southeastern declina-
tions. At three sites representing dolerite dikes cutting
the more ancient magmatic bodies (14-21, 17.1-21,
18.2-21), the characteristic remanence component has
IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 61 
normal polarity. Finally, for two sites represented by
basalts and basaltic andesites (16-21, 27-21), the mean
directions are anomalous and close to those for the
above site 7-21 in the stratigraphic coordinate system.
It should be emphasized that the dolerite dikes 17. 1-
21 and 18.2-21, which have normal polarity, cut
through the reversely magnetized gabbroid massifs
(sites 17.2-21, 18.1-21, 18.3-21), indicating the
absence of regional remagnetization in this region.

6. DISCUSSION
The analysis of the distribution of site-mean direc-

tions reveals three directional groups among all objects
(Fig. 5, Table 1). These groups are as follows.

(1) The group of reversed polarity directions with
southeastern declinations. This group includes mean
directions over 21 sites representing magmatic bodies
of different compositions (from basalts to rhyolitic
tuffs) from various regions.

(2) The group of normal polarity directions with
northern and northwestern declinations. This group
consists of 18 sites, also of diverse composition.

(3) The group of three sites with paleomagnetic
directions not typical for the Cenozoic of Kamchatka.
In the stratigraphic coordinate system, the directions
are closely grouped, characterized by northwestern
declinations and inclinations close to zero.

We excluded from further calculations the terrige-
nous rocks of the Presnovskaya Formation (site 13-22)
due to their Eocene age, granodiorites from the exo-
contact of the basalt dike due to the small number of
samples (site 23-22e), and rhyolites from the vicinity
of Vilyuchinsk (sites 6-21, v2-23), characterized by a
noisy paleomagnetic signal, an abundance of second-
ary magnetic phases, and inclinations that are too low
compared to the main group. We also excluded sites 4-
23, 8.2-22, and 21-21 because their paleomagnetic
directions differ significantly from all other sites, per-
haps due to the uncertainties of tilt correction.

The paleomagnetic directions of group 1 (reversed
polarity) are characterized by higher concentration in
the stratigraphic coordinate system than in the geo-
graphic system (Ks = 24.3, Kg = 13.7; α95s = 7.2°,
α95g = 9.7°). This favors the formation of most of the
reversely magnetized magmatic bodies before the
main deformation phase. The maximum concentra-
tion is achieved at 102% unfolding (Watson and
Enkin, 1993).

The normal-polarity directions (group 2), on the
contrary, are tightly grouped in the geographic coordi-
nate system (Kg = 65.3, Ks = 31.1; α95g = 4.8°, α95s =
7.0°), forming a cluster with predominantly north-
western declinations. It should be noted that this
group includes a number of basaltic dikes from the
region of the Zavoiko Peninsula, which cut the more
ancient reversely magnetized magmatic bodies and are
probably the youngest ones among the magmatic
 No. 3  2025
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Fig. 6. (a) Mean directions for directional groups: I, nor-
mal polarity, geographic coordinate system; II, reversed
polarity, stratigraphic coordinate system. Asterisk indi-
cates present geomagnetic field direction; (b) paleomag-
netic pole for Miocene of southern Kamchatka and its
comparison with published data: 1, mean pole for Miocene
volcanics of Pribrezhny complex (this work); 2–5, results
of previous studies: 2, Eocene, Kronotsky terrane (Levash-
ova et al., 2000); 3, Eocene–Oligocene, Ilpinsky Peninsula
(Kovalenko, 1992); 4, Eocene, Kronotsky terrane (Pech-
ersky et al., 1997); 5, Oligocene–Miocene, Western Kam-
chatka (Kazansky et al., 2021).

(a) (b)

I

II

1

2

3

4
5

complexes considered in this work. This suggests that
at least part of the normally magnetized bodies could
have formed after the termination of the main phase of
tectonic activity and have did not experienced signifi-
cant tectonic deformations. Although remagnetization
of individual bodies cannot be ruled out completely,
the secondary origin of the post-folding remanence
seems unlikely, since in a number of cases the nor-
mally magnetized dikes (sites 17.1-21 and 18.2-21) cut
the reversely magnetized bodies. Since we cannot sep-
arate the normally magnetized post-folding bodies
from the pre-folding ones for certain, the subsequent
calculations for normally magnetized bodies are con-
ducted with paleomagnetic directions in the geo-
graphic coordinate system.

The mean paleomagnetic directions for the normal
polarity group in situ and for the reversed polarity
group in the stratigraphic coordinate system (Fig. 6a)
are antipodal: γ/γcr = 2.0°/6.5°. The reversal test
according to (McFadden and McElhinny, 1990) is
positive and corresponds to class B. Here, the mean
directions calculated for both groups 1 and 2 in the
stratigraphic coordinate system are not antipodal:
γ/γcr = 7.9°/7.5°. This supports our version of using
normal polarity paleomagnetic directions in the geo-
graphic coordinate system. The positive reversal test
indicates that the secular variation of the geomagnetic
IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 61 
field is averaged and that there is no significant contri-
bution from the secondary remanence components
formed after the intruding of the magmatic bodies.

Thus, the primary nature of remanent magnetiza-
tion for groups 1 and 2 is favored by the following argu-
ments:

(1) positive baked contact test for a number of
objects (see section “Paleomagnetism”);

(2) positive fold test for reversely magnetized bod-
ies;

(3) positive reversal test for mean directions in
groups 1 and 2;

(4) the presence of primary magmatic magnetic
minerals that can preserve thermoremanent magneti-
zation (see section “Magnetic Mineralogy”).

However, although the above signs suggest an
absence of a regional remagnetization event, it cannot
be ruled out that individual sampled bodies were
remagnetized during subsequent magmatic events.

As far as it concerns group 3, the paleomagnetic
directions that are anomalous for the Cenozoic of
Kamchatka cannot be explained by local remagnetiza-
tion or rock composition peculiarities, since this group
includes spatially distant sites representing bodies of
different composition and morphology. The paleo-
magnetic record or rock magnetic characteristics also
lack any evident peculiarities that could distinguish
these sites from the ones with normal directions. As of
now, the anomalous directions of this group can be
explained by the specific state of the geomagnetic field
at the time of the formation of magmatic bodies (e.g.,
an excursion) or by incorrect consideration of the
structural position of the bodies. One possible inter-
pretation is the rotation of blocks in the fault zones
around a horizontal axis, as indicated by the elonga-
tion of the cloud of directions along a great circle arc
in the geographic coordinate system (Fig. 5a). This
scenario appears to be plausible, given the location of
group 3 sites within the Malka–Petropavlovsk trans-
verse fault zone. However, the absence of structural
evidence such as fault dislocations of the correspond-
ing orientation and steeply dipping host rocks does not
allow this interpretation to be accepted. Group 3 sites
were excluded from the subsequent calculations.

The calculated paleomagnetic directions show that
the magmatic bodies were formed during several inter-
vals of normal and reversed polarity of the geomag-
netic field. Although it is not possible to determine the
exact number of these intervals, it is most likely that
there were at least three. This is suggested by the
observed structural relationship between the bodies of
different polarities. Specifically, within the Akhomten
massif, the reversely magnetized dikes cut through
granitoids that have normal polarity, while in the
region of the Zavoiko Peninsula, the normally magne-
tized basalt dikes cut through more ancient intrusions
of reversed polarity.
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Table 2. Paleomagnetic poles for Paleogene-Neogene formations in Kamchatka and southern Koryakia. N—number of
samples or sites; Plat/Plong—latitude/longitude of the paleomagnetic pole; A95—radius of the circle of confidence; γ/γcr—
angular difference with the pole for the Pribrezhny complex/critical angle

Object Age, 
Ma N

Plong, 
deg

Plat, 
deg

A95, 
deg

Paleolatitude, 
deg

γ/γcr, deg Data source

Kamchatsky Mys Penin-
sula, Kronotsky terrane

46–43 54 280.1 74.5 7.1 47 32.7/7.3 Pechersky et al., 1997

Kronotsky Peninsula,
Kronotsky terrane

42–38 8 85.3 48.8 7.8 45.1 23.1/7.5 Levashova et al., 
2000

Ilpinsky Peninsula, Achai-
vayam-Valaginskaya Arc

39–29 40 113.9 68.8 12.8 67 10.8/10.1 Kovalenko, 1992

Kvachina Bay,
West Kamchatka

38–23 93 277.8 84.4 13.5 54.6 22.9/9.4 Kazansky et al., 2021

Pribrezhny complex,
Southern Kamchatka

19–13 33 79 72 6.7 52.3 This work
To calculate the mean pole characterizing the Mio-
cene volcanics of southern Kamchatka, we used data
from 15 sites of normal polarity (in the geographic
coordinate system) and 18 sites of reversed polarity (in
the stratigraphic coordinate system). In addition to the
anomalous directions of group 3, a number of normal
and reversed polarity sites indicated above were also
excluded from the final calculation.

The mean paleomagnetic pole calculated over 33
sites has the coordinates Plat = 72.0°, Plong = 79.0°,
A95 = 6.7°. The averaging of secular geomagnetic
variation recorded in the sampled bodies is provided
by (1) the covered age range of 5.9 Ma, according to
isotopic K-Ar dating; (2) the presence of remanence
directions corresponding to opposite polarities and a
positive reversal test; (3) the absence of an anoma-
lously tight grouping of paleomagnetic directions (the
concentration parameter for the mean direction over
the 33 sites is 34.8), which could indicate a geologi-
cally ultra-rapid formation of magmatic bodies (e.g.,
(Konstantinov et al., 2014; Latyshev et al., 2018)).

The calculated paleomagnetic pole corresponds to
a paleolatitude of 52.3°, which is comparable with
present latitude of the sampled magmatic formations
(52.2°–53.0°). This indicates that southern Kam-
chatka has not experienced significant latitudinal dis-
placements after the formation of the Pribrezhny com-
plex, i.e., after the early Miocene.

The paleomagnetic pole calculated for the Pribre-
zhny volcanic complex differs significantly from the
published poles for the Eocene-Oligocene of Kam-
chatka and southern Koryakia (Kovalenko, 1992;
Pechersky et al., 1997; Levashova et al., 2000). This is
quite expected due to the significantly older ages of the
cited poles (Fig. 6b, Table 2). Our pole is closest to the
pole for the Eocene–Oligocene of the Ilpinsky Penin-
sula (Kovalenko, 1992), tectonically belonging to the
Achaivayam–Valaginsky island arc (Shapiro, 1995;
Levashova et al., 2000) or the South Koryak island arc
IZVESTIYA, PHY
segment (Kovalenko, 2003). Nevertheless, this pole is
also statistically different from the one calculated in
our study: γ/γcr = 10.8°/10.1°.

A nearly coeval pole calculated from the Oligo-
cene–Miocene sediment layers of western Kamchatka
(Kazansky et al., 2021) also differs significantly from
the pole of the Pribrezhny complex: γ/γcr = 22.9°/9.4°,
despite similar paleolatitude estimates of the corre-
sponding blocks. This may indicate relative rotation of
the blocks within Kamchatka after the formation of
the volcanics of the Pribrezhny complex.

Thus, the paleomagnetic data show that the com-
plexes of southern Kamchatka did not undergo signif-
icant latitudinal displacements after the formation of
the volcanic rocks of the Pribrezhny complex, i.e.,
after the early Miocene. This is consistent with a
model that favors the formation of the Pribrezhny
complex on the continental crust of the Olyutor–
Kamchatka folded system rather than within an inde-
pendent “exotic” terrane (e.g., the Kronotsky block).
The structural and geological data also support this
idea. In the region of the Pribrezhny complex, mainly
block deformations are observed, which resulted in the
formation of a gently folded structure, in contrast to
the nearby formations of the Kronotsky terrane in the
region of Cape Shipunsky, which underwent more
intense dislocations during the collision and are char-
acterized by a more complex fold-and thrust structure
(Tsukanov et al., 2022).

The presence of intrusive bodies with postfolding
remanence (group 2 of normal polarity) somewhat
contradicts the Early Miocene dating of the Pribre-
zhny complex, since the age of the main phase of
deformations associated with the accretion of the Kro-
notsky terrane is estimated by most authors at 10–
5 Myr (Levashova et al., 2000; Soloviev, 2008; Shapiro
and Soloviev, 2009). This contradiction can be
explained by the more ancient age of deformations in
southern Kamchatka compared to the northern Kam-
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chatka, or by our sampling of younger magmatic bod-
ies in the Miocene Pribrezhny complex. For example,
these bodies could be the normally magnetized basalt
dikes in the Vilyuchinsk and the Zavoiko Peninsula
regions, which cut through older magmatic rock mas-
sifs. These dikes are spatially confined to the Malka–
Petropavlovsk zone of transverse faults and can be
genetically related to the widespread Pleistocene–
Holocene monogenic volcanism in this zone (Bergal-
Kuvikas et al., 2022).

CONCLUSIONS
(1) Most of the sampled bodies of the Pribrezhny

complex were formed before the main phase of tec-
tonic deformations, probably associated with the
accretion of the Kronotsky terrane. At the same time,
part of the intrusive bodies contains postfolding rema-
nent magnetization and may represent products of
younger episodes of magmatism.

(2) The paleomagnetic pole for the Miocene of
southern Kamchatka has been calculated from 33 sites
of normal and reversed polarity. The calculated pole is
statistically significantly different from all published
Cenozoic poles in nearby regions.

(3) The paleomagnetic data indicate the formation
of the volcanics of the Pribrezhny complex at a paleo-
latitude close to the present position (52.3°) and sup-
port the formation of the Miocene supra-subduction
volcanic belt on the more ancient folded basement of
the Olyutor–Kamchatka folded system rather than
within a separate exotic block.
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