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Low Crustal Fluid Reservoirs in Ultramafic Cumulates of Kamchatka
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Abstract—Based on published geophysical and petrological data, lower crustal fluid reservoirs have been pro-
posed below the Klyuchevskoy Volcano, expressed as a low V,/V, anomaly. A high V,/V anomaly under the
proposed fluid reservoir is interpreted as a zone of magma accumulation. The localization of fluids in these
reservoirs in the ductile lower crust can vary from isolated inclusions to filling of microfractures over a time
scale of several months. Using a simplified poroelastic model, it is shown that the transition in the topology
of pore space filled with fluid or melt can provide the observed changes in V,/V in the anomalies of high and
low values at a melt content of several vol % and fluid content less than 1 vol %, respectively. In zones of active
volcanism, such as the Klyuchevskaya group of volcanoes (KGV), fluid reservoirs are localized in ultramafic
cumulates formed during the early high-temperature stage of magma fractionation. Ultramafic xenoliths in
the products of eruptions of the KGV and Avachinsky volcanoes, often interpreted as mantle rocks, formed
at pressures of about 5 kbar or depths of about 18—20 km in accordance with two-pyroxene geo-thermoba-
rometry and the content of volatiles in melt inclusions in olivine and spinel. When crossing by ascending mag-
mas, the fluid-containing reservoir experiences mechanical failure and injects a certain amount of fluid into
the magma, which then captures pieces of crushed magmatic cumulates. The composition of melt inclusions
in olivine can reveal records of the magma-fluid interaction.
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INTRODUCTION

In the continental crust, the fluid components
(mostly H,O and CO,) are an important agent
enabling melting (Li et al., 2022) and affecting both
metasomatism and metamorphism (Putins and Aus-
trheim, 2010). Devolatalization of subducted crustal
rocks creates large fluxes of H,O and CO, at active
continental margins (Bekaert et al., 2021). The
released fluids play an essential role in the formation
of magma and in controlling the rheology of the rock
mass in the mantle wedge (Hirth and Kohlstedt, 2013).
The fluids, crossing and modifying mantle wedge,
reach the crust of the overriding plate and mainly
return to the Earth’s surface. The recycling of volatiles
in subduction zones is attributed predominantly to
volcanoes due to transport by erupting magmas and
passive degassing. For CO,, which is easier to track
and is a more important component of the fluid than
water for global warming, it has been estimated from
measurements (not extrapolated to the entire globe)
that volcanic activity releases about 66.4 Mt/yr of
CO,, while tectonic, hydrothermal, and inactive vol-
canic areas—about 66 Mt/yr (Burton and Sawyer,
2013). According to some estimates based on petrolog-
ical observations of the distribution of quartz veins,

the total mass flow of water fluid through the rocks of
a volcanically inactive accretionary prism can reach
10° m3/m? (Breeding and Ague, 2002). These esti-
mates suggest that large volumes of fluid may accumu-
late in deep crust before they cross the brittle upper
crust in tectonically active areas. However, little is
known about the state and dynamics of fluids in the
lower crust of the active subduction zones.

Exploited fluid reservoirs, including oil and gas
fields and geothermal systems, are localized in the
brittle upper crust in hydraulically connected porous
and fractured rocks. The behavior of fluid in the duc-
tile lower crust cannot be directly observed and is the
subject of debate. As a rule, fluid pressure passes from
the hydrostatic level to the lithostatic level below the
brittle-ductile rheological boundary (Zencher et al.,
2006). In addition to mechanical factors, in regulating
the composition, pressure and dynamics of fluids in
the lower layers of the Earth’s crust, the interaction of
fluids with rocks is of great importance, which is stud-
ied exclusively by petrologists on samples of metamor-
phic rocks representing fossil deep crustal reservoirs.
During retrograde metamorphism, volatiles can be
consumed by dry rocks (for example, granulites),
thereby reducing the volume of fluids and the activity
of H,O and CO, and forming concentrated brines
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(e.g., Markl and Bucher, 1998; Safonov et al., 2019) at
a pressure much lower than hydrostatic (Yardley and
Valley, 1997). On the contrary, with progressive meta-
morphism, fluid and porosity are generated during
devolatalization (thermal decomposition of carbon-
ates and hydrosilicates) (Yardley, 2009). A general
theory of the transport of fluid released at the progres-
sive stage of metamorphism has been developed (Con-
nolly and Podladchikov, 2013). It is shown that ductile
rocks are compacted, and light fluid migrates upwards
in the form of porosity waves. The typical length scale
of the compaction wave for the dehydration of amphi-
bolites in the low crust is 31 m, the time scale is
10 Ky, which corresponds to the geodynamic events
of several Mys.

At active continental margins, high fluid flux from
a subducting slab can cause the formation of renew-
able deep fluid reservoirs in the lower crust. Perma-
nent tectonic deformations, thermal stresses and
hydraulic shocks caused by periodic magma intrusions
lead to the formation and healing of cracks on time
scales much shorter than the compaction time. As a
result of healing, open fractures transform into weakly
connected pores (including fluid inclusions in miner-
als). The transport of fluids from mantle-derived
basalts to the base of the crust can be illustrated by
observations of mantle and lower crust granulite xeno-
liths from Neogene alkaline basalts in the Pannonian
Basin. Volcanism in the Pannonian Basin is associated
with subduction (extensional regime due to slab roll
back (Horvath et al., 2015)). Granulitic xenoliths con-
tain reduced CO,—CO fluid (about 10 mol % of CO)
as inclusions in minerals (Torok et al., 2005). Xeno-
liths of the upper mantle, mainly spinel lherzolites, in
the same locality also contain fluid inclusions of CO,-
CO in Cpx, Opx and bubbles in melt pockets with a
total volume of up to 20 vol % (Créon et al., 2016). The
average content of CO, fluid in the lithospheric man-
tle at the Moho depth was estimated at about 2000
ppm or 0.5—0.6 vol % (at a fluid density of about
1 g/cm? at a rock density of 3 g/cm?®). Thus, 8—2 Mys
ago, granulites in the Pannonian basin were fluxed
with CO, transported by alkaline basalts.

Active subduction and related volcanism in Kam-
chatka make it possible to study in real time the state
of fluid and the processes of fluid-rock, fluid-magma
interaction in the low crust. In this paper, we analyze
the published geophysical data and the results of
petrological studies of the mafic xenoliths of the Kly-
uchevskaya group of volcanoes and Avachinsky vol-
cano, which provide information on the behavior of
deep crustal fluids.

SEISMIC DATA ON THE STATE OF DEEP
FLUID IN SUBDUCTION ZONE

The fluid, even at a realistically small volume con-
tents (several vol %), has a strong influence on the
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velocity of the seismic waves propagation. Starting
from the classical works (Berryman, 1995), many
models of the mechanical properties of porous rocks
have recently been developed, especially in the appli-
cation of seismic methods in oil and natural gas explo-
ration (for example, Guo et al., 2021 and references
therein). There are models including effect of dual-
pores filled with two-phase fluids (e.g., Ba et al.,
2017). However, these theoretical models, which
demonstrate the solution of complex equations, can-
not give simple estimates of the specific effects on seis-
mic velocities V), and V; associated with deep crustal
fluid reservoirs. Under high P-T conditions, the solid
matrix easily dissolves in the fluid, which ensures a
rapid change in the structure of the pore space,
including rapid healing of cracks and recrystallization.
In addition, melt has a compressibility close to that of
the crystalline matrix and significantly lower than the
fluid compressibility. Below, for clarity, a simplified
model is derived, aimed at predicting the change in
mechanical properties during the transition of fluid
and melt localization from cracks to inclusions.

Model

In isotropic rock, seismic velocities are propor-
tional to the square root of the corresponding Lame
mechanical parameters:

v, =@/m" and ¥, = (Qu+1)/p)"
= (K (1+4/3y)/p)",

where L = G and K are shear and bulk moduli, respec-
tively, v is Poisson’s ratio and y= G/K =3(1 — 2v)/2(1 +
v). These equations are valid for natural porous poly-
crystalline rocks both in the drained (fluid or melt
free) and undrained state. In the undrained state, the
porous space is filled with an isotropic viscous sub-
stance, which can be a liquid, gas or fluid, character-
ized by a bulk modulus or inverse compressibility

1/ K, = _lB_V. Specific poroelastic effects cause a

~ VoP
strong dependence of seismic velocities on frequency

for fluid or melt saturated rocks (Cheng, 2016), how-
ever, usually these effects occur in a frequency range
higher than that used in geophysical practice.

(1

In the theory of the poroelasticity, undrained bulk
modulus is defined as a function of the drained mod-
ulus and Biot constant o.. The Biot constant o is a fun-
damental parameter of a poroelastic material and is
equal to the loss (or gain) of fluid volume as a fraction
of'the change in volume (o < 1) of the deformed mate-
rial at constant fluid pressure. For a homogeneous iso-
tropic rock, these relations for the undrained bulk
modulus K, and Poisson ratio v, read as (Cheng,
2016):
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where Kand G are the parameters of the porous matrix
material, K, is the bulk modulus of the mineral that the
matrix consists of, ¢ is the porosity and the general
expression for the Biot’s coefficient o

K

-1-X 3
oclK, (3)

where K, is the bulk modulus of the solid phase consti-
tuting the porous matrix. For isolated spherical pores,
the Biot constant o/ can be estimated (Simakin and
Ghassemi, 2004):

30(1-v)

=)t o(l+v) @

This estimate is only slightly higher than the theoreti-
cal lower limit of the Biot constant o = 3¢ / 2+9)
(Cheng, 2016) and equals to it in the limit v = 0. The
measurement data of real rocks showed that even at
low porosity, the values of the Biot constant o are usu-
ally up to 4—5 times higher than the lower limit,
depending on the texture of the porous space (see Fig. 1).
For a simplified geometry (oblate spheroid or ellipsoid
with radii , > r, = r; and aspect ratio 8 = r,/r;) of
evenly distributed pores, drained mechanical parame-
ters were calculated (Wu, 1966; Berryman, 1980;
Schmeling, 1985). Takei (2002), based on the oblate
spheroid model, expressed the drained moduli as a lin-
ear function of porosity ¢:

K=K (1-k(8)0), G=G,(1-k(0)d). (5

Biot constant was expressed by Eq. (2), based on the
values of coefficient k, for v =0.25 from (Takei, 2002).
This allows us to calculate the value of V,/V,. given the
porosity (0) and relative compressibility of the fluid
(K/K,) plotted in Fig. 2. In calculations we vary poros-
ity up to 4% and the ratio K/ K, from 1 (upper limit for
magma) to 0.001 which is close to the value for the
ratio of CO, fluid compressibility at 7= 1100°C and
P=1Kkbar, K,~ 0.1 GPa (calculated with model Ker-
rick and Jacobs (1981)) and forsterite bulk modulus K, =
100 GPa (Bejina et al., 2021). In tectonically active
areas, a spheroid with a small aspect ratio (6 < 1) can
be interpreted as a crack, and a sphere (6 = 1) as an
inclusion in a mineral.

The undrained bulk modulus K, (and V)) is larger
for connected pores (e.g. in the fractured rocks) than
for rocks with isolated pores (fluid inclusions in min-
erals). Structural transition from inclusions to cracks
due to poro-elastic effects provides variation of V,/V;
ratio up to 10—14% (see Fig. 2). For transverse isotro-
pic (layered) fluid saturated rocks, the effect of the
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Fig. 1. Biot constant o versus porosity, measurements data
from (Cosenza et al., 2002), orange lines with values cal-
culated from the oblate spheroid model (Takei, 2002) at
v = 0.25 and various geometric ratios of spheroid axes Y =
r,/1y, pink lines calculated by equation (3) at v = 0.25 and
v=0.1.

pores aspect ratio on seismic velocities is considered in
(Hong-Bing et al., 2013).

According to the above analysis, an isotropic
porous solid with fluid-filled pores has V,/V, lower
and melt-filled higher than drained pore rock. Simi-
larly, low V,/V; and high V,/V; anomalies in the geo-
thermal areas are interpreted as porous rocks filled
predominantly with steam and liquid water, respec-
tively (Gunasekera et al., 2003).

In some cases, porous rocks may contain both fluid
and melt. Partial rhyolitic melts with exsolved fluid in
the Krafla volcano caldera at a depth of 3.5 km appear
as alow V,/V;anomaly, which is explained by the pre-
vailing effect of fluid on seismic velocities (Schuler
et al., 2015; Simakin and Bindeman, 2022). We will
interpret low V,/V, anomalies as a fluid reservoir by the
dominant factor, which cannot rule out the presence
of a melt there.

At the same time, high V,/V, values can be an indi-
cation of a specific phase composition, for example,
serpentinized mafic rocks, which is used at the inter-
pretation of seismic data for a subducted slab and
mantle wedge (e.g., Carlson and Miller, 2003). In
interpreting seismic data from the crust over the Kam-
chatka mantle wedge, we assume that V,/V variations,
especially rapid temporal changes, are due to poro-
elastic effects in common rock types.

Kamchatka

The theoretical fundamentals discussed above pro-
vide a solid basis for interpreting seismic data on the
state of the fluid and partial melt in the mid-deep crust
of subduction zone in Kamchatka. The highly active
volcanoes of the Klyuchevskaya group (KGV) and the
nearby Shiveluch volcano (Northern Kamchatka),
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Fig. 2. V,/V ratio calculated as a function of porosity (¢) and z =log(Ky/K,), where Krand K are bulk moduli of the fluid and the
solid phase that makes up the porous matrix, respectively; the values of parameters used in the calculations (a) for fractures—
shape factor y = 0.04, coefficients in formulas (5) k| = 25.60, ky = 9.96 (6) inclusions—y = 0.63 k| = 2.32, k, = 1.98 (see text for
explanation). It can be noted that nearly spherical inclusions have a much weaker effect on the V),/V; ratio than crack-like inclu-

sions.
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Fig. 3. Shown is the SSW-NNE section of a 3D tomo-
graphic image obtained by processing the earthquake sig-
nals of 04.2001—-03.2002 after (Koulakov et al., 2013),
paired Vp/ V,; anomalies indicated by red (low values) and
green (high values) ellipsoids under Klyuchevskoy volcano
(ZIM—Zimina, BEZ—Bezymianny, KAM—Kamen,
KLU—KIlyuchevskoy volcanoes). The red short dashed
line marks the magma fracking system under the Kly-
chevskaya volcano according to (Kiryukhin et al., 2020).
The yellow rectangles outline the vertical position of two
intervals of intense seismicity after (Koulakov et al., 2013).
The yellow vertical ellipsoid is the isoline of the rocks elec-
trical conductivity 20 Ohm m from the MTS survey
(Moroz and Loginov, 2016), showing the depth, lateral
and vertical dimensions of the zone of low resistance under
the Tolbachik volcano after the 2012—2013 eruption
(located outside the seismic profile, 30 km southwest of
Klyuchevskoy volcano).

one of the most active on the Earth, as well as
Avachinsky volcano (Southern Kamchatka), known
for its abundance of peridotite xenoliths, have been
most fully characterized by geophysical and petrolog-
ical methods and will be considered below.

KGV SEISMIC TOMOGRAPHY

Koulakov et al. (2013) published the results of seis-
mic tomography in the KGV region, providing infor-
mation on processes in the Earth’s crust over the
period 1999—2009. In the vertical sections of the V,/V;
distribution with NNE-SSW orientation through the
Klyuchevskoy volcano, one can distinguish a bound-
ary at a depth of 14—17 km, corresponding to the brit-
tle-ductile rheological transition (BDT) (Fig. 3). Sys-
tematic observations showed the appearance and dis-
appearance of large volumes with anomalous V,/V;
ratios with low values up to 1.65 (—2.9% of the mean
1.70) and high values up to 1.83 (+7.6%) (see Figs. 3, 4).
These anomalies are located under Klyuchevskoy vol-
cano at depths below the BDT with centers of 17 and
30 km, respectively. Previously, Koulakov (2012) asso-
ciated high V,/V, anomalies with magma storage zones
below the volcano. However, this interpretation con-
tradicts the practical disappearance of anomalies and
their appearance within months.

SPATIAL RESOLUTION OF SEISMIC DATA

The accuracy and reliability of the tomography
results in (Koulakov et al., 2013) was ensured by a syn-
thetic test with the inclusion of model objects with
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Fig. 4. Changes in the V,/V ratio in paired deep anomalies under Klyuchevskoy volcano, estimated from the results of seismic
tomography by Koulakov et al., (2013) (extreme values are used in the areas indicated in Fig. 3) depending on time. The unper-
turbed by poroelastic effects mean value of about 1.7 (baseline) is marked with a solid horizontal line. Several episodes when Vp/ Ve
in both anomalies approached the baseline are outlines with cross-hatched rectangles. Blue open box and red filled boxes on the
baseline show episodes of magma upwelling and Strombolian eruptions of Klyuchevskoy Volcano (Koulakov et al., 2013), respec-

tively.

anomalous ¥V, and V; with sizes of about 5 x 5 km.
Later, Koulakov et al., (2017) published the results of
seismic tomography in the KGV area based on obser-
vations in 2014—2015 using additional 22 stations of
the temporary seismic network. Checkerboard test
(cells 7 x 6 km) showed good resolution down to a
depth of 10 km and worse resolution below.

Comparison of active V,/V, anomalies under Kly-
uchevskoy volcano in 2004 (Koulakov et al., 2013) and
according to data (Koulakov et al., 2017) showed that
in the latter case, an anomaly of low V,/V values cen-
tered at a depth of about 20 km stretched deeper and
change the configuration. The deep high V,/V, anom-
aly (25—35 km) is closely reproduced, its horizontal
size is about 10 km, which approximately corresponds
to the diameter of magma fracking system under the
Klyuchevskoy volcano, extended from the Moho
(35 km) to the surface according to the data (Kiryukhin
et al., 2020). A positive anomaly can be interpreted as
a volume of rock with a melt content of a few vol %,
and a negative anomaly as a reservoir of fluid with # X
0.1 vol % fluid. Detailed seismic information for the
entire crust and upper mantle in the region of
Avachinsky volcano, similar to that considered above
for the KGYV, is not available.
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MTS Kamchatka

In the large-scale magneto-telluric sounding
(MTS) survey (Moroz and Gontovaya, 2017), under
the KGV and Avacha-Koryaksky volcanoes, zones of
increased electrical conductivity p = 5—10 Ohm m
were identified in the depth interval of 15—37 km.
Moroz and Loginov (2016) presented the results of a
detailed MTS profiling performed in 2014 in the area
of the 2012—2013 Tolbachik volcano eruption, which
is consistent with a large-scale study. The measure-
ments along profiles 8—15 km long were interpreted
down to a depth of 60 km. An area of high conductivity
was found in a narrow zone of 3—4 km with a resistivity
p < 10 Ohm m under the source of fissure eruption at
depths of 14—31 km, which extends to a depth of 35 km
with p < 20 Ohm m. When the MTS data under Tol-
bachik are superimposed on the vertical section of the
V,/V; ratio under the Klyuchevskoy volcano (mea-
sured in 2001) from (Koulakov et al., 2013), the area
bounded by the low resistance isoline (p < 10 Ohm m)
overlaps with the combined zones of low and high
V,/V,anomalies. As follows from the above discussion,
low V,/V; values correspond to a fluid reservoir and
high V,/V; values correspond to a partial melt, both
with low resistivity.



710

NE

p, Ohm m

10000
5050
1800
650
240
85

30

I T [ [T TTTTTTTIT T T TN

50
km

Fig. 5. Conductivity profile across the coastline of Kam-
chatka passing through Avachinsky volcano (Av), MTS
survey (Moroz and Loginov, 2019). The Moho position is
shown after (Levin et al., 2002), the position of the brittle-
ductile rheological transition (BDT) is hypothetical, as in
Northern Kamchatka, consistent with the horizontal
boundary on the profile. The dotted translucent rectangle
shows the depths of equilibration of xenolith minerals,
estimated using geobarometers, and the content of vola-
tiles in MIs (see text).

A detailed MTS survey under the Avacha-Koryak-
sky volcanoes revealed two continuous deep fluid-
magma transport systems with low resistivity down to
mantle depths of 35 and 55 km (Moroz and Loginov,
2019). Figure 5 shows resistivity sections with super-
imposed positions of Moho and brittle-ductile rheo-
logical transition boundary along with xenolith forma-
tion depth interval. This figure clearly shows a deep
transverse fault extending into the upper mantle as a
highly conductive fluid transport zone. Authors esti-
mated that, an electrically connected pore space pro-
viding an observed minimum conductivity of 1-5 Ohm m
is estimated to be as low as 0.1% by volume for fluid
and about 1 vol % for melt. These estimates can be
lower than the total volume of connected melt and
fluid in the rocks, which is able to lead to the observed
variations of the seismic velocities and the V,/V; ratio.

Interpretation of Geophysical Data

Temporary disappearance of deep anomalies in
1999—2001 under KGV was explained by the complete
closure of the entire pore space (“no melt, no fluid”
Fig. 8 in Koulakov et al., 2013) and active transport of
magma and fluids in other time periods. It is not pos-
sible to estimate exact fluid volumes in low and high
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V,/V; zones due to uncertainties in the interpretation
of geophysical data. However, it is difficult to assume
the transfer of at least several km? of magma or fluid in
a short time. Solidification of large volumes of magma
in a short time is also impossible. These observations
can be explained by assuming that the variations in
seismic velocities are largely caused by thermal
(hydro)- fracturing of fluid (melt) saturated rocks,
increasing Biot constant o and thus decreasing
(increasing) V,/V,. At high P-T below BDT, the frac-
tures heal with the formation of fluid and melt inclu-
sions on a time scale of several months.

Koulakov et al. (2013) presented data on cumula-
tive seismicity under the KGV in terms of depth and
time for the period 1999—2010. Two separate intervals
of intensive seismicity are clearly distinguished at the
depths of 14—28 km (average 21 km) and 24—32 m
(average 28 km), which can be associated with the
above mentioned zones of low and high V,/V;, respec-
tively (see Fig. 3). Three episodes of high seismicity in
the upper zone with time centers: January 2004,
March 2005, and April 2007 occurred during magma
upwelling and two eruptions of Klyuchevskoy vol-
cano, respectively (see Fig. 4). During these periods,
seismic activity in the lower zone decreased after rising
in the time preceding magmatic activity. The periods
of eruptions coincide with the disappearance of the
anomaly with low V,/V; and partially high V,/V; (the
second eruption). Quiet seismic period 1999—June
2001 corresponds to the disappearance of both anom-
alous zones in 1999—2001 (Fig. 4). The 2005 and early
2007 eruptions were of the Strombolian style. The
Strombolian style at Stromboli and Etna has been
shown to be caused by flushing of magma in the
Earth’s crust with a CO,-enriched fluid, creating bub-
bly magma at depth (Caricchi et al., 2018). In the case
of Klyuchevskoy Volcano, the temporary disappear-
ance of low V,/V;anomalies during Strombolian erup-
tions can be interpreted as a manifestation of the tran-
sition of fluid from an activated crustal reservoir to
magma with a decrease in overpressure and a morpho-
logical transition in the structure of the pore space of
reservoir rocks, as discussed above.

LINK BETWEEN GEOPHYSICAL
AND PETROLOGICAL DATA

The low and middle crustal fluid reservoirs of the
active continental margin of Kamchatka, character-
ized indirectly from geophysical data, cannot be
accessed by drilling. Information about the state of
fluids and rocks in such reservoirs can be obtained
from the study of xenoliths in volcanic rocks. Such
xenoliths can be unsolidified active cumulates (also
called enclaves) containing an interstitial melt of the
allivalite type (Plechov et al., 2008). Or they may be
fragments of solidified ultramafic-mafic intrusions
expected under active volcanoes, including the KGV
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(Khubunaya et al., 2007). The next section will con-
sider the reinterpretation of published petrological
data from Kamchatka.

Xenoliths

As it rises from its generation level, magma tends to
accumulate at the boundaries of contrasts in density
and mechanical properties (Gudmundsson, 2011). For
example, as shown experimentally (Kavanagh et al.,
2006), in a two-layer elastic system, the liquid stag-
nates under upper layer when its rigidity (elastic stiff-
ness proportional to Young modulus) is higher than
that of the lower one. The lower level of accumulation
is the Moho boundary. At midcrustal depths, the rhe-
ological properties of rocks pass through a brittle-duc-
tile transition (BDT). The depth of the BDT is tem-
perature dependent and can be locally reduced by
magma heating (from 15.7 to 7.5 km in the case ana-
lyzed by de Silva and Gosnold (2007).

The specific localization of the BDT depends on
the composition of the rocks, the thermal gradient
(Paterson and Wong, 2005; Brace and Kohlstedt,
1980), and the characteristic strain rates driven by the
kinematics of the geodynamic conditions. For exam-
ple, for a strain rate 1.0e—5s~!, quartz rheology, and a
temperature gradient of 18°C/km, the BDT depth
(interpreted as depth with differential stress less than
1 kbar) is estimated at 15 km (Brace and Kohlstedt,
1980).

KGV XENOLITHS

The mafic xenoliths from the lavas of the active
volcanoes of KGV and Shiveluch are predominantly
magmatic cumulates, bearing information about the
P-T conditions of their formation. Mineralogical
thermo-barometers are especially effective for miner-
als from magmatic cumulates, which have a long resi-
dence time at a high temperature of about 1000°C and
are often mutually equilibrated.

Tonov et al., (2013) reported on the mineral com-
position of ultramafic xenoliths of Bezymyannyi Vol-
cano (KGYV). The amphibole composition indicated a
pressure of 4.2 kbar using the latest version of the
amphibole barometer from (Simakin et al., 2019).
A two-pyroxene geothermobarometer (Putirka, 2008)
(values calculated by formulas (38) and (39) the latter
is enclosed in brackets) for the same xenoliths gives
P=06.1x1.6kbar (4.8 +1.9), T=927 £10°C (n=2).
A close pressure value of 5.9 £ 0.5 (4.4 £ 0.3) kbar at
T =927 = 10°C (n = 4) follows from the analyses of
Opx-Cpx pairs from the mafic xenoliths of the Bezy-
myanny volcano given in (Davydova et al., 2018).
Two-pyroxene geothermobarometry is less reliable for
the composition of phenocrysts in lava, since crystals
can reflect different stages of magma evolution at dif-
ferent P-T parameters. Ozerov (2000) reported com-
positions of a number of host clinopyroxenes (n = 4)

PETROLOGY Vol. 31

No.6 2023

711

and their orthopyroxene inclusions (# = 3) from the
high-aluminum basalt of Klyuchevskoy Volcano,
which promised better results than the use of separate
phenocrysts. Since no information was provided on
the relative position of the analyzed grains, all possible
pairs were considered. Out of the 12 pairs two meet the
equilibrium criteria according to (Putirka, 2008) and
give an average of 4.5 (5.1) kbar close to the above esti-
mates. The mean value obtained with two-pyroxene
barometer for xenoliths lithostatic pressure of 5.4 kbar
corresponds to a depth of 20 km with an average rock
density of 2750 kg/m?3. The distribution of rock density
for the KGV from (Fedotov et al., 2010) gave almost
the same depth of 20.3 km. The pressure range of 4—
6 kbar for xenolith equilibration closely matches seis-
mic data for a low V,/V; fluid reservoir (Fig. 3).

AVACHINSKY VOLCANO XENOLITHS

The peridotite xenoliths of Avachinsky volcano are
known for the finds of the native Ni and Fe (Ishimaru
et al., 2009) and olivines with an unusually high con-
tent of NiO of up to 5.3 wt % (Ishimaru and Arai,
2008b). These xenoliths have been studied in detail
and described in a series of publications by lonov
(2010), Bénard et al. (2016), Ishimaru et al. (2007) and
Ishimaru and Arai (2008a). The analyses of coexisting
Opx and Cpx given in these publications indicate con-
sistent pressure values of about 5 kbar (values accord-
ing to formulas (38) and (39) in Putirka (2008)): Ionov
(2010) 5.2 £ 1.2 kbar (5.7 = 1.8) (n = 3); Bénard et al.,
(2016) 5.2 £ 1.2 kbar (5.7 = 1.8) (n = 2); Ishimaru
etal., (2007) 4.4 £ 0.7 kbar (4.9 + 0.7) (n = 3). Our
amphibole barometer (Simakin et al., 2019) based on
compositions from Ishimaru et al. (2007) and Ishi-
maru and Arai (2008a) gave 4.5 kbar. The composi-
tions of pyroxenes from the same sample were used for
barometry, but this does not guarantee their equilibra-
tion. In this regard, the most reliable values have been
obtained for the compositions of daughter Opx and
Cpx in melt inclusions in spinel by Bénard et al.,
(2016). Two values of pressure calculated with equa-
tions 38 and 39 from Putirka (2008) are plotted in Fig. 6
as a function of Al,O; content, which is proportional
to undercooling at crystals growth. It can be noted that
the two values practically coincide at a low Al,O5 <
2.3 wt % and give 5.2 £ 1.7 kbar (4.9 £ 0.7) (n=3). In
the MTS section (Fig. 5), the zone of xenolith forma-
tion under Avachinsky volcano is not expressed
against the background of the predominant electri-
cally conductive zone of deep mantle fluid transfer.

In all the publications discussed above, the ultra-
mafic Avacha xenoliths were interpreted as upper
mantle xenoliths, which contradicts the results of
mineralogical barometry and, as will be discussed
below, the content of volatiles in melt inclusions.
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Fig. 6. Equilibrium pressure estimates for Cpx-Opx pairs
from melt inclusions in spinel from mafic xenoliths of Ava-
cha Volcano depending on the Al,O5 content in Cpx (data
from supplementary file to (Bénard et al., 2016)). The esti-
mates by the two formulas from Putirka (2008) (squares—
eqn.(), circles—eqn.()) merge for pairs with a low content
of Al,O3 in Cpx approaching equilibrium.

Volatiles in Melt Inclusions

Melt inclusions (MIs) in olivine provide a record of
information about processes proceeding at magma
accumulation levels. Water quickly leaves the MIs in
olivine (Portnyagin et al., 2019), therefore, reliable
data can only be obtained by studying olivines from
naturally quenched scoreas or crystals blown out of
magma. The highest contents of CO, and H,O in MIs
in olivine from Tolbachik were reported by Gurenko
(2021) and Zelenski et al. (2021). These data are plot-
ted in Fig. 7 together with two experimental solubility
isobars in basaltic melt at P = 4 and 5 kbar from
(Shishkina et al., 2010). On these isobars at low water
content, the concentration of CO, is almost constant,
close to the experimental data on the solubility of CO,
at 7= 1200°C in the tholeiitic melt from (Pan et al.,
1991), shown along the y-axis for pressures of 5, 6, 7
and 10 kbar. In Fig. 7, the volatiles contents of both
Gurenko (2021) and Zelenski et al. (2021) corresponds
to the maximum saturation pressures in the range 4—6
kbar, only few points are located aroundr 7 kbar. Four
points from MIs of the 1941 Tolbachik eruption (Zel-
enski et al., 2021) recorded a significantly higher satu-
ration pressure of up to 10 kbar.

The content of volatiles in the melt in equilibrium
with Avachinsky volcano mafic xenoliths was charac-
terized by the analysis of Mls in spinel (Bénard et al.,
2016). Spinel is a better host for MIs than olivine, pro-
tecting them from the fast water loss. The melt compo-
sitions are plotted in Fig. 7 together with Tolbachik
data, the maximum saturation pressure is 6 kbar.
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Fig. 7. Compositions of melt inclusions (MIs): red circles—
MIs in spinel from the main xenoliths of Avacha volcano
(data from supplementary file to (Benard et al., 2016)),
semi-filled diamonds—MIs in olivine from scoria of the
Tolbachinsky eruption (Gurenko, 2021), green triangles—
MIs in olivine from the 1941 Tolbachik volcano eruption
(Zelensky et al., 2021). The compositions with the highest
saturation pressure with equivalent depth approaching
Moho are boxed. Solubility isobars in basalt melt at 7 =
1250°C and P =4 and 5 kbar according to (Shishkina et al.,
2010) are shown by solid lines, dashed lines show CO, sol-
ubility in dry tholeiite melt at 1200°C (Pan et al., 1991).
The arrows show the possible trajectories due to the flux-
ing of the hydrous melt (points on the abscissa axis with 3—
4.5 wt % H,O) by the fluid enriched in CO,.

It is important to note that there are data points
with CO, contents below the detection limit. Their
water content is low up to 4—5 wt % and melts are
unsaturated at P = 5—6 kbar. On the whole, the
obtained data do not contradict the process of fluxing
of magma with CO,-enriched fluid in the crust. Due
to the lower diffusivity of CO,, water is first transferred
into the fluid bubbles, and then the melt is enriched in
CO,, thus creating the compositions indicated by the
arrows in Fig. 7. The trajectory of MIs from Avachin-
sky volcano is directed towards more water-deficient
compositions, which may reflect a higher CO, content
in the fluid and a higher liquid/melt ratio.

Gurenko (2021) provided information on 8*S and
0!'B isotope data, which may reflect fractionation at
possible stages of dissolution and exsolution of fluid
from the melt. However, probably due to complex
interactions, they do not allow for simple interpreta-
tion. The four points with the highest saturation pres-
sure according to Zelenski et al. (2021) can be inter-
preted as the compositions of the melts formed during
flushing of magma with CO, at a near Moho depth.
Figure 8 shows that the sulfur content decreases with
increasing CO,, which is expected in the interaction of
a CO,-rich fluid dissolving in the melt with sulfur

extraction by the fluid. The dense sulfur (higher 3*S
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content) is fractionated into the fluid phase, thereby
lightening the sulfur dissolved in the melt. Khubunaya
et al., (2007) reported the observation of dense CO,
fluid inclusions in olivine from high-Mg basalts of
Klyuchevskoy volcano with a capture pressure of 5—
6 kbar. These inclusions can be formed when a CO,-
enriched fluid flushes magma that crosses the fluid
reservoir at a midcrustal depth under the KGV.

The main part of presented data on the composi-
tion of the MIs indicate maximum saturation pres-
sures in the range of 4—6 kbar, which is close to the
estimates obtained using mineral barometers for mafic
xenoliths. These pressure values correspond to depths
of 15—22.5 km, if we take the density profile with
depth from (Fedotov et al., 2010). This depth interval
is in good agreement with the location of the low V,/V
zone in Fig. 4, which we interpret as a fluid reservoir
in ultrabasic crustal cumulates. Only smaller part of
MIs data with saturation pressure above 6—7 kbar can
correspond to a seismic “deep magma chamber” or
zone with high melt fraction and high V,/V; extending
to the Moho depth (35—37 km according to (Levin
et al., 2002) in Fig. 4. The high abundance of xenocrysts
of chromium-bearing diopside and titanium garnets in
multiphase inclusion in olivine from the 1941 Tol-
bachk eruption (Simakin et al., 2015) indicates their
deep origin and direct transfer of magma from the near
Moho depths to the surface, which is confirmed by the
extremely high content of CO, in some melt inclusions
from the olivine (Zelensky et al., 2021). However, all
mentioned above ultramafic xenoliths of the KGV and
Avachinsky volcano classified as being of mantle ori-
gin (e.g., Ionov et al., 2013) are crustal cumulates.
Khubunaya et al. (2007) argued for the picrite compo-
sition of the initial magma of Klyuchevskoy volcano.
Ultrabasic-basic cumulates presented in xenoliths are
a natural product of early O/ and O/-Opx fractional
crystallization of picritic magma. Whereas allivalite
enclaves were formed during early OI/-Pl fractional
crystallization of basaltic magma (Plechov et al.,
2008).

The equilibration pressures of the considered xeno-
liths in the zone of low V,/V; values, interpreted as a
reservoir of deep crustal fluid, is not accidental. Xeno-
liths are formed in the acts of mechanical failure of the
reservoir due to hydraulic fracturing caused by the
transfer of magma during an eruption and manifested
by seismic activity. During the same process, fluidiza-
tion of the magma occurs, which provides the Strom-
bolian type of eruption.

DISCUSSION

The key point of our model is the identification of
ultramafic xenoliths in the lavas of North Kamchatka
and Avachynsky volcanoes as cumulates located
mainly in the zone of low V,/V values. In both cases,
there is a developed system of magma chambers along
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Fig. 8. The composition of MIs in olivine of the 1941 Tol-
bachik eruption (Zelensky et al., 2021), only points with
high saturation pressure were selected (see Fig. 7). Total
sulfur (triangles) and d*s (circles) decrease with increas-
ing CO, content in the melt, as would be expected if sulfur
passes into fluid bubbles together with H,O during the
fluxing of a magma with a CO,-enriched fluid near the
Moho depth.

the path of magma movement from the generation
level to the surface. True mantle xenoliths can be
expected for volcanoes with an undeveloped plumbing
system, for example, at the initial stage of the forma-
tion of a Hawaiian type shield volcano (Canary
Islands, Hawaii) or in monogenic cones and kimber-
lite pipes.

For example, lherzolite to pyroxenite ultramafic
xenoliths in basanite cinder cones of the Deadman
Lake Volcanic Field, California have been extensively
studied for decades (Wilshire et al., 1980). In particu-
lar, several Dish Hill xenoliths from this volcanic field
have a maximum pressure of 1—1.1 GPa as measured
by a two-pyroxene barometer using mineral composi-
tions from (McGuire et al., 1991). A somewhat lower
maximum pressure value of 9.5 kbar was obtained
using our amphibole geobarometer from amphibole
compositions of abundant kersutite veins (Simakin
and Shaposhnikova, 2017). Both estimates correspond
to the mantle lithosphere sampled at a depth near the
Moho by low-volume intraplate volcanism.

Probably, the contact of mantle magmas and the
lower crust in the Pannonian alkaline-basalt province
(Neogene age) is one of the best characterized places
by various petrological methods. It demonstrates good
agreement with all pressure estimates and thus the
applicability of two-pyroxene geo-barometry of the
Putirka (2008). The published pyroxenes composi-
tions of ultrabasic xenoliths from alkaline basalts
(Créon et al., 2017) yielding P = 1.1-1.3 GPa, T =
1100°C confirm their mantle origin. The composition
of Kersutite amphibole (Torok et al., 2005) from low-
crustal granulite (amphiboles are in association with
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the melt) gives a pressure of 0.9 GPa. The maximum
density of CO, fluid inclusions in clinopyroxene of

mantle xenoliths is 1.0—1.1 g/cm?3, which corresponds
to a pressure of about 1.0 GPa at 7= 1100—1150°C.
Maximum concentration of CO, in MlIs is 9600 ppm
corresponding to a saturation pressure of 1.2—1.3 GPa
based on the calibration of Pan et al., (1991) in agree
with the 2 Px barometer estimate. Equivalent depths of
formation of mantle xenoliths at an average density of
2700 kg/m? are 41.5—49 km and for granulite—34 km.
Basalts intruded and carried xenoliths at the stage of
rift initiation in the thick crust (with the modern
Moho depth of about 25—28 km).

Comparison with Other Subduction Zones

The presence of a fluid reservoir in the deep crust
in North Kamchatka may be common to other sub-
duction zones. For example, a similar interpretation of
seismic data was proposed in (Nakajima et al., 2001)
for Northeast Japan. Mid-crustal (depth 10—15 km)
zones with low V,/V; are classified by the authors as
reservoirs with aqueous fluid directly above the zone
of partial melting (high V,/¥)). Sub-horizontal S-wave
reflectors are localized mainly at the base and within
the proposed fluid reservoir. The shallower location of
the fluid reservoir likely reflects the higher measured
heat flow in Northeast Japan than in North Kam-
chatka (Davies, 2013).

There are direct observations of how the fluid
released in subducting plate rises in the mantle wedge
and the overriding plate. An MT study in New Zea-
land (Wannamaker et al., 2009) demonstrated that the
fluid released during the dehydration of the subduct-
ing slab accumulates in discrete portions in the crust
below the brittle —ductile transition (BDT) boundary
(depth 12—20 km), corresponding to the sequential
decomposition of various hydrous phases. At a depth
of about 12 km below BDT level, sub-horizontal frac-
tures filled with fluid are assumed. Above these zones
of fluid accumulation, thrusts are localized in the brit-
tle upper crust. The Moho boundary in this area is at
the depths of 25—30 km.

The migration of fluids in the Earth’s crust can be
affected by intense deformations and stresses caused
by glaciation-deglaciation cycle. The effect of post-
glacial activation of volcanic activity in the early Holo-
cene was quite noticeable in Northern Kamchatka. It
was marked by extremely explosive eruptions of a large
volume of Pleistocene volcanoes in the Central Kam-
chatka Depression. The first eruptions of new volcanic
centers that arose in the Holocene (Klyuchevskoy vol-
cano, Tolbachik, Molodoy Shiveluch) were also
highly explosive (for example, (Ponomareva et al.,
2013)). The high explosiveness of the Early Holocene
eruptions can be explained by the influence of fluid
reservoirs in the lower crust formed during postglacial
deformations. Deglaciation affects volcanism by
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accelerating the rate of magma generation if the adia-
batic decompression mechanism is involved (Pagli
and Sigmundsson, 2008; Maclennan et al., 2002).
Simakin and Murav’ev (2017) showed using numerical
simulations that glaciation/deglaciation also induces
deviatoric stress, which increases several times above
the low-viscosity magma accumulation zone assumed
in the model at a depth of 35 km. The level of deviator
stresses is sufficient for hydraulic fracturing, which
can create deep reservoirs for fluid accumulation.
Magma following a new path initiated by the post-gla-
cial stress state will be subjected to fluid flushing at
depth when crossing such a reservoir, which increases
the rate of magma uplift and the explosiveness of the
eruption.

In conclusion, we note that all the signs of mantle
metasomatism observed in the mafic xenoliths of the
Avachinsky (Ishimaru et al., 2007) and Klyuchevskoy
(Ionov et al., 2013) volcanoes, taking into account the
improved depth of localization of xenoliths in the crust
presented above, become a source of information on
fluid transport and fluid-rock interaction in ductile
magmatic cumulates at high PT. These data may
improve our understanding of the mechanism of rapid
fluid migration in the ductile lower crust of tectoni-
cally active zones, expected from surface observations
(e.g., Kennedy and van Soest, 2007). Undoubtedly,
this mechanism differs from that predicted for a stable
continental crust by the porosity wave theory (Con-
nolly and Podladchikov, 2013). Periodic rock failure
on a time scale much smaller than the compaction
scale implied by the geophysical data discussed above
will result in pressure homogenization and pore space
reconnection, invalidating the simplified porosity
wave solution.

CONCLUSIONS

1) The transition from the state of hydraulically
connected fractures to isolated pores (healed cracks)
filled with fluid or melt may be the reason for the tem-
porary disappearance of low and high V,/V; anoma-
lies, respectively on a scale of several months,
observed under Klyuchevskoy volcano.

2) The anomalous zone of low V,/V; at depths cen-
tered at 20 km, which is also characterized by high
electrical conductivity under the KGV, can be a low-
crustal fluid reservoir.

3) The mafic xenoliths of the KGV and Avacha vol-
canoes are magmatic cumulates formed at pressure
5.5 £ 1.5 kbar, the value of which is consistently esti-
mated from mineral barometers and data from melt
inclusions.

4) Xenoliths were extracted from a fluid reservoir
hosted in magmatic cumulates when magma rising
from the underlying storage level crossed it.
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