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Abstract

In this paper compressional and shear wave velocities at quasihydrostatic
pressures up to 2030 kb are reported for rocks of the Kamchatka peninsula.
Discussions of the results are madc in terms of possible interpretation of the
seismic wave velocity distribution in the upper mantle under Kamchatka,
which was established by seismological methods. A number of assumptions
are made about the composition and the physical conditions of the upper
mantle under Kamchatka.

The upper mantle under volcanic areas is characterized by
abnormal low values of the seismic wave velocities (FEpoTOv and
SraviNa, 1968). This fact is usually interpreted in terms of specific
composition and of specific physical characteristics of the upper
mantle under volcanic areas (GorsHkov, 1967).

Most of the laboratory studies on the velocities of both P and S
waves for rocks have been made at pressures not exceeding 10 kb
(ca. 35 km of depth) (BircH, 1960; Simmons, 1964; CHRISTENSEN,
1965, 1966, 1968; KanamMmorI and MizuTAaNI, 1965). In these investiga-
tions rocks from volcanic areas have not been studied sistematically.

Ultrasonic determinations of velocities at pressures of 20-40 kb
have been made mainly on the samples from Baltic shield area

* Paper presented at the ITAVCEI Symposium « Volcanoes and Their Roots »,
Oxford, England, Sept. 1969.

«# Institute of Volcanology, Siberian Branch of the USSR Academy of Sciences.

**% Institute of Physics of the Earth, Academy of Sciences of USSR.

1



— 186 —

(VorLarovicH and LEVYKIN, 1965). In the present study, determinations
of P- and S-wave velocities of various Kamchatka rocks at pressures
of 20-30 kb have been made.

Description of Specimens

There are still great uncertainties about the possible composition
of the deep crust and of the upper mantle under the volcanic areas.
Therefore, the authors have selected various rock specimens which
may be important constituents of the earth crust and of the upper
mantle according to the present-day hypotheses.

Effusive rocks (from andesite-dacites to basalts), intrusive rocks
(pyroxenite), metamorphic rocks (amphibolites) and ultramafic xeno-
liths have been studied. Samples of the first group are represented
by lavas of Late Quaternary and Recent eruptions of some Kamchatka
volcanoes. Late Cretaceous-Paleogenic pyroxenites were from two
localities of the ultrabasic belts of Kamchatka. Such belts, according
to recent hypotheses (SHEINMANN, 1964; Boyp and MACGREGOR, 1964),
would correspond in composition to the residual ultramafic zone of
the highest part of the upper mantle which may be present under
the volcanic areas after segregation of basaltic melts.

As to amphibolites, these rocks are considered to be one of the
possible sources of basaltic magmas (WAGNER, 1928; POLDERVAART,
1957; Yoper and TiLLEY, 1962). Some authors have supposed the
presence of amphibolites not only in the crust, but also in the upper
mantle (OXBURGH, 1964; RiNngwooD, 1962).

Ultramafic xenoliths are usually considered as erratic masses of
upper mantle material (GREEN and Ringwoop, 1968). These rocks are
commonly found in the lavas and pyroclastic depostits of the
Kamchatka volcanoes (MASURENKOV et al., 1969).

The list of the samples is given in Table 1. In this Table the
SiO; contents in the effusive rocks are also quoted.

Measurement Methods and Results

The method of measurements of P- and S-wave velocities under
quasi-hydrostatic pressures was the same as it was described by
VoLarovicH and LEVYKIN (1965). The natural frequency of the trans-
ducers was 1 Mc/sec.
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Anisotropy of wave velocities for three mutually perpendicular
directions has been determined at atmospheric pressure in cube-
shaped rock specimens. The cubes were subsequently ground to right
circular cylinders of 18 mm in diameter and 20 mm long. The axes
of the cylinders have been chosed to be parallel to the direction of
maximum velocity in the specimen.

The P- and S-wave velocity measurements were made on the
same specimen, and the results of these measurements are shown in
Figures 1-5.

FiG. 1 - Variation diagrams of P-wave vclocity with pressure for the effusive rocks
of Kamchatka.
Numbers corresponds to sample numbers in Table 1.

The variations of Ve values for the effusive rocks at atmospheric
pressure are very large, 2.8 + 5.25 km/sec. This wide range of values
may be explained by the great influence of porosity, and especially
microjointing, on the elastic wave velocities in roks at the lower
pressures. As pressure increases, the effects of microjointing are
essentially eliminated, and the area of V, values is considerably
narrowed — Vp = 5.85-6.75 km/sec at pressure of 20 kb (Fgi. 1). At
high pressures, the velocity values depend strongly on the mineral-
ogical composition of the individual rock — the more acid and more
glassy is the rock the lower is the position of the corresponding
curve Vp = f(p) in the diagram of Fig. 1.

The positions and slopes of the curves Ve = f(p) are influenced
by the volume and geometry of the pores in the effusive rock (poros-
ity from 1 to 15 %) on the whole interval of pressure adopted in
the experiments (WaLsH, 1965).

The values of the velocity Ve = 6.2-6.5 km/sec at pressure of 10
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kb for the most basic rocks of Kamchatka are in good agreement
with the data for the Triassic basalts of North America (CHRISTENSEN,
1968).

At low pressures (p < 10 kb) pyroxenites and amphibolites give
approximately the same values of P-wave velocities (Figs. 2 and 3).

At higher pressures the values of the curves Vi = f(p) for
pyroxenites are a little greater than those for amphibolites. The
curves Vp = f(p) for amphibolites, in the pressure range of ca. 10 + 25

w1 E] 3
PressuRg ¥

FiG. 2 - Variation diagrams of P- and S-wave velocity with pressure for the Kamchatka
amphibolites.
1 = P-wave velocity; 2 = S-wave velocity. The curve No. 13 corresponds to an
olivine basalt from the foot of the Piton de la Fournaise volcano, Réunion
Island.

kb, show a steeper slope than for the corresponding curves for pyrox-
enites. This fact may be explained by considering the effect of the
higher compressibility of amphiboles.

The relative positions of the curves Vs = f(p) for the pyroxenites
and amphibolites are in general similar to those for the curves
Ve = f(p).

As pressure increases, the values of the ratio Vi/Vs, in a pressure
range of ca. 7 to 25 kb, decrease slightly from ca. 1.8 to ca. 1.74 for
pyroxenites and vary in the range of 1.75 to 1.78 for amphibolites.

The values of P- and S-wave velocities of the Kamchatka amphib-
olites at a pressure of 10 kb are slightly greater than the values
other authors have obtained for amphibolites (BircH, 1960 ; SIMMONS,
1964; CHRISTENSEN, 1965, 1966). This may be due to the presence
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in their specimens of some amount of low velocity secondary minerals.
On the other hand, our specimens contain some amount of high
velocity mineral — pyroxene (see Table 1).

Fw. 3 - Variation diagrams of P- and S-wave velocity with pressure for the Kamchatka
pyroxenites.

FiG. 4 - Variation diagrams of P- and S-wave velocity with pressure for ultramafic
xenoliths (pyroxenites).

1 = P-wave veolocity; 2 = S-wave velocily, The samples Nos. 606 and 599 are
from Vorarovicn and Levykin, 1965.

The P- and S-wave velocities of ultramafic xenoliths are shown
in Figs. 4 and 5, in which the curves Vy» = [(p) for the peridotites Nos.
587 and 609, and for the pyroxenites Nos. 606 and 599 from the
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Baltic shield () are given together with the curves Vs = f(p) for the
samples Nos. 587 and 606 obtained by us.

In the whole pressure range considered, ultramafic xenoliths
from the Avacha volcano have Vy and Vs values lower than the
Baltic shield samples and the pyroxenite xenolith No. 39, which was
collected from Late Cretaceous-Paleogene trachybasaltic lava breccia
of the Kamchatka Middle Ridge.

The values of the ratio Vs(606)/Vs(1381c), Vs(587)/Vs(2) in the
pressure range of 10 to 20 kb are about 1.3, while the values of the
ratio Ve(606)/Ve(1381c) is about 1.15-1.20 and V:(587)/Ve(2) is about
1.05 in the same pressure range. This fact indicates a stronger reduction
in Vs than in V; in the Avacha xenoliths, which are characterized by a

FiG6. 5 - Variation diagrams of P- and S-wave velocity with pressure for ultramafic
xenoliths (peridotites).
Keys as in Fig. 4. The samples 587 and 609 are from VoLArROVICH and LEVYKIN,
1965.

value of the ratio V¢/Vs between 1.95 and 2.12 in the pressure range
of 5 to 20 kb while the ratio Vp/Vs for the other ultramafic rocks
studied is between 1.68 and 1.80.

All the above mentioned differences in the ultramafic rock elas-
ticity can not be explained by the differences in mineral composition
of the comparable groups of rocks (see Table 1 and the description
of samples in VoLarRovicH and LEVYKIN, 1965). As it was shown recently
(LevyKIN and FARBERovV, 1969) the low elasticity of the Avacha ultra-
mafic xenoliths is due to the microporosity (up to 5 % in volume) of
olivine and especially pyroxene grains (MASURENKOV and SELIANGIN,

(*) These data are quoted by VorarovicH and LEVYKIN, 1965.
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1969). The values of the ratio of minor to major axis for these pores
range from 0.1 to 1.0. The pressure required to close such pores is
100-1000 kb (WaLsH, 1965), a pressure beyond the capability of our
apparatus.

The reduction of the ultrabasic xenolith elasticity may be due
not only to the effects of some imperfections in the rock structure
but also may be produced by a process of rock amphibolization. In
such case, however, the S-wave velocity reduction is not greater than
the P-wave velocity reduction. This can be seen in Fig. 5 by comparing
the corresponding curves for samples Nos. 2 and 10.

Discussion

On the basis of seismological data (FEpotov and SipAvina, 1968)
the upper mantle under the Kamchatka peninsula is characterized
by a low P-wave velocity, Vp = 7.2-7.8 km/sec. The depths to which
such velocities refer are not known exactly and have been estimated
bv the AA. as 60-160 km.

According to LuBiMova (1964), the temperature at a depth of 70
km under the southern Kurile Islands is about 920 C°. Taking this
value for the Kamchatka upper mantle and using the appropriate
icmperature correction factors (BIRcH, 1934, 1958), the longitudinal
velocities of the rocks under study were calculated at the above values
of depth (?). The results of these calculations are given in Table 2.

The calculated longitudinal velocities in most of the studied
rocks (with exception of the effusive rocks) vary in the same range
as the Vp data for the upper mantle under Kamchakta given in Fepo-
Tov and SLAVINA (1968).

The lowest observed value of the P-wave velocity (Ve = 7.2
km/sec) may be due to the presence in the mantle of rocks as enrich-
ed by the gaseous phase as the Avacha ultramafic xenoliths which
are probably the residual products of a volcanic differentiation

(*) At such depths the temperature estimates are not quite reliable (MAGNITZKY,
1965) and may differ by hundreds of degrees among the various investigators (see,
e.g., SMIRNOV, 1968). Therefore the present calculations should be considered as rough
estimates of the P-wave velocity because of the temperature dala in the upper mantle.
Also the correction factors for P- and S-wave velocities should be considered as
approximate, this approximation being confirmed experimentally by Soga for forsterite
(SaGa et al., 1966).
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process. According to MASURENKOV and SELIANGIN (pers. comm., 1968)
the depth of origin of the gaseous inclusions in xenoliths is of the
order of few ten km. According to an alternative hypothesis (FEDOTOV
and Sravina, 1968) the residual product is a basaltic material in the
upper mantle under Kamchatka. The value of Ve in an olivine basalt
(sample No. 13, Fig. 2) from Réunion Island is interesting in this
sense, but it must be still confirmed for the analogous Kamchatka
rocks.

The pyroxenite xenolith (sample No. 39) from the Middle Ridge
of Kamchatka is probably an erratic mass from the upper mantle

TaBLE 2 - Observed and calculated longitudinal velocities in the studied rocks at 20
kb (depth = ca. 70 km).

Vo km/sec
Sample Observed in the Calculated. Temperature
Rock type No. laboratory correction factors as
in BIRCH, 1943 and 1958
olivine basalt 13 7.62 7.27
pyroxenite 1381 b, ¢, d 7.40-7.60 6.94-7.13
xenoliths
peridotite
xenoliths 1, 2, 3 7.80-8.42 6.95-7.50
intrusive
pyroxenites 7, 21, 37, 14 8.25-8.50 7.714-71.97
amphibolites 55, 3/1 8.30 7.92
pyroxenite
xenolith 39 8.75 8.21

material (FLEOROvV, pers. comm., 1968). This assumption is in agree-
ment with recent P-wave velocity determinations under this region
(Ve = 8.0-8.2 km/sec) (SLaviNna and Fepotov, 1969).

The small differences between V: values for intrusive pyroxenites
and amphibolites (see Table 2) once more indicate to us that it is
impossible to determine the mineralogical composition of the upper
mantle only on the basis of seismic data. It is not excluded that the
velocity anomaly observed under Kamchatka reflects not so much
differences in the composition of the mantle under particular struc-
tures as differences in the physical conditions.

The observed part of the mantle between the crust and the focal

10
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zone is characterized by low seismicity, and is the area of location
of magmatic chambers (Gorstkov, 1967; Fepotov and FARBEROV, 1966;
GoreLcHIK and FARBERov, 1969). These facts allow one to suppose the
existence of high temperatures and tension stresses in this part of
the mantle.

The lowest velocities (Ve = 7.2 km/sec) are observed for seismic
waves passing under the area of the Kliuchevskaya group of volcanoes
and, further on the south, under other volcanic zones. Therefore the
Vr minimum may correspond to the maximum tension stresses in
the upper mantle. This is confirmed from a physical point of view
by the experimental data on the decrease of the V, in granite and
marble by ca. 9 % under the influence of tension stresses ranging
jrom 40 to 70 kg/cm? (RzEvsky et al., 1969).

Some decrease in the Vp velocity may be also due to lateral
refraction of the seismic waves passing through magmatic chambers
located in the upper mantle.
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