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Ultrasonic velocities in cores from the Kola superdeep well
and the nature of subhorizontal seismic reflections

Lev Vernik
Department of Geophysics, Stanford University, Stanford, Calfiornia

Stephen Hickman and David Lockner
U.S. Geophysical Survey, Menlo Park, Calfiornia

Michael Rusanov
Nedra Enterprise, Zapolyarny, Russia

Abstract. P wave velocity and orthogonally polarized S wave velocities were
measured on 12 cores recovered from the Kola superdeep well at depths of 0 to
12 km. Measurements were made along the core axis at a frequency of 1 MHz, at
confining pressures ranging from 2 to 100 MPa, and under dry and water-saturated
conditions. Cores were chosen to sample a variety of lithologies and were used to
estimate interval velocities based on a simplified geological column of the well. These
interval velocities were then compared with sonic log and vertical seismic profile
(VSP) data. High-pressure lab velocities correlated primarily with rock composition
and texture. These laboratory velocities are generally in good agreement with both
sonic log and VSP data, suggesting that extremely low velocities, as measured in
unconfined laboratory samples or at low confining pressure, are the result of drilling
and core-recovery-induced damage. The magnitude of this microcrack-induced
damage generally increases with depth in a stepwise manner but with a few notable
inversions. These inversions are characterized by a relatively small reduction in
dry unconfined velocities compared to the in situ velocities. We interpret these
inversions to be due to localized in situ stress relief related to faulting, fracturing,
and/or hydrothermal alteration. We also observed pronounced S wave splitting in
the cores, the analysis of which suggests that the stress relief microcracks tend to
be aligned parallel to the foliation in gneisses and amphibolites (dip angle 28°-45°)
rather then being subhorizontal. These observations have important implications for
the nature of gently dipping seismic reflections detected in the immediate vicinity

of the Kola well.

Introduction

Deep and superdeep continental drilling is critical for
improving our understanding of the composition, struc-
ture, and physical conditions in the upper crust. Two
of the most fundamental problems facing contempo-
rary seismology are understanding the nature of sub-
horizontal seismic reflectors and layered upper crustal
velocity inversions (or wave guides). Both of these fea-
tures have been observed in the wide-angle seismic re-
flection and refraction surveys and the vertical seismic
profile (VSP) data collected in the vicinity of the Kola
well [Litvinenko, 1975; Pavlenkova, 1989]. At Kola,
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the subhorizontal seismic reflectors are confined largely
to depths of 7.5-8.5 km, immediately beneath the 6.8-
km-deep lithologic boundary separating the Proterozoic
metavolcanics and the Archean gneissic basement com-
plex. VSP and acoustic log data reveal a pronounced
velocity inversion within the Kola Proterozoic complex
at 4.3 km depth. From this depth to the bottom of the
well, in situ P wave velocities are about 500 m/s lower
than they are throughout much of the shallower section
of the well.

While the observations of subhorizontal reflectors and
a velocity inversion in the upper crust penetrated by
the Kola well are now well established [e.g., Kozlovsky,
1987], the origin and nature of these features are still
highly controversial. One interpretation of the Kola
low-velocity zone was given by Kremenetsky [1990], who
suggested that from 4.3 to 9.5 km depth there exists a
layer with enhanced porosity and microscopic fractur-
ing containing free water. Kremenetsky proposed that
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this layer formed as the result of in situ mineral dehy-
dration and pervasive microscopic hydraulic fracturing
during the process of regional metamorphism (see also
Kremenetsky and Krivtsov [1991]).

To account for the subhorizontal seismic reflections
observed at Kola, Mints et al. [1987] resorted to petro-
physical observations [ Vernik et al., 1987] in unconfined
cores retrieved from depths below 4.5 km. A dramatic
increase in porosity and oriented microcracking gave
rise to a strong velocity anisotropy in these samples.
In particular, a general correlation between these core
properties and the severity of stress-induced borehole
elongation (breakouts) led Mints et al. to postulate
that the reflections clustering at 7.5-8.5 km are due
to subhorizontal dilatant microcracks induced by high
contemporary .differential stresses. A critical review of
this hypothesis is given by Vernik and Nur [1992], who
studied ultrasonic velocities and velocity anisotropy of
cores retrieved from the Cajon Pass well, located 4 km
from the San Andreas fault in California.

In this paper we address these issues directly by mea-
suring ultrasonic velocities and shear wave splitting on
cores from the Kola well over a wide range of confin-
ing pressures and then comparing the results with sonic
log and VSP data. We argue that it is unnecessary to
appeal to the presence of elevated fluid pressures and
pervasive microscopic hydraulic fracturing in the rock
at depth surrounding the Kola well. Rather, the general
increase in core porosity and the decrease in ultrasonic
P and S wave velocities with depth at low confining
pressur : are likely the result of sample retrieval effects
such as stress relief cracking, thermal cracking, and core
disking. Similar conclusions were reached regarding
measurements of permeability and electrical resistivity
on cores taken from the Kola well [Lockner et al., 1991;
Morrow et al., 1994]. Finally, by comparing our labora-
tory meausurements with sonic log and VSP data, we
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show that the velocity inversion observed below a depth
of 4.3 km at Kola is most likely the result of variations
in bulk chemical composition and foliation-induced seis-
mic anisotropy.

Sample Description and Method

The geological section of the Kola well can be briefly
described as follows [Kozlovsky, 1987]: (1) The bore-
hole penetrated Proterozoic complex rocks from 0 to
6.8 km, with basic composition metavolcanics from 0-
1.0 km, a metasedimentary sequence in the depth range
of about 1.0 to 2.8 km, basic metavolcanics from 2.8
to 4.5 km, and intermediate metavolcanics dominating
from 4.5 to 6.8 km; and (2) between 6.8 and 12 km
the well intersects an Archean gneiss-migmatite com-
plex with ubiquitous amphibolite bodies up to 30 m
in thickness. Regional metamorphism of Proterozoic
age has affected both complexes, effectively obliterat-
ing textural differences between the metavolcanics and
underlying gneisses. A transition from greenschist to
epidote-amphibolite metamorphic facies occurs at 4.3
4.5 km, below which the rock is uniformly foliated due
to the preferred orientation of minerals such as mica and
amphibole. A brief petrographic description and some
physical properties of the samples are given in Table 1.
It is clear that the bulk density primarily reflects the
mineralogical composition of these rocks. Note also that
the porosity as measured in unconfined cores generally
increases with depth, being higher in gneisses than in
amphibolites at comparable depths.

Velocity measurements were conducted on 12 cy-
lindrical samples (2.5 cm in diameter, 1.5 £+ 0.3 cm
long) obtained from the Kola well to represent the ma-
jor lithologies intersected by the well and two samples
from nearby surface outcrops. Cores were oriented with

Table 1. Composition, Texture, Bulk Density, and Porosity of Samples Studied

Depth, Lithology Major Minerals* Texture™ Dip Density, Porosity,!

Angle g/cm?® %

0 gneiss Plyo-30,Q,Bi Foliated, m.-gr. 45° 2.67 0.37

0 diabase Pls_10,cPx,Chl Massive, f.m.-gr. 2.89 0.19

936 diabase Pls_10,cPx Massive, f.-gr. 2.98 0.11

2948 metadiabase Pls_19,Act, Chl Massive, f.-gr. 2.95 0.10

6320 amphibolite Plio—30,Hb,Q Foliated, fm.-gr. 32° 291 0.57

7042 gneiss Plig—30, Q,Bi, Mu Foliated f.-gr. 40° 2.67 0.87

7651 amphibolite Plijg-30, Hb,Q,Bi  Foliated, f.-gr. 45° 2.94 0.78

7670 gneiss Plio—30, Q,Bi,Mu  Foliated, f.-gr. 37° 2.73 1.13

8632 gneiss Plio-30, Q,Bi Foliated, fm.-gr.  40° 2.66 1.02

8723 amphibolite Plso—50, Hb,Q Foliated, m.-gr. 43° 3.07 0.69
11386 amphibolite Plig_s50, Hb,cPx,Q Foliated, m.-gr. 42° 2.95 0.7

11658 gneiss Plio—30, Q,Bi,Mu  Foliated, f.-gr. 28° 2.71 1.23

*The subscript indicates the amount of anortite component in plagioclase.
+M.-gr., medium-grained rocks with grain sizes 0.1-1.0 mm; f.-gr., fine-grained rocks with

grain sizesess than 0.1 mm.

t Porosity is determined by comparing dry and water-saturated densities of unconfined

samples and is accurate to within 0.02%.
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the cylinder axis either parallel to the borehole axis (for
borehole samples) or vertical (for surface samples). De-
viation of the Kola borehole from the vertical averaged
about 5 degrees, reaching a maximum of 17 degrees at
10.0-10.5 km. Velocity of compressional (P) and or-
thogonally polarized shear (S.,S)) waves were mea-
sured along the cylinder axis using 1-MHz piezoelectric
transducers glued to titanium end caps. Measurements
were conducted first on laboratory dry and then fully
water-saturated samples at confining pressures P, rang-
ing from 2 to 100 MPa. Complete sample saturation was
achieved utilizing a combination of capillarity effects
and pore evacuation. A core plug was first immersed in
water to cover 25% of its height and a vacuum was ap-
plied to the sample for 2 hours. The vacuum was then
removed and the process repeated at 50%, 75%, and
100% immersion. After the final evacuation, the sam-
ple was left immersed in water at atmospheric pressure
until the start of the experiment (about 24 hours).

Pore pressure was maintained at 0.1 MPa throughout
these experiments so that the effective pressure P,y was
nearly equal to P.. Although the maximum confining
pressure used in the present study (100 MPa) is con-
siderably less that the calculated effective overburden
pressure at 12 km (~210 MPa), Vernik and Nur [1992]
used the data of Lebedev [1975] to suggest that veloci-
ties measured in the laboratory at a confining pressure
of 100 MPa and room temperature should closely ap-
proach the in situ velocities of rocks at upper crustal
depths due to the trade-off between the velocity reduc-
tion induced by an increase in temperature with depth
and the velocity increase resulting from an increase in
confining stress with depth. This suggestion is in ac-
cord with our observation (see below) that P and S
wave velocities measured in the laboratory at 100 MPa
are generally in close agreement with in situ velocities
determined from sonic log and VSP data.

For anisotropic materials, S, and S| are, in fact,
quasi-shear due to a superimposed component of longi-
tudinal particle motion. In our experiments, the shear
wave transducers were oriented such that the predomi-
nant S| and S| particle motions were perpendicular to
the cylinder axis, with S, polarized in the plane normal
to foliation and S, polarized parallel to foliation (Fig-
ure 1). Such an arrangement allows the extent of shear
wave splitting to be determined for the vertical prop-
agation direction. Both P and S wave velocities were
determined by picking the first departure (or break) of
the amplitude signal from a background level. The ac-
curacy with which P and S wave velocities could be de-
termined was estimated to be approximately £1% and
+1.5%, respectively.

Results

Ultrasonic Velocities in Cores

The variation in velocities with confining pressure for
the most typical samples from our collection is shown
in Figures 2, 3, and 4. In the diabase (936 m) and
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Figure 1. Orientation of cores with respect to prop-
agation and polarization directions of P, S1, and )
waves. The foliation dip angles 8 are given in Table 1
and range from 28° to 45°. (a) Hornblende lineation
parallel to the foliation dip direction, as is typical of
the lower part of the Proterozoic sequence in the Kola
well (e.g., amphibolite from 6320 m); (b) hornblende
lineation parallel to the foliation strike, as is typical of
the Archean portion of the well.

metadiabase (2948 m) samples, representing the upper
(basic in composition) part of the Proterozoic complex,
the P and S wave velocities are uniformly high, showing
only a small linear increase with pressure and remaining
isotropic at all pressures (Figure 2a). Although these
velocities are largely independant of sample saturation,
a slight nonlinearity in dry P velocity with confining
pressure should be noted for the metadiabase. The
foliated and lineated amphibolite (6320 m), represent-
ing the lower part of the Proterozoic complex, shows
completely different velocities and variations in velocity
with pressure (Figure 2b). The dry P wave velocity in
this rock dramatically increases with pressure from 3.6
to 6.4 km/s, remaining 0.3-0.4 km/s lower than Vp in
rocks from the upper part of the Proterozoic (Figure 2a)
at the highest confining pressures used. The magnitude
of Vp also increases dramatically when this rock is sat-
urated with water (Figure 2b). In addition, the amphi-
bolite demonstrates a clearly anisotropic behavior, with
Vs < Vsi. As discussed below, this anisotropy can be
attributed to the Vs, polarization plane being parallel
both to the foliation dip direction and the hornblende
lineation direction in this core (Figure 1a). It is inter-
esting to note that Vs, (and, to a much lesser extent,
V) at low confining pressures also increases when the
rock is saturated, although the effect was much smaller
than observed for P velocity.

Figure 3 shows velocities plotted as function of con-
fining pressure for two samples retrieved from the meta-
gabbroic amphibolite bodies abundant in the Archean
section of the Kola well (i.e., below 6.8 km). In gen-
eral, these amphibolites display a velocity variation
with pressure similar to that of the amphibolite from
6320 m. However, some distinctive features should be
emphasized: (1) the dry P and both dry S velocities at
low confining pressure (2-5 MPa) decrease with increas-
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Figure 2. P and S wave velocities measured along the
core axis versus confining pressure in dry (open sym-
bols) and saturated (solid symbols) metavolcanics from
the (a) upper and (b) lower portions of the Protero-
zoic Pechenga Complex in the Kola well. In (a) both
S, and S| were measured but found to be identical to
within the resolution of these measurements, thus only
one symbol is shown.

ing depth, (2) Vg > Vs, which is typical of samples
we studied from depths greater than 6.8 km in the Kola
well, where the hornblende lineation is parallel to the
foliation strike and hence to the Vg polarization plane
(Figure 1b), (3) the difference between Vs, and Vg
(i.e., the shear wave anisotropy) increases with depth,
and (4) the high-pressure P and S velocities in clinopy-
roxene amphibolite (11,386 m) are higher than those
recorded for the amphibolites from 6320 m and 8723 m.

Figure 4a shows velocities in a typical gneiss from
a relatively unweathered surface outcrop of Archean
complex as compared (Figure 4b) to a similar lithol-
ogy from almost 12 km depth in the Kola well. The
former shows high-pressure velocities (Vp = 6.06 km/s,
Vs = Vg = 3.63 km/s) typical of acid gneissic rocks
sampled elsewhere [Christensen, 1965] and moderate
nonlinear increase in velocity with pressure. The gneiss
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from a depth of 11,658 m shows all the features charac-
teristic of other superdeep cores recovered from the Kola
hole with two notable exceptions: (1) both P and S ve-
locities are lower than typical for a rock of this compo-
sition, even at 100 MPa (compare work by Christensen
[1965] and Figure 4a) and (2) about the same increase
is observed in both S velocities when the sample is sat-
urated with water at low confining pressures.

The general trend for the pressure sensitivity of the
dry S and P wave velocities to increase with increas-
ing depth is emphasized in Figure 5. The increase in
pressure sensitivity of the P velocity with depth in the
Kola well has been discussed by Vernik et al. [1987] and
Vernik and Nur [1992]. These earlier studies used ultra-
sonic velocity measurements which were made along the
core axis at atmospheric pressure and carried out im-
mediately after core recovery. Averaging of those data
within geologic units and normalizing by the respective
high-pressure values allowed us to generate a depth sec-

km/s
[4,]

L TN
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Figure 3. P and S wave velocities measured along the
core axis versus confining pressure in dry (open sym-
bols) and saturated (solid symbols) metagabbroic rocks
from the Archean section in the Kola well. (a) Amphi-
bolite from a depth of 8723 m and (b) clinopyroxene
amphibolite from a depth of 11,386 m.
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Figure 4. P and S wave velocities measured along the
core axis versus confining pressure in dry (open sym-
bols) and saturated (solid symbols) gneisses from the
Archean section sampled (a) on the surface and (b) at
a depth of 11.7 km in the Kola well.

tion showing the ratio of Vp measured dry at 0.1 MPa
to Vp measured dry at 100 MPa (reproduced as a solid
line in Figure 5). Note that this ratio decreases in a
stepwise manner with depth, with some of the sharpest
drops occurring at 4.3-4.5 km and 6.8 km. These drops
are roughly coincident with the textural boundary be-
tween massive and foliated rocks and the structural and
compositional boundary between the Proterozoic and
Archean complexes, respectively. Measurements made
at low confining pressure (2 MPa) in the present study
(solid symbols) agree well with those earlier data as
well as with the results of Gorbatsevich et al. [1991],
even though our data indicate a somewhat lower gra-
dient in the pressure sensitivity of the P wave velocity
in the lower half of the well. We interpret the overall
decrease in relative velocities (i.e., increase in pressure
sensitivity of velocity) with depth observed in both data
sets as indicating an increase in the severity of cracking
caused by the effects of core retrieval. Measurements
of the pressure sensitivity of permeability and electrical
resisitivity on cores from the Kola well similarly indi-
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cate an increase in the density and compliance of stress
relief/thermal cracks with depth [Lockner et al., 1991;
Morrow et al., 1994].

Several localized intervals in the lower portion of the
well between 8 and 11 km are characterized by spikes
on the velocity ratio curve, signifying much smaller
damage-related decreases in Vp (Figure 5). These in-
tervals normally coincide with a considerable reduction
in the severity of stress-induced well bore elongation
(breakouts) inferred from the four-arm caliper data in
the Kola well [Vernik and Zoback, 1989] and intense
faulting and fracturing accompanied by hydrothermal
alteration of rocks. Similar intervals exhibiting a re-
duced intensity of breakout formation associated with
fractured or faulted zones have been reported for a
number of wells, including the Cajon Pass, Califor-
nia [Vernik and Zoback, 1992], and Gravberg, Sweden
[Stephansson et al., 1989], deep holes. In many cases,
these anomalous intervals can be explained by reduc-
tions in differential stress magnitudes (and stress rota-
tions) induced by slip on faults cutting these wells [Bar-
ton and Zoback, 1994]. We think that similar processes
might be responsible for the spikes seen in Figure 5, al-
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Figure 5. Average dry unconfined P wave veloci-

ties (solid line from Vernik et al. [1987]) and dry low-
pressure P wave velocities (2 MPa; circles, this study)
versus depth in the Kola well. All velocities are nor-
malized to the dry P wave velocities measured in this
study at 100 MPa. Error bars are derived from multiple
measurements by Vernik et al. [1987] using from 18 to
204 samples per depth interval and are shown at £ 2
standard deviations.
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though it is not clear whether this apparent stress relief
is a local phenomenon confined to the fractured well
bore wall or represents a stress low in the surround-
ing rock mass. Unfortunately, none of these intervals
is represented in the limited collection discussed in the
present paper.

Attitude of Damage-Induced Microcracks
in Cores

Damage-related velocity reduction is also displayed
in Figure 6a, where the percent decrease in S velocity
(AVs) in both dry and saturated samples upon unload-
ing from 100 MPa to 5 MPa is plotted versus depth for
the lower half of the Kola well. As discussed previously,
note that the pressure sensitivity of Vs is considerably
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Figure 6. (a) S wave velocity decrease (AVs) due to
drilling and core-recovery-induced damage as confining
pressure is decreased from 100 MPa to 5 MPa and (b)
a model demonstrating the effect of S wave velocity re-
duction due to introduction of foliation-parallel micro-
cracks into amphibolite at low (5 MPa) confining pres-
sure. Note that greater AVs values are predicted for
S than for S waves in dry cores for a typical foliation

dip angle of 40°.
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greater for dry than for wet rocks. Of primary interest
is the fact that in dry rocks AVg; > AVg, that is, the
percent drop in S velocity is always higher than that
in ) velocity. Such a relationship is expected for an
intrinsically anisotropic rock with microcracks aligned
parallel to the symmetry plane (foliation in our case), as
is often the case for mica-rich schists and amphibolites
at low pressure.

To illustrate this point, we first consider the following
model of an intrinsically anisotropic amphibolite with-
out cracks, in which, for simplicity, the rock is assumed
to be transversely isotropic (TI) with the bulk density
p = 3.0 g/cm® and the five elastic constants (in GPa)
C11 = 160, C’33 = 94, 066 = 45, C44 = 27, and 013 = 40.
The dispersion equations for shear velocities of TI me-
dia are [ White, 1965]

Cées sin? +Cyy cos? 4

Va6 =
51(0) ’
A+ B—/(A—-—B)2+4G?
Va0) = (a5
p
A = Cy sin20+C44 cos? 6 (1)
B = Cy sin20+C'33 cos® 9

G = (C’13+C44)sin9-cos0

We next incorporate the effect of dry microcracks align-
ed parallel to the rock foliation using Hudson’s [1981]
formulation

V.SgJ_ @) = i [1 - 1—367lc { );\—:_2: sin% @ - cos? 9 +
A4+2p . o
AT dn (cos” @ — sin* §) (2)
16 A2
G0 = oL (A58

where 3 is the shear velocity of the crack-free matrix, A
and p are the Lame constants of the rock matrix, and
n, = vad is the crack density parameter, where a is
the crack radius and v is the number of cracks per unit
volume. In (2), the rock matrix is taken to be isotropic,
with the numerical values of A = Ci3 and g = Cy.
The crack density parameter can be related to crack
porosity ¢. for a given crack aspect ratio ¢, using ¢, =
(4/3)am,. The phase velocities for the intrinsically
anisotropic rock with foliation-parallel microcracks can
then be computed as

Vs1,51(0) = Vs, 5(8) = [B- V5L 0]  (3)

where V§ 1,5)(6) are the intrinsic velocities given by (1)
and Vg, g, (6) are the respective velocities due to cracks

given by (2). Because most of the microcracks close at a
confining pressure of 100 MPa in the Kola well cores, the
shear velocities for P, = 100 MPa can be approximated
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by (1), whereas those of the same rock at P, = 5 MPa
and dry conditions are given by (3).

The predicted variations in S, and S velocities with
incidence angle obtained in this manner for a rock with
a relatively low crack porosity of 0.15% are shown in
Figure 6b. This analysis indicates that for the S wave
incidence angles in the range 28°-45° of interest to us
(Table 1), the S, velocity drop for the pressure release
from 100 MPa to 5 MPa should always exceed that for
S| velocity, in agreement with our measurements (Fig-
ure 6a). The effect is predicted to be even stronger
for the higher crack porosities typical of cores retrieved
from the lower half of the Kola well (Table 1). Thus
the strong control that the foliation plane exerts on the
development of drilling-induced microcracks is reflected
in both the magnitude and the presure sensitivity of the
velocity anisotropy in cores recovered from great depth
in the Kola well. Note that this analysis would lead
to the equality AVs, = AVj if the microcracks were
aligned in the horizontal plane, normal to the core axis
(Figure 6b).

Comparison of Ultrasonic, Acoustic,
and Seismic Velocities

It is interesting to compare our high-pressure results
with sonic log and VSP data [M. Lizinsky, pers. comm.,
1980; see also Karus et al., 1987] from the Kola well
(Figure 7). It should be noted from the outset that
such a comparison should be conducted with caution,
especially in the Archean basement because of the great
lithological diversity present. In particular, because
of the banded structure of the migmatite-gneiss com-
plex and the large number of Proterozoic dikes and sills
present in this well below 6.8 km, in situ velocities would
be expected to exhibit greater variability than labora-
tory measurements conducted on a limited number of
core samples. Nonetheless, there is a good consistency
between the core and VSP/sonic log data, with the ex-
ception of the two shallowest and two deepest cores
studied. At least for the shallowest core studied, this
discrepancy is likely to be caused by the blocky nature
of metavolcanics in the upper 0.4 km of the well, where
macroscopic cracks and joints bounding these blocks
should affect the in-situ velocities more than measure-
ments on relatively intact core. The large disparity be-
tween laboratory and in situ velocities in the lowermost
portion of the well is probably an artifact of inadequate
sampling of a highly differentiated rock formation (i.e.,
high-velocity clinopyroxene amphibolite bodies hosted
by banded migmatized gneisses). Moreover, the mica
gneiss from 11,658 m was severely damaged during core
retrieval, and its velocities may not be representative of
the rock in situ, even at 100 MPa.

Using estimates of the distribution and thickness of
amphibolite bodies in the Archean complex [e.g., Ko-
zlovsky, 1987], we used our wet high-pressure (100 MPa)
core measurements to calculate P and S wave veloci-
ties over discrete depth intervals corresponding to the
identified geological units in the lower half of the Kola
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Figure 7. Comparison of our high-pressure (100 MPa)
P and S wave velocity measurements made on saturated
samples with VSP and sonic log data and a generalized
geologic section of the Kola well. The metasedimentary
sequence in the interval 1.0-2.8 km (horizontal ruling)
is distinguished from the adjacent metavolcanics in the
Proterozoic complex by having lower overall P and S
wave velocities. Horizontal line segments in the Archean
denote the most significant (i.e., thickest) amphibolite
bodies.

well (Figure 8). These interval velocities were estimated
by first obtaining thickness-weighted velocity-averaged
(V) and time-averaged (V;) velocities for each unit us-
ing
v, Vihi; Vi Py 4

v = z': iy t — Zt: ‘/1, ( )
where h; is the apparent thickness of a lithologic layer in
the well, and then taking an arithmetic average of these
two velocities in a way similar to Hill's [1952] average
of Voigt and Reuss models. These values are compared
with sonic log and VSP data in Figure 8. Good agree-
ment with VSP data, which is also averaged over the
same geological units, is clear for P waves. In particu-
lar, in both data. sets, intervals containing a large den-
sity of amphibolite bodies (8.7-9.2 km) display a some-
what higher Vp, whereas those composed of mica-rich
gneisses (6.9-7.6 km) are characterized by low veloci-
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Figure 8. VSP and sonic log data from the lower por-
tion of the Kola well compared to the interval velocities
calculated based on amphibolite body abundances (8 to
50%) in Archean quartzo-feldspatic gneisses and gran-
ites.

ties. Note that the S velocity derived from VSP data
shows greater variability with depth than do the core
averages.

Discussion

Velocity Structure of the Crust Sampled
by the Kola Well

The results of ultrasonic velocity measurements con-
ducted along the core axis to 100 MPa confining pres-
sure in conjunction with VSP and acoustic log data
indicate a pronounced differentiation of the Kola well
section, with the massive basic metavolcanics from 0 to
1.0 km and 2.8 to 4.3 km in the Poterozoic complex
exhibiting the greatest velocities (Figure 7). The rela-
tively low P and S wave velocities from 1.0 to 2.8 km
depth can be explained simply by the presence of meta-
sedimentary rocks in this interval. The velocity in-
version below 4.3 km depth can be attributed to (1)
the volcanics in the lower part of the Proterozoic com-
plex being more intermediate in composition (andesite-
basalt) than are the basaltic rocks above 4.5 km and
(2) a transition from greenschist to epidote-amphibolite
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metamorphic facies occurring at roughly this depth and
the associated transformation of massive textures into
schistose and foliated textures below 4.3 km. This meta-
morphic foliation is produced by the preferred orienta-
tion of minerals and shows a remarkable consistency in
attitude (28°-45° dip angle) from the lower Protero-
zoic complex well into the Archean complex [Kazansky,
1988]. The compressional velocity reduction of about
0.3 km/s at a depth of 4.3 km (Figure 7) is primar-
ily a result of the textural transformation from mas-
sive diabases (Vp = 6.8 km/s) to foliated amphibolites
(Vp = 6.5 km/s) which is superimposed on a relatively
constant bulk chemical composition.

Further reductions in velocity due to changes in over-
all rock composition toward more acid lithologies are
observed &t 4.5 km and 6.8 km (Figure 7), marking the
transitions from the upper to the lower series within
the Proterozoic volcanic complex and from the Pro-
terozoic volcanics to the Archean gneisses, respectively.
The high-pressure vertical laboratory P wave velocity
in amphibolites typical of the depth interval 4.5-6.8 km
is about 6.5 kmm/s (Figure 2b). This velocity value
agrees with the range (6.2-6.5 km/s) obtained in the
same interval by acoustic log and VSP surveys and is
generally about 0.3-0.6 km/s higher than both labora-
tory and in situ vertical P wave velocity measurements
in gneisses below 6.8 km (Figure 7). It is important
to note, however, that the velocity of the fastest shear
wave, represented by S, mode to a depth of 6.8 km
and the S| mode below this depth (Figures 2, 3, and
4), shows much less variation with depth than that ex-
hibited by the P wave velocity (Figure 7). In particu-
lar, the reduction in S wave velocity should have been
greater than the reduction in P wave velocity observed

below about 4.3 km if the overall velocity decrease with
depth at Kola were related to pervasive microcracks in
the crust, as proposed by Kremenetsky [1990].
Application of an equivalent-channel model to mea-
surements of permeability and electrical resistivity on
cores from the Kola well indicate that the highly com-
pliant stress relief cracks controlling fluid and current
flow at low pressures are largely closed at confining pres-
sures greater than about 100 MPa [Lockner et al., 1991;
Morrow et al., 1994)]. Thus it is not surprising that labo-
ratory velocity measurements made in the present study
at confining pressures of 100 MPa show good agreement
with P wave velocities derived from acoustic logs (Fig-
ure 7) and that the average velocities calculated over
discrete, geologically homogeneous intervals in the well
are generally consistent with interval velocities from
VSP surveys (Figure 8). Thus it is not necessary to
speculate on the existence of the mineral-dehydration-
induced, free-water-filled in situ microcracks to account
for the low velocity zone below 4.3 km, as suggested by
Kremenetsky [1990]. As discussed above, the observed
velocity reduction can simply be explained through the
combined effects of variations in lithology and rock
fabric. Furthermore, the regional metamorphism to
which Kremenetsky attributes these microcracks took
place during the Proterozoic (i.e., some 1.5-2 b.y. ago
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[Kazansky, 1988]). Thus it is highly unlikely that free
water could have been retained in the gradually cool-
ing rock mass for such a long period of time without
these microcracks being fully healed or sealed via min-
eral dissolution and precipitation processes [e.g., Smith
and Evans, 1984; Brantley et al., 1990]. In addition,
the pronounced disparity between the P wave veloc-
ities inferred from measurements on core samples by
Kremenetsky [1990] and both our experiments and the
laboratory velocity measurements of Gorbatsevich et al.
[1991] suggests that many of the microcracks Kremenet-
sky attributed to pervasive in situ hydraulic fracturing
are actually the result of stress relief and thermal crack-
ing during drilling and core retrieval that were not fully
corrected for in his analysis.

In a similar petrophysical study of cores from the
KTB well in Germany, Kern et al. [1991] infer that the
foliation-controlled microcracks occur in situ to at least
4 km. They found an especially strong discrepancy be-
tween the velocities measured at realistic in situ con-
fining pressures in the laboratory and velocities deter-
mined from sonic logs over the top 1.0-1.5 km of the
well. They interpret this discrepancy to be related to
the abundance of open or partially filled macroscopic
natural fractures in the top several hundred meters of
the crust, as also observed from the surface to about
0.4 km in the Kola well. However, we believe that
microcracks could also have been introduced into their
core samples as a result of core-retrieval-related effects,
as described above for the Kola well. In particular,
many of the microcracks in our cores were still open at
P, close to the effective overburden pressures estimated
for the KTB well at 1.0-1.5 km (~18-26 MPa). Addi-
tional work on the KTB cores is warranted to solve the
apparent controversy.

On the Origin of Subhorizontal
Sesimic Reflections

Interpretation of the subhorizontal seismic reflections
detected by wide-angle reflection and refraction surveys
at depths of 6-9 km, and notably clustered around 7.5-
8.5 km, is presently a difficult task and requires addi-
tional seismic studies (including multioffset VSP and
forward modeling of wave propagation as suggested by
Pavlenkova [1989]). Mints et al. [1987] proposed that
these reflectors were related to tectonically induced dila-
tancy and even incipient subhorizontal shearing of rocks
at depth in response to a dramatic increase in horizontal
tectonic stresses immediately below the base of the Pro-
terozoic complex. However, two considerations lead us
to reject this hypothesis. First, the observation that ve-
locities in situ are similar to velocities measured at high
confining pressures in the laboratory (Figures 7 and 8)
precludes the existence of pervasive open microcracks at
depth. Second, the increase in severity of wellbore elon-
gation below 6.8 km, which is especially notable in the
interval from 7.0 to 8.5 km, can be fully explained by a
pronounced reduction in rock strength at these depths
related to the abundance of mica-rich gneisses | Vernik
and Zoback, 1989]. Thus it is not necessary to call on
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a dramatic increase in the horizontal component of the
stress field, as advocated by Mints et al. [1987].

We believe, rather, that the observed increase in mi-
crocrack porosity with depth as measured in the core
at ambient pressure (Table 1) and the corresponding
decrease in the unconfined or low-pressure dry velocity
measured on cores relative to in situ values (Figures 5
and 6) can be explained through a number of processes
which are widely recognized as exerting a profound in-
fluence on crack-sensitive physical properties in cores
recovered from deep boreholes (see, for example, Vernik
and Nur [1992]). Processes which are expected to in-
troduce cracks into the core during drilling and core
recovery include (1) differential elastic rebound of min-
erals in the core as it is removed from the in situ stress
field (stress relief [e.g., Nur and Simmons, 1970; Wang
and Simmons, 1978; Kowallis and Wang, 1983; Zang
and Berckhemer, 1993)); (2) stress concentrations at the
bottom of the hole, ultimately resulting in core ruptur-
ing and disking [Obert and Stephanson, 1965; Maury
et al., 1988]; and (3) thermal cracking due to core
cooling upon recovery [see Bauer and Johnson, 1979;

Fredrich and Wong, 1986).

Our measurements and interpretation of the vertical
shear wave splitting in the core at low confining pressure
suggest that most of the drilling-induced microcracks
tend to be aligned parallel to the weak direction in the
rock, such as foliation defined by mica flakes in gneiss
and hornblende prisms in amphibolite. Thus, even if
those cracks were preexisting (as proposed by Mints
et al. [1987]) they cannot easily explain the subhori-
zontal reflectors observed at Kola because of the 30°or
greater dip to the foliation encounted in this well, un-
less there exist discrete subhorizontal zones of inclined
microcracks in the mid to upper crust.

Recent analysis of the seismic reflection and deep seis-
mic sounding (DSS) data in the Kola area by Pavlen-
kova [1989] suggests that in order to successfully model
the high-velocity reflections and the boundary veloc-
ity of V, = 6.5 — 6.6 km/s from DSS data at 7.5-
8.5 km depth one needs to introduce thin, high-velocity
layers of limited lateral extent into the geological sec-
tion. In this respect we should point out that such
layers are abundant in the vicinity of the Kola well,
in the form of amphibolite bodies equivalent in com-
position to the basic metavolcanics composing the up-
per part of the Proterozoic complex. These bodies are
normally 5 to 30 m thick, occur in the depth range
from about 6 km to at least the bottom of the hole,
and are most highly concentrated at depths from 7.5 to
9.0 km (composing 40-50% of the overall stratigraphic
thickness in some intervals). Although the attitudes
of these bodies are largely unknown, some of them
may occur subhorizontally (e.g., sills) so that the gross,
long-wavelength properties of the rock mass at these
depths could become highly anisotropic [see Backus,
1962]. This anisotropy would result from the superposi-
tion of (1) velocity anisotropy resulting from a high vol-
ume percent of imbedded elongated amphibolite bod-
ies, wherein the amphibolites have a measured velocity
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contrast of about 0.4 km/s and a density contrast of
about 0.3 g/cm® compared to the host rocks, and (2)
the intrinsic velocity anisotropy typical of mica gneisses
and foliated amphibolites. This interpretation is qual-
itatively consistent with the observation that, in the
granitic gneisses at Kola containing 40-50% amphibo-
lites, the vertical P wave velocities from VSP surveys
are about 6.2-6.3 km/s whereas the boundary P wave
velocity from DSS, which primarily reflects the horizon-
tal velocity of these same units, is about 6.5-6.6 km/s
[Pavienkova, 1989).

The existence of free water or saline solutions in the
Kola superdeep well is not ruled out by our analysis.
Such fluids apparently saturate some of the localized
fracture zones intersected by the well to almost 12-km
depth [e.g., Kozlovsky, 1987], although the short dura-
tion of geochemical anomalies observed during drilling
of the Kola well indicates that this fluid phase is dis-
tributed in zones of limited extent. Extensive retro-
grade hydrothermal mineralization is indicated along
many of these fracture zones by the presence of low-
temperature mineral phases such as chlorite, albite, and
prehnite.

Conclusions

Measurements made at low confining pressures on
cores from 0 to 12 km depth in the Kola superdeep well
indicate that (at ambient laboratory conditions) poros-
ity increases and ultrasonic P and S wave velocities
dramatically decrease with increasing depth of sample
recovery, at least below about 4-6 km. Strong pressure
sensitivity of these velocities, pronounced S wave split-
ting, and enhancement of velocities upon sample satu-
ration with water are observed at low confining pres-
sures. These results indicate that physical properties
in the deeper samples are strongly influenced by per-
vasive aligned microfractures in the cores. However,
at higher confining pressures the S wave splitting is
reduced to its intrinsic, fabric-related values, and the
sensitivity of velocities to confining pressure and sam-
ple saturation largely disappear, indicating that these
microcracks are mostly closed at confining pressures of
100 MPa. Except for a few localized intervals close to
faults and/or hydrothermal alteration zones, these high-
pressure laboratory velocities correlate well with P and
S wave velocities measured in situ using vertical seis-
mic profiling and acoustic logs. This correlation indi-
cates that these microcracks are not present in the rock
surrounding the Kola well at depth but, rather, result
from processes such as stress relief, thermal cracking,
and core disking induced during drilling and core re-
covery. Thus, we interpret the decrease in in situ P
wave velocity observed at a depth of about 4.3 km in
the Kola well as resulting from bulk mineralogical vari-
ations and foliation-induced seismic anisotropy and not
from pervasive in situ microscopic hydraulic fracturing,
as has been sometimes proposed.
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