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Abstract

The Kola Superdeep Borehole (SG-3) provided an ideal opportunity to test hypotheses on the origins of crustal
reflections and on the presence and seismic expression of fluids in the upper crust. The alternative sources of crustal
reflections include compositional changes, shear zones, fluids, and metamorphic facies changes, all of which are
represented at the well. Both the 38-km-long CDP section and the borehole VSPs in the range 2.2—-6.0 km demonstrate the
presence of reflections from dipping compositional layering, shear zones, and fluid-filled zones. Subhorizontal reflectivity
zones are interpreted as horizontal fluid-filled fracture-type reservoir rocks. Results suggest the presence of fluids down
to a depth of at least 12 km in the upper crust; the presence of these fluids lowering seismic velocity causes estimates of
upper crustal composition to be too felsic. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The geologic interpretation of crustal seismic
data is still speculative and raises many questions
concerning the nature of crustal reflectors (e.g.
Fuchs, 1969; Smithson et al., 1977; Christensen,
1989; Valasek et al., 1989; Kremenetsky, 1990;
Pavlenkova, 1991; Mooney and Meissner, 1992;
Levander et al., 1994; Rudnick and Fountain, 1995).
Mooney and Meissner (1992) suggest a large number
of proposed models for the origin of reflections from
the deep crust, including: (1) differing physical prop-
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erties of rocks; (2) lithologic variations; (3) seismic
anisotropy; (4) juxtaposition of different rock types
caused by faulting; (5) ductile shear zones; (6) zones
containing fluids; (7) ductile flow; (8) molten and
partially molten bodies in the crust.

The Kola Superdeep Borehole (SG-3) in the Kola
Peninsula, northwest Russia, is one of the few sci-
entific boreholes [e.g. KTB deep drilling project in
Germany (Hohrath et al., 1992), Gravberg—Siljan
(Juhlin, 1990), Cajon Pass (Rector, 1988)] where hy-
potheses on the nature of crustal reflectivity can be
tested against in situ geological control. The SG-3
borehole has been cored down to the depth of 12.25
km. The comprehensive investigation of its core was
carried out together with different kinds of geophys-
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ical logging experiments in the borehole (Kozlovsky,
1987). Single-fold reflection shooting and deep seis-
mic sounding (DSS) were conducted in the SG-3
borehole region, but until now it has lacked deep-
crustal, common-depth-point (CDP) seismic profil-
ing. To fill this major gap in the knowledge of the
region, a multinational seismic experiment was per-
formed during winter and spring of 1992. The data
acquisition was carried out in cooperation with the
Ministry of Geology of the Russian Republic, the
Institute of Physics of the Earth of the Academy of
Sciences, Moscow, and the Universities of Wyoming,
Bergen, Glasgow and Edinburgh. In addition to a
~38-km-long CDP profile, two deep VSPs (up to 6
km deep) and 4 shallow VSPs (0.5 km deep) were
acquired during this experiment.

The purpose of this publication is to correlate seis-
mic reflections (present on both VSP and CDP data)
with the known geological interfaces along the SG-3
section. This analysis also involves the effect of fluid-
filled voids in association with subhorizontal reflec-
tivity detected in VSP and CDP data in the SG-3
vicinity.

2. Main geological and geophysical features of the
SG-3 borehole region

The Kola Superdeep Borehole is located in the
northeastern part of the Baltic Shield inside the Early
Proterozoic Pechenga—Imandra—Varzuga Greenstone
Belt, which is surrounded by Late Archean terrains.
The main metamorphism, deformation and thrust-
ing in the Belt have occurred ca. 1.95-1.85 Ga
(Melezhik and Sturt, 1994), and its evolution is
compatible with interpretations in terms of modern
plate tectonics (e.g. Berthelsen and Marker, 1986;
Melezhik and Sturt, 1994). The early Proterozoic
Pechenga structure (Fig. 1), one of the largest zones
comprising the Greenstone Belt, can be character-
ized as a synform consisting of two distinct units:
the North and South Zones separated by the Poritash
system of faults. The North Zone is an isometric
SW dipping (20-60°) half-graben separated into sev-
eral blocks by a widespread, transverse fault system
(Melezhik and Sturt, 1994). The South Zone con-
sists of steeply dipping (40-90°), strongly folded and
imbricated rock assemblages.

Stratigraphy of the whole Pechenga structure is

characterized by the cyclical build-up of sedimen-
tary-volcanic formations. Each cycle begins with thin
sedimentary unit and ends with thick volcanic deposi-
tion (Melezhik and Sturt, 1994). Approximately 70%,
by area, of the structure is occupied by volcanic rocks.
The metamorphic grade in the SG-3 section gradu-
ally increases with depth from prehnite—pumpellyite
to amphibolite facies (Fig. 2), though most commonly
it is greenschist in the Proterozoic.

Pillowed and massive tholeiitic basalts and fer-
ropicritic lavas dominate in the upper Proterozoic
part of the SG-3 section (0.0—4.5 km deep) and are
characterized by P-wave velocity of 6.7-6.8 km/s.
Subalkaline basalts with foliated and brecciated tex-
ture (V, = 6.1-6.3 km/s) are more widely spread
from 4.5 to 6.8 km in the SG-3 section. The most
common metasedimentary rocks phyllites, tuffs, and
sandstones are characterized by lower sonic P-wave
velocities ranging from 5.6 to 6.0 km/s. The rest of
the section (6.8—12.2 km) consists mainly of the Late
Archean gneiss—migmatite rocks (V, ~ 6.0 km/s)
hosting abundant amphibolite bodies (V, ~ 6.8
km/s) up to 30 m in thickness. The major shear
zone at a depth of 4.5 km where velocity drops from
6.7 to 5.4 km/s is a boundary separating rocks with
massive from foliated textures. No definite trend in
P-wave velocity variations can be observed in the
depth interval 4.5-11.5 km. Below 4.5 km, velocity
neither increases nor decreases with depth, though
local velocity contrasts reach 1.0 km/s and more.
Gneissosity, foliation, and contact surfaces in the
whole SG-3 section are commonly parallel to each
other and normally dip southwards at angles from 20
to 60°.

Among other gases, helium is the only one that
was not affected by technogenic factors during SG-3
gas-logging because it was not present in the drilling
mud. In the Proterozoic complex (0—6.8 km) helium
accumulations have a local character. Starting from
a depth of 7.7 km, the frequency of an anomalous
amount of helium increases reaching highest concen-
trations in between 10.1 and 10.3 km (Fig. 1.66, p.
244 in Kozlovsky, 1987). High gas concentration in
the Archean rock complex correlates with the zones
of fractured rocks with highly mineralized waters
(Fig. 1.77, p. 273 in Kozlovsky, 1987).

Previous seismic studies in the SG-3 region (e.g.
Karus et al., 1987; Mints et al., 1987; Kremenetsky,
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Fig. I. Geological sketch map of the Pechenga structure. Modified from Melezhik and Sturt (1994).
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Fig. 2. Northern part of the CDP line (migrated scaled time section) in comparison with the P-wave acoustic log data (acoustic
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impedance, reflection coefficient, and synthetic seismogram) and geological information from the SG-3 borehole. Synthetic seismogram

position on the section corresponds to the borehole location. Lithology explanation: /

foliated

dominantly massive basalts; 2 =

basalts and schists with thin interbeds of metasedimentary rocks; 3 = dominantly metasedimentary rocks; 4 = gneisses with schists and

plagio-granites. Horizontal line segments in the Archean denote the thickest amphibolite bodies. R/~R& denote reflections discussed in

the text.
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1990; Pavlenkova, 1991; Digranes et al., 1996; Carr
et al.,, 1996) testify to the presence of numerous
dipping reflections and subhorizontal reflectors con-
centrated below 7 km deep (e.g. Pavlenkova, 1991;
Mints et al., 1987).

3. 1992 year data acquisition and processing

Approximately 20-fold CDP profiling provided
increased signal/noise, lateral resolution and obser-
vation density relative to previously conducted seis-
mic investigations in this region. The 38-km-long
line was shot from south-west to north-east, along a
straight track and ended just north of the borehole.
Four seismic vibrators were used as a source, and
three recording systems were used for data recording
(Table 1). Besides the major CDP line, two deep
VSPs were recorded in the Kola Superdeep Borehole
from a depth of 2.2 to 6.0 km at 25-m intervals. The
source offset was 0.2 km south of the well for VSP-1
and 2.08 km north of the well for VSP-2.

The CDP line was processed to 15 s using an in-

Table 1
The Kola-92 data acquisition parameters

Table 2
The Kola-92 CDP processing parameters

Parameter Description

Pre-CDP processing
Correlation

Interactive editing
Noise-adaptive filtering

Synthetic 10-60 Hz upsweep
Trace killing

Stationary ‘machinery’ noise
(50 Hz and its harmonics and
18 Hz from pumps at the well)

Vertical trace stacking Diversity stack

CDP pre-stack processing flow (all ProMAX tools)
2-D line geometry
Refraction statics
First-break picks Interactive
Refraction statics Interactive
Datum 320 m
Spectral balancing Pass band 10-60 Hz
KLT noise canceler Noise-adaptive filter based on
the eigen-decomposition of the
data covariance matrix
Velocity analysis Repeated three times
SORT to common offset
domain
NMO
DMO
Inverse NMO
Velocity analysis
SORT to CDP domain
NMO Final velocities
CDP stack

Semblance and CVS

Post-stack processing (all ProMAX tools)

FX-deconvolution

Random noise elimination

Parameter Description

Recording

Instrument MDS-10 recording system
Number of channels 96

Coverage 20-fold nominal

Recording time
Correlated record length
Sample rate

Source

Source type

Peak force

Number of vibrators
Number of sweeps
Upsweep frequencies
Sweep length

Source interval
Configuration

Receiver
Geophone type

Receiver interval
Geophone array

Number of components
Nominal offset variations

40 s
20 s
CDP, 4 ms; VSP, 2 ms

Failing vibrators

27,000 pounds

3-4

8

CDP. 10-60 Hz; VSP, 15-90 Hz
20 s

100 m nominal

Off-end

10 Hz Geosource MD81 (vertical)

10 Hz LRS (horizontal)

50 m

10 phones spaced 2.5 m

3 (1 vertical and 2 horizontal)
1000-5450 m

FK and finite-difference
Migration

teractive and iterative processing sequence (Table 2).
The 1992 Kola VSP data processing was reported by
Carr et al. (1996). Two additional processing steps
were added in the present study: (1) interval veloc-
ities were obtained using least-squares inversion of
travel times (Stewart, 1984); (2) deep reflections on
multicomponent VSP records were analyzed using
2-D ray-tracing for dipping interfaces.

4. Seismic wavefield description
4.1. The seismic section along the whole CDP line

The seismic section along the whole CDP line
shows numerous reflections, mostly dipping SW
(Fig. 3a). The section can be subdivided into three
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Fig. 3. Seismic section along the Kola CDP line (a). Post-stack finite difference migration. No vertical exaggeration. Interpretative
cartoon (b) showing major fault zones and lithological units. /-2 = South Pechenga Group, / = metabasaltes and metasediments, 2
= metaandesites; 3—4 = North Pechenga Group. 3 = metabasaltes and metasediments of Pilgujarvi Formation, 4 = metabasaltes and
metasediments of Kolasjoki, Kuetsjarvi and Akhmalahti Formations: 5 = Early Proterozoic rheomorphic granitoids; 6 = Archean rocks;
7 = faults with arrows indicating relative movement. dashed where inferred: 8 = zones of intense schistosity, foliation and mylonitization
showing approximate dip direction; 9 = zones in the crust corresponding to subhorizontal seismic reflectivity.

laterally distinguishable parts: the northern part with monoclinal (~30° SW) dip of reflectors which cut
gradually flattening south dipping reflectors (from 30 off the northern part at about surface station location
to 10°); the central part, which is characterized by 800; and the southern part which interferes with the
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central part in the vicinity of station number 500.
Reflections with the maximum SW dip (50-60°) can
be found south of station 500.

The most coherent and continuous SW dipping re-
flections on the section are interpreted as the fault
zones mapped on the surface (Fig. 3b). The Lu-
otna fault (station 740) manifests transition from rel-
atively undisturbed layering in the northern part to
strongly faulted and folded rocks occurring in the cen-
tral part of the section. The Poritash fault zone (sta-
tion 520) is geologically characterized by a system of
closely spaced imbricate thrust faults along which the
South Pechenga sequence was thrust onto the North
Pechenga units. The southernmost part of the pro-
file crosses a region of granitoid intrusion which may
be allochthonous. The corresponding reflections from
tectonized contact between granitoids and surround-
ing rocks can be found south of station 400.

Numerous subhorizontal reflections with different
degrees of coherency can be observed throughout
the whole section (Fig. 3). Several mechanisms can
be suggested for their generation: (1) subhorizontal
dikes; (2) subhorizontal faults, juxtaposing different
rock types; (3) fluid-filled fracture zones; (4) side-
swipe. We shall discuss below those of subhorizontal
reflections, which appear in the vicinity of the SG-3
borehole.

4.2. Kola 1992 VSP wavefield patterns

The first arrivals observed in the Kola VSPs cor-
respond to an incident P-wave of complicated shape
due to reverberations and mode conversions on nu-
merous interfaces (Figs. 4 and 5). Next arrives an
incident shear wave with velocity about 1.72 times
slower than the direct P-wave. It also comprises sev-
eral trains of reverberations and mode conversions.

Reflected waves have shorter continuity and less
amplitude than the direct arrivals, but still can be
easily recognized like those marked A, B, and C
in Figs. 4 and 5. As noted by Karus et al. (1987),
short coherent line-ups of the up-coming waves and
the complex structure of the geological medium
do not permit unambiguous determination of the
reflection wave type. But in some cases, due to
available geological and geophysical information,
unambiguous determination of wave type is possible.
Several representative continuous reflections were

picked for ray-tracing analysis in the time range 0.5—
4.5 s on the vertical (Z) and two horizontal (X and
Y) components of VSP-1 and VSP-2 (Figs. 4 and
5). Some possible solutions for the picked reflections
are presented in Tables 3 and 4 after comparison of
calculated travel times with the observed ones.

The major conclusions from analysis of the VSP
reflected wavefield are: (1) SS and PS reflections
dominate over PP- and SP-type; (2) moderately dip-
ping (15-40°) interfaces can be found mostly in the
Proterozoic part of the section (up to 6.8 km deep);
and (3) subhorizontal reflections dominate in the
Archean part (at least for the northernmost VSP-2).
Points 2 and 3 repeat previously reported results (e.g.
Carr et al., 1996; Mints et al., 1987; Pavlenkova,
1991), but point 1 needs to be explained.

The direct shear wave from VSP-2 was subjected
to polarization analysis by Digranes et al. (1996).
They have observed two clear orthogonal polariza-
tions in the interval from 4.4 to 6.0 km. The theoreti-
cal polarizations were calculated for several models.
Digranes et al. (1996) report that only the model
containing aligned, vertical cracks can explain their
observations.

Gibson and Ben-Menahem (1991) presented the
P, SV and SH radiation patterns for two cases:
(1) isotropic with randomly oriented fractures; (2)
anisotropic with aligned cracks. They have estab-
lished some distinct differences in the scattered dis-
placement fields. In particular, considering the in-
cident P-wave, the backscattered P-wave field for
aligned fractures is less than twice that for the
isotropic obstacle (figs. 5 and 6 in Gibson and
Ben-Menahem, 1991). However, the shapes of the
radiation patterns for SV incidence are the same.
The radiation patterns (Gibson and Ben-Menahem,
1991) in case of the anisotropic volume explain rela-
tively strong PS and SS reflections on the Kola VSPs
(Figs. 4 and 5).

4.3. Wave patterns on the CDP section in the SG-3
vicinity

The seismic wavefield in the vicinity of the SG-3
borehole (Fig. 2) can be subdivided into two parts,
the SW dipping reflectors in the time range 0-2.2
s and nearly horizontal reflectors below 2.2 s. The
dominant dip of reflectors cross-cutting the SG-3
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Table 3

Ray-tracing results for reflectors from VSP-1 seismic wavefield *

Component Reflector Apparent velocity Reflected wave Reflectors Angle of

(km’s) type Dip (degrees) Depth (km) Incidence (degrees) Approach (degrees)

zZ Al 4,500 PS 25 4.9 5-20 28-37
A2 4,500 SS 25 49 4-20 30-45
B 8,200 PP 15 ~11. 3-6 3-6

SP 30 ~8.0 5-20 35-55

C 5,100 SS 35 8.0-11.0 5-15 38--55

X Al 4,500 PS 25 4.9 5-20 28-37
A2 4,500 SS 25 49 4-20 30-45
B 4,500 SS 25 ~6.0 4-18 30-40
Cl 3,700 SS 0 ~7.0 0-2 0-2
C2 3,700 SS 0 ~9.0 0-2 0-2
D 5,300 SS 35 ~9.0 5-15 38-55

Y Al 4,500 PS 25 49 5-20 28-37
A2 4,500 SS 25 4.9 4-20 30-45
B 4,500 SS 25 ~6.0 4-18 30-40
C 3,800 SS 0 ~8.5 0-2 0-2
D 5,200 SS 35 ~11.0 4-14 36-52

4 Source offset 0.2 km south of the borehole.

axis is 25-30° (above 2.2 s). Reflections R1-R5 coherent reflections R1 inside the ‘Productive’ For-
(Fig. 2) are associated with acoustic contrasts in- mation (1.1-2.8 km deep) correspond to contacts of
side the Proterozoic Pechenga complex. A group of metasedimentary layers with ultramafic intrusions.
Table 4
Ray-tracing results for reflectors from VSP-2 seismic wavefield ®
Component  Reflector  Apparent velocity Reflected wave  Reflectors Angle of
(km/s) type Dip (degrees) Depth (km) Incidence (degrees) Approach (degrees)
Z A 8,500 SS 25 45,52 25-45 50-70
B 5,800 PP 0 8.0,9.0 8-10 6—12
SS 30 5.5,6.5 30-40 60-70
PS 40 8.0, 9.0 20-40 50-70
C 6,500 SP 0 7.0-11.0 6-8 4-10
SS 35 8.0-12.0 12-25 45-60
PP 0 12.0-140 6-8 4-8
X A 7,500 SS 20 45 20-40 40-60
B 4,600 SS 25 5.5-7.0 18-42 50-70
PS 30 6.0-10.0 15-35 55-75
C 3,600 PS 0 9.0-12.0 5-7 4-8
SS 0 7.0-100 6-8 4-8
Y A 9,500 SS 30 47,52  30-50 60-80
B 11,000 PP 35 ~11.0 12-25 45-60
Sp 35 ~8.5 15-30 40-50
C 3.600 PS 0 6.0-11.0 5-8 4-8
SS 0 6.0-11.0 5-8 4-8

4 Source offset 2.08 km north of the borehole.
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These boundaries are characterized by the largest
velocity contrasts (more than 1.0 km/s), and the
corresponding reflections are among the strongest
in the CDP section. The reflectivity character of
the rocks constituting the ‘Productive’ strata is en-
hanced by several shear zones associated mostly
with metasedimentary layers. Several relatively thin
(10-20 m) horizons of sedimentary—tuffogenic rocks
(V, = 5.7-6.0 km/s) intercalated with sheets of mas-
sive and globular lavas (V, = 6.7 km/s) at a depth
of 3.65-3.85 km produce visible coherent reflec-
tions R2. Reflection R3 manifests a transition in the
SG-3 section between rocks with massive texture
and foliated ones (4.5 km deep). This depth also
corresponds to the top of the major Lutchlompol
Fault Zone (LFZ, 4.5-4.7 km deep), where P-wave
velocity drops by more than 20%. In spite of such
velocity contrast, the reflection coefficients do not
exceed 0.08 in the LFZ (Fig. 2) because of the
gradual character of this zone.

The multicyclic reflection R4 can be associated
with a metasedimentary layers (meta- limestones,
sandstones, and carbonate schists in the depth range
5.65-5.75 km) inside foliated basalts and plagioclase
schists. Though the velocity contrast in this inter-
val is relatively small (5% and less), we observed
increased amplitudes on both the synthetic seismo-
gram and the CDP section (Fig. 2). This results from
laminated geometry of reflectors. The laminated con-
figuration below the LFZ (4.5 km) is produced not
only by sedimentary layers alternated with basalts,
but also by zones with strong cataclastic fabrics
within layers of unmylonitized rocks. Two impor-
tant characteristics of mylonitic rocks — preferred
orientation of minerals and retrograde mineralogy
(Fountain et al., 1984) — suggest that velocities for
waves traveling normal to mylonitic layering can be
substantially reduced with respect to unmylonitized
rocks. Preferred orientation of minerals, particularly
biotite or other phyllosilicates, can be expected to
cause anisotropy below the LFZ (reflections R3-R5
in Fig. 2).

The Proterozoic—Archean (Pr—Ar) contact (6.84
km deep in the SG-3 section, reflection RS in
the seismic section) juxtaposes Proterozoic diabase
schists and Archean gneisses. The P-wave velocity
drops to 5.7 km/s in the corresponding depth inter-
val. Only in situ increased fracturing or anisotropy

can explain such velocity drop. Reflection RS, corre-
sponding to the Pr—Ar contact is, most likely, caused
by a fault zone dipping in the same general direc-
tion as the whole Pechenga structure. This fault zone
changes physical characteristics of the rocks com-
prising it, making them less competent and more
fractured that decreases acoustic properties. Com-
pared to the dipping reflection R5, the reflection R6
is nearly horizontal, as well as the deeper ones R7
and R8 (Fig. 2). The possible nature of these sub-
horizontal reflections will be discussed below, after a
correlation of reflections found on the CDP section
with those from the near-offset VSP-1.

4.4. Correlation of CDP and VSP reflectivity
patterns

The correlation of CDP and VSP reflectivity pat-
terns is displayed in Fig. 6. Due to predominantly
dipping interfaces in the upper Proterozoic part of the
SG-3 section, it is unlikely to calibrate the CDP sec-
tion by means of conventional corridor stack based
on a simple flattening of first-break times (Fig. 6a).
Instead, better results are obtained by a corridor stack
performed after flattening of reflections by precalcu-
lated dip moveout corrections (Fig. 6b). Such DMO
corrections were obtained by the means of ray-trac-
ing for the known velocity model (based on inte-
grated AL data and inversion of VSP first arrivals)
and variable dip angles of interfaces. A dip angle
of 25° was found to produce the best P-wave flat-
tening results for VSPs at least in the LFZ vicinity.
This value is in general agreement with geological
observations and with the results of VSP ray-tracing
for the SS reflections from the LFZ (Tables 3 and
4). The resulting corridor stack (Fig. 6b) positions
properly the reflector R1 and makes the reflector R2
much more pronounced compared to conventional
stack (Fig. 6a). Reflections R3 and R5 correspond-
ing to LFZ and Pr-Ar contact, respectively, as well
as the multicyclic reflections between them are in
accordance with surface CMP reflections (Fig. 6b).
There is a long train of reflections below the Pr—Ar
contact which is difficult to correlate with the CDP
data. To understand better the reflectivity patterns on
both VSP and CDP data, another corridor stack using
DMO corrections for SS reflections was performed.
After the stacking, the resultant trace was rescaled
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(T,/T, = V,/V, = 1.72) and plotted (Fig. 6¢). In
such a stack, the reflections R3—R6 became much
more pronounced than on PP wave corridor stack.
This observation is in accordance with the radiation
patterns by Gibson and Ben-Menahem (1991) for
an anisotropic scattering volume. The deeper reflec-
tions on an SS wave stack (Fig. 6¢) are concentrated
around 3 s (9.5 km deep), and according to our
interpretation (Tables 3 and 4) they originate from
horizontal interfaces.

5. Discussion: causes of velocity variations in the
crust sampled by the Kola Well

One way to correlate lithologic cross-section of a
crustal segment with the corresponding data derived
from sonic logs and VSPs is direct measurement
of elastic wave velocities in core samples at high
confining pressures when most of microcracks are
closed. Vernik et al. (1994) performed such measure-
ments for selected rock samples from the SG-3 bore-
hole. A comparison of limited (12 samples, 15 cm
total length) high-pressure velocity measurements
with sonic log and VSP data showed some agree-
ment (Vernik et al., 1994). Based on this comparison,
Vernik et al. (1994) explain all depth intervals with
relatively low velocities by the combined effects of
variations in lithology and rock fabric only. All other
possibilities, as free-water-filled in situ microcracks
(e.g. Kremenetsky, 1990) or tectonically induced di-
latancy (e.g. Mints et al., 1987) are neglected. The
presence of subhorizontal seismic reflections in the
Kola area at a depth of 7.5-8.5 km found on wide
angle reflection and deep seismic sounding data (e.g.
Mints et al., 1987; Pavlenkova, 1991) is explained by
Vernik et al. (1994) by the variations in amphibolite
bodies’ concentration.

Another approach to correlate lithologies with
seismic velocities was introduced by Babeyko et al.
(1994). They have used a petrophysical modeling
technique to calculate intrinsic (crack-free) elastic
properties in the lower part of the Kola borehole
(6.84-10.53 km) from bulk chemical compositions
of core samples. Calculations were performed for
a total of 896 core samples. Babeyko et al. (1994)
used the comprehensive method of velocity mod-
eling. First they compiled the detailed lithologic
cross-section of the Archean part of the Kola bore-

Vp, km/s
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Fig. 7. Zones in the Archean section of the SG-3 (shaded areas)
where measured velocities are lower than the intrinsic (crack-
free) ones. Comparison is based on the results of petrophysical
modeling (Babeyko et al., 1994) with the interval P-wave veloc-
ities from the observed VSP and acoustic log data. All velocity
values are averaged at 200-m intervals.

hole including 554 individual layers, and only after
that, they estimated crack-free isotropic properties of
all the layers using calculations for core samples and
lithologic information. The results of such calcula-
tions averaged at 200-m intervals are presented in
Fig. 7 in comparison with velocities obtained from
the acoustic log and the deepest Russian VSP (least-
squares inversion of travel times performed in the
present study).

The shaded areas A, B, C, and D on the veloc-
ity plot in Fig. 7 correspond to the depth intervals
where both sonic and VSP velocities are lesser than
the intrinsic isotropic ‘crack-free’ velocities. Espe-
cially large velocity contrasts are observed for zones
A (7.0 km deep) and D (10.0 km): 0.3 and 0.4
km/s, respectively. Zone A corresponds to the fault
zone just below Pr—Ar contact and correlates with
a group of reflections RS (Fig. 2) dipping in the
same general direction as the layers of the whole
Pechenga complex. All other coherent events below
the group of reflections RS are subhorizontal with
reflection R8 being the strongest and most laterally
continuous (more than 5 km). The reflections R6
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and R7 (Fig. 2) correspond to the velocity contrasts
between zones B—-E and E-C (Fig. 7), respectively.
As reported by Lanev et al. (1987), amphibolites
are mainly in conformable occurrence with gneisses
and contacts form an angle of about 40-60° with
the borehole axis. Gneisses of the upper parts of the
Archean complex (down to a depth of 9.45 km in the
borehole section) are widely developed at the surface
north from the SG-3. These facts force us to look
for another explanation of the origin of subhorizontal
reflections R6-R8, rather than excess of amphibolite
bodies.

The effect of fluid-filled voids and anisotropy due
to preferred minerals orientation (PMO) can be a
reasonable explanation in the case of subhorizontal
reflections. The Archean biotite—plagioclase gneisses
in the borehole are foliated, and the foliation plane
has an inclination of 40—60° to the borehole axis (Ko-
zlovsky, 1987). Taking this into account, Babeyko et
al. (1994) performed calculations of velocity devi-
ations from isotropic values in Kola gneisses with
average biotite content. They found that anisotropy
due to PMO should not lower P-wave velocities more
than 5%. Comparison of isotropic crack-free veloc-
ity calculations with VSP P-wave velocities shows
that anisotropy due to PMO is not enough to ac-
count for a velocity reduction (7-8%) in zones A
and D (Fig. 7). That is why, we propose fluid-filled
voids as major mechanism generating subhorizontal
reflections.

The structure of fractures and pore space of the
Kola core samples have been studied by many au-
thors (e.g. Kozlovsky, 1987; Morrow et al., 1994;
Abdrakhimov et al., 1996). All the investigators
agree that many of the observed microcracks re-
sulted from drilling-induced damage, but some of
the fractures have characteristics clearly suggesting
that they have formed naturally (e.g. Morrow et al.,
1994, fig. 5; Abdrakhimov et al., 1996). To clarify
the nature of fluid and its effect on rocks, Abdrakhi-
mov et al. (1996) performed special experiments in a
‘thermal pressure chamber’, which allowed variation
of temperature up to 300°C, hydrostatic pressure up
to 200 MPa, and deviatoric uniaxial compression up
to sample destruction. The experiments were carried
out with samples (gneisses and amphibolites) taken
from the surface near the SG-3 wellhead. It was es-
tablished (Abdrakhimov et al., 1996) that subcritical

opening of intergranular space in a crystalline rock
becomes possible only with the presence of water.
Neither pressure, nor temperature alone do not cause
subcritical rock damage. The occurrence of subcrit-
ical crustal rock destruction due to stress corrosion
has already been documented (e.g. Kerrich et al.,
1981; Etheridge, 1983). The particular importance of
the work by Abdrakhimov et al. (1996) is that they
have estimated the 9-12 km depth interval in the
Kola SG-3 section to be the most favorable for stress
corrosion cracking. At greater depth, with tempera-
tures increasing to 200°C, this process is changed by
crystallization and crack healing. The CDP seismic
section incorporates the most prominent subhorizon-
tal reflection R8 at a depth of 10 km (Fig. 2). Ap-
proximately the same depth generates subhorizontal
reflections recorded on 1992 Kola VSPs (Figs. 4 and
5, reflections C). The maximum helium concentra-
tion at a depth of 10 km and increased water inflow
(Kozlovsky, 1987) together make the rock-destruc-
tion process at 9-12 km, caused by stress corrosion,
the most probable explanation of the observed sub-
horizontal reflectivity. The subhorizontal character of
seismic reflectivity also finds its explanation in stress
corrosion effect, because of approximately linear P—
T distribution in the upper crust.

6. Summary

The Kola CDP section is highly reflective; dip-
ping reflections are generated from lithologic con-
tacts within the supracrustal series and from shear
zones. Reflectivity of several zones including a ma-
jor shear zone at 4.5 km is enhanced by fluid-filled
fractures indicated by VSP interval velocities that
are too low for non-porous crystalline rocks. Shear
zone reflectivity is also enhanced by anisotropy. Re-
flections may be caused by compositional bound-
aries, shear zones, anisotropy and fluid-filled voids
or some combination thereof. Horizontal reflections
are most common in the Archean below 6.8 km, but
are also found crossing dipping reflections through-
out the CDP profile. No horizontal dips or layers
are observed in the core material so no evidence
exists for the presence of horizontal dikes to explain
the reflections as has been suggested earlier. Inter-
val velocities determined from VSPs are lower than
intrinsic rock velocities in the Archean section and
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also for the LFZ. The lowered seismic velocity is at-
tributed to fluid-filled microcracks and the horizontal
reflections to fluid-filled fractures. Results suggest
the presence of fluids down to a depth of at least 12
km in the upper crust; the presence of these fluids
lowering seismic velocity causes estimates of upper
crustal composition to be too felsic. This may be
a widespread phenomenon which means that global
estimates of crustal composition based on seismic
velocity are biased toward compositions that are too
felsic.
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