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Abstract
Multi-offset vertical seismic profiles (VSPs) from the Kola Superdeep Borehole (SG-3), as part of a larger seismic
study of the Kola region conducted during the spring of 1992, sample the dipping Pechenga complex from 2175 m
to 6000 m and contribute to the understanding of reflectivity in crystalline and Precambrian environments. From the
surface to 6000 m, the SG-3 borehole penetrates interlayered Proterozoic metavolcanic and metasedimentary units and a
mylonitic shear zone ranging from greenschist to amphibolite metamorphic grade, respectively. The Kola VSPs display a
6% velocity decrease which coincides to a mylonitic shear zone located between 4500 m and 5100 m within the SG-3
borehole. Seismic interfaces are identified by mode-converted energy (PS, and SP transmissions and reflections) in addition
to primary seismic phases. The VSP shear wave energy is generated at or near the source by vertical vibrators. P-wave
and S-wave reflections are generally detected from the same reflecting horizons, but increases in relative S-wave and SP
reflection amplitudes originate at 1900 m, 3800 m, 4500 m, and 5100 m depths. These depths coincide with zones of
elevated Vo/Vs and may support the presence of free pore fluid which is reported from initial drilling. For the Proterozoic
lithologies sampled by the VSP, reflection events result from five mylonitic shear zones and three lithologic contrasts.
Keywords: vertical seismic profiling; Kola Superdeep Borehole; reflectivity ; crystalline; mode-converted; crystalline pore

fluids

1. Introduction
The nature o f seismic reflectivity in crystalline
rocks has been a dominating question in crustal seis*Corresponding author. Present address: Oak Ridge Natinal
Lab, Environmental Sciences Division, EO. Box, MS-6400, Oak
Ridge, TN 37830-6400, USA. Fax: +1 423 574-7420.

mology for many years (e.g., Steinhart and Meyer,
1961; Fuchs, 1969; Smithson et al., 1977; Hale
and Thompson, 1982; Blundell and Raynaud, 1986;
Fountain et al., 1987; Valasek et al., 1989; Smithson and Johnson, 1989; Pavlenkova, 1991; M o o n e y
and Meissner, 1992; Fountain et al., 1994; Levander
et al., 1994). Until recently, borehole measurements
o f the seismic wavefield recorded at standard sig-
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nal frequency bandwidths have been rare in crystalline lithologies. Scientific boreholes such as the
Kola Superdeep Borehole (Koslovsky, 1987), KTB
deep drilling project in Germany (Hohrath et al.,
1992; S611ner et al., 1992; Ltischen et al., 1996),
Gravberg-Siljan (Juhlin and Windhofer, 1988), and
Cajon Pass (Rector, 1988) provide the primary calibration available for crustal surface seismic profiles
in crystalline sequences. To add further information
about the reflectivity in Precambrian rocks, the Universities of Wyoming, Bergen, and Glasgow, with
colleagues from the Russian State Committee on Geology and the Institute of Physics of the Earth of the
Academy of Sciences, Moscow, conducted seismic
data acquisition in and around the Kola Superdeep
Borehole (SG-3) in 1992. The purpose of this paper
is to discuss results obtained from the recorded
VSPs.

The Kola multi-offset VSPs will illustrate how
lithology, structural setting, and anisotropy affect the
seismic wavefield. At Kola, VSPs sample the Proterozoic Pechenga series metavolcanic and metasedimentary rocks from depths of 25-500 m and 21756000 m at 25-m increments. The Pechenga rocks
display metamorphism from prehnite-pumpellyite
facies (< 1700 m depth) to greenschist facies (17004500 m depth), and epidote-amphibolite facies
(4500--6000 m depth). From 4340 m to 5100 m
depth in the SG-3 borehole, a mylonitic shear zone
(known as the Luchlompol fault zone) separates the
greenschist and epidote-amphibolite facies units.
In addition to the 1992 Kola VSPs, this analysis incorporates Russian multi-component VSP data
collected from the depths of 1120-2000 m with
source offsets and azimuths coinciding to the 1992
data. The additional VSP data were recorded at 20-m
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Fig. 1. Location of the SG-3 borehole (top), and schematic of the SG-3 borehole location within the Kola suture zone (bottom). Selected
tectonic and structural features of the Kola suture zone are also indicated (modifiedfrom Berthelsen and Marker, 1986).
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increments with an explosive source. These records
were corrected to zero-phase before inclusion to assure that the two data sets are comparable.
The combined Kola VSPs allow us to identify
the depths and causes of reflectivity, and speculate
on the existence of free pore fluid and subhorizontal
reflectivity (detected in surface seismic data) in the
SG-3 vicinity. Seismic anisotropy and deeper reflections are also detected in these VSPs but will be
discussed in future publications.

2. Geology and reflectivity of the Kola Borehole
The SG-3 borehole is drilled to 12 km within the
Precambrian crust of the NE Baltic Shield (Fig. 1)
and passes through 6800 m of Proterozoic rocks continuing to 12 km in Archean rocks. The Pechenga
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complex is a plunging synform where the layers dip
20-50 ° to the southwest and represents a 1.9 Ga arccontinent and subsequent continent-continent suture
zone (Berthelsen and Marker, 1986). The SG-3 borehole site lies close to the plunge axis of this structure
(Fig. 1). The Proterozoic lithologies can be divided
into three basic tectonic units which are: (1) upper
Pechenga unit (0-4500 m); (2) Luchlompol fault
zone (4500-5100 m); and (3) Lower Pechenga unit
(5100-6800 m). The details of the Pechenga sequences will be emphasized in this paper since the
1992 VSP recording concluded at 6000 m due to a
blockage at this depth.
The upper Pechenga unit consists of Proterozoic age tholeiitic basalts with a significant amount
of elastics and gabbro diabase intrusives at either
prehnite-pumpellyite or greenschist facies (Fig. 2).
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Fig. 2. Generalized stratigraphic section for the Kola Superdeep Borehole, modified after Lanev et al. (1987). LFZ = the Luchlompol
fault zone. Foliation dips are taken from core samples reported by Vernik et al., 1994.
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This unit is also characterized by the highest densities (2.88-3.0 g cm-3), highest P-wave velocities (6.4-6.6 km/s), low porosity, and low permeability (Pavlenkova, 1991). The layered metasedimentary units range from breccia/sandstones to siltstones/phyllites. The sedimentary zone is interrupted
by zones of tuffaceous rocks and diabase sheets. Synthetic seismograms (I-D) generated from a wireline
sonic log provide an opportunity to study the theoretical reflectivity of these Proterozoic sequences
(Fig. 3). The synthetic seismogram was created with
P-wave
Synthetic
Seismogram

Vp
Depth
(m)

(m/s)
4000

a 45 Hz zero-phase Ricker wavelet (to simulate the
average frequency of the 1992 data) and assumes a
vertically incident source with infinitely extending
interfaces. In the upper Pechenga unit, reflectivity
is generated at depths corresponding to contacts between gabbro and phyllite (A), gabbro and sandstone
(B), and gabbro and tufts (C, C*) (Fig. 3). Clearly,
the metasedimentary sequences between 1059 and
2805 m provide abundant acoustic impedance contrasts and the majority of reflections within this
interval.
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velocity log and the generalized lithologies of the SG-3 borehole (modifiedfrom Lanev et al., 1987). C*, A-G refer to P-wave reflecting
intervals, see text for details.
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The Luchlompol major fault zone (LFZ) constitutes a distinct change from massive lavas to cataclasites and mylonites. This initially occurs at a
depth of 4340 m, and continues to ~5100 m in
the SG-3 borehole (Fig. 2). The LFZ is identified
by foliated and mylonitized rocks, an increase in
borehole cavernosity, a local increase in free water
content, increasing temperature, and cataclastic fracturing (Kremenetsky and Krivtsov, 1991). As with
the Lower Pechenga unit, this zone represents ductile deformation attributed to the Kola ocean closing
(1.9 Ga) with associated alignment of mineral fabric.
Lanev et al. (1987) reports that the foliations within
the LFZ make an angle of 60-70 ° with core axes.
The theoretical seismic response, at the LFZ, shows
a well defined top (4673 m) and bottom (5050 m)
reflection event (see D and E, Fig. 3). Additional
events, between 4673 m and 5050 m in Fig. 3, represent the combination of amphibolite schists and
metasedimentary rocks located in this zone.
The lower Proterozoic unit contains older andesitic basalts and minor clastic sequences that have
been metamorphosed to epidote-amphibolite facies
(Fig. 2). These lithologies tend to have lower densities (2.78-2.89 g cm-3), higher permeability and
porosity, and lower P-wave velocities (6.0--6.4 km/s)
(Pavlenkova, 1991). Foliation in metavolcanic zones
is strongly developed and tends to be inclined 70-80 °
to core axes (Lanev et al., 1987; Vernik et al., 1994).
Compared to the upper Pechenga unit, fewer gabbro
and gabbro-diabase intrusions are present. Seismic
synthetic reflectivity (Fig. 3) from this zone shows
events that again correlate to interfaces consisting of
actinolized diabase with: (1) metasedimentary rocks
at ~5725 m (F); and (2) gabbroic-diabase at --~5800
m (G).

3. Acquisition and processing
The 1992 Kola VSP experiment was a multioffset survey with the source locations at 200 m
and 2080 m along $35°W and N l l ° E from SG-3,
respectively (marked VSP-1 and VSP-2 in Fig. 4).
These source locations are approximately parallel to
the dip direction of the Pechenga structure and lie
structurally down-dip and up-dip of the borehole.
Sources consisted of three compressional vibrators sweeping eight times per recording position in
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the borehole with a 20-s linear upsweep from 15 to
90 Hz. The uncorrelated VSP data consist of 30-s
records acquired every 25 m from 2175 to 6000 m
in the SG-3 borehole using a four-component sonde
(see Gal'perin, 1984). The sonde contains one vertically aligned geophone and three geophones at 126°
from the vertical and equally spaced azimuthally
about 360 ° (relative to the tool axis). The sonde
was not equipped with orientation instrumentation
so geophone alignment between each depth level
was achieved by a four-component tool correction
(see explanation later in this section). Since the SG-3
borehole has a maximum deviation of 10° at 6000 m,
the vertical axis of the tool and the borehole coincide
throughout the recorded depth range.
VSP data were also recorded in a satellite borehole (referred to as the sputnik borehole, Fig. 4) from
25 m to 525 m with the same tool and recording pa-
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Fig. 4. Kola source locations for the 1992 VSPs. VSP-I and
VSP-2 were recorded in the SG-3 borehole from 2175 to 6000 m
and the Sputnik borehole from 25 to 525 m.
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Table 1
Processing sequence for the Kola VSPs
1

2
3
4
5
6
7
8
9
10
ll
12
13

Preliminary cross-correlation for editing of bad data and intervals of tool sliding.
Diversity stack of the uncorrelated field data.
Cross-correlate the data with recorded Vibroseis sweep and extend the correlation to 20 s of listen time.
Organize the data by source location and component.
Geophone dephasing correction.
Signal-noise (F-X) filtering.
F - k filtering of slow velocities, e.g. tube wave.
Wavelet shaping deconvolution.
Four-component-based tool correction (output is in standard cartesian coordinate system).
Wavefield separation by median filtering.
P- and S- separation filtering, after Dankbaar (1987), on unseparated data followed by median filtering.
Display plots (500 ms AGC, biased amplitudes - 1.5x data RMS).
Pick direct and reflected apparent velocities of seismic phases:
(a) elastic finite difference and ray trace modelling to determine seismic reflection behavior and apparent velocities;
(b) calculate interval velocities from direct arrival P- and S-wave arrivals over 150-m increments (based on method described
by Rtihl and Hanitzch, 1992);
(c) calculate Vp/Vs ratio curves with average and interval velocities.

rameters. The sputnik VSP data, from VSP-1 and
VSP-2, are displayed with the SG-3 data since the
two boreholes are ~ 5 0 m apart. Although not indicated, four additional sputnik VSP source locations
were recorded providing a unique opportunity to azimuthally analyze the near-surface seismic wavefield
surrounding the SG-3 borehole, but will be presented
in a future publication.
The processing of the VSP data followed a conventional scheme for crustal seismic data (Table 1)
with two notable additions: (1) four-component
tool corrections; and (2) P-S separation filtering
(Dankbaar, 1987). Due to the fact that a sonde will
rotate as it is raised to a new recording depth, it
is necessary to collect tool orientation information
from directional instruments on the tool, or infer the
tool orientation based on the amount of a particular
seismic phase which is recorded on each individual
component. Because the recording tool used during
the 1992 Kola VSPs did not have directional instrumentation, the direction and angle of incoming
seismic energy (the source vector) was determined
from the four-components by amplitude analysis of
the direct P-wave (following a method originally described by DiSiena et al., 1984) and subsequently
projected onto a cartesian coordinate frame. Traditionally for VSP recording, the in-line horizontal
component (X) is assumed to be the largest horizontal amplitude. Therefore, at each depth level of the
SG-3 recording, the projected horizontal components

were rotated so that the maximum power would lie
along the in-line or X-direction.
Because of the dipping Pechenga structure (2050% P- and S-wave energy can be recorded on
all components with varying amplitude strengths.
Thus, P-S separation filtering (Dankbaar, 1987) was
implemented to isolate the P- and S-wave energy
from the unseparated vertical and unseparated in-line
VSP recording directions. The filtering uses wireline
sonic velocities as filter parameters in frequencywavenumber space to distinguish P- and S-wave
energy. Therefore, the resulting output consists of
the P-wave response and S-wave response for the
particular VSP and no longer strictly represents a
distinct recording direction. Mode conversions are
also filtered with this scheme and are output with the
corresponding primary seismic phase (e.g., PS mode
conversions are visible with the S-wave response).
4. The seismic wavefield in the 1992 Kola VSPs
The Kola VSPs highlight many primary and
mode-converted seismic interfaces in addition to an
~ 6 % decrease in apparent velocity beginning at
~4500 m depth. A typical data example is provided
by the vertical component from VSP-1 (Fig. 5). Seismic boundaries can be initially identified from SP
transmissions and P-wave reflections in this display.
SP transmissions originate from 1200 m, 2600-2800
m, 3800 m, 4500 m, and 5100 m (Sp* on Fig. 4)
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depths in the SG-3 borehole. Despite the interference
from mode-conversions, two phases of reflection
energy are recognizable in Fig. 5 by the negative
slopes (apparent velocities) visible on the display.
Elastic finite-difference forward modelling (2.5D)
established that these reflections represent P- and Swaves from the dipping Pechenga sequences. P-wave
reflections are distinguishable on VSP-1 Z at 2800
m, 3200 m, 4500 m, 5200 m (P in Fig. 5). P-wave
reflections also originate from below the recorded
interval (6500 4- 50 m and 6900 4- 50 m depth). One
shear wave reflection, from the LFZ, is indicated in
Fig. 4 (S). Therefore, seismic interfaces are identifiable by mode-converted as well as primary seismic
phases.
LFZ (Fig. 5) marks the Luchlompol fault zone
and the 6% decrease in apparent velocity which
is seen as a break in slope of the direct P- and
S-wave arrivals. Currently, the reduced velocity is
attributed to either: (1) fracturing which results in

an increased free pore fluid presence (Kremenetsky
and Krivtsov, 1991; Kazansky, 1992); or (2) a bulk
composition change in combination with velocity
anisotropy caused by foliation (Vernik et al., 1994)
and no pore fluid presence. Later, it will be shown
that the 1992 VSPs support the notion of free fluid
presence based on Vp/Vs anomalies that are present
at depths which reported free pore fluid presence
when initially drilled.
Reflected P- and S-wave data are shown after
median filtering and P-S separation filtering for the
data from VSP-1 (Fig. 6a, b) and VSP-2 (Fig. 7a,
b). P-wave and mode-converted P- to S-wave (PS)
reflections delineate seismic boundaries at depths of
250 m, 1200 m, 1900 m, 2600-2800 m, 3200 m,
4500 m, 5100 m, and 5800 m (P in Fig. 6a and
Fig. 7a; Ps in Fig. 6b and Fig. 7b). Reflections in the
zone between 1900 m and 2800 m (Fig. 6a) represent
boundaries of diabase intrusions and metasedimentary units of the upper Pechenga unit. Shear wave
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reflections (S in Fig. 6b and Fig. 7b) appear at the
same levels except 1200 m, 6500 m, and 6900 m.
S-waves reflections are identifiable at depths of 250
m, 1900 m, 2600 m, 3800 m, 4500 m, and 5100
m (the largest relative amplitudes occur at 1900 m,
3800 m, 4500 m and 5100 m). SP reflections occur
at the 3800 m, 4500 m, and 5100 m depth levels (Sp
in Fig. 6a, and Fig. 7a).
Although fewer reflections are identifiable on P-S
filtered VSP-2 data (Fig. 7a, b), the same general
observations about the depths of reflectivity are displayed. VSP-2 (Fig. 7b) displays better coherency for
the PS reflected events than the primary P reflected
phases (Fig. 7a). This results from the source being
up-dip of the borehole (and offset) which forces the
reflected energy to strike the borehole at angles between 35 ° and 55 ° . At these angles, mode-converted
reflections have equivalent or greater amplitude than
the corresponding primary phases (Tooley et al.,
1965).
5. Discussion

The VSP-defined seismic boundaries, along the
SG-3 borehole, are summarized in Fig, 8 with Vp/V~
curves (determined from VSP), bulk borehole stratigraphy and mapped shear zones. Along with the principal question regarding the causes of reflectivity in
the Kola borehole, the VSPs will address the related
issues of free pore fluid and subhorizontal reflectivity
within the borehole sequences (observed on surface
seismic data between 2.0 and 3.0 s TWT, see Mints
et al., 1989 or Pavlenkova, 1991).
P-wave reflectivity in the Kola VSP is caused
both by shear zones and lithologic interfaces. Occasionally, the depths of the shear zones and the
lithologic contrasts coincide, likely enhancing the
reflectivity from these depths. Mylonitic shear zones
are known to be a source of crustal reflectivity
(Hurich et al., 1985). In the upper 6000 m of the
Kola borehole sequence, mylonitic shear zones are
mapped at depths corresponding to reflecting boundaries as shown in the VSP data (Fig. 8). The events
at 250 m, and 3800 m are diabase intrusions within
the larger metatuffaceous sequences. The reflections
from 5800 m mark ~ 100 m of metasedimentary units
that correspond to the base of the Kuvernerinyok
suite of dolomitic marls, and quartzites. Immediately

below the recorded interval at 6500 + 50 m, the
reflectivity is generated at the base of a sequence
of gabbro--diabases intruded into biotite-amphiboleplagioclase schists (Lanev et al., 1987). Finally, the
event from 6900 ± 50 m is interpreted to be the
Proterozoic-Archean interface at 6842 m which is
composed of biotite-amphibole-plagioclase schists
above biotite-plagioclase gneisses and schists with
high aluminiferous minerals (Lanev et al., 1987).
Shear wave reflectivity is similar to that of the
P-waves, except for large relative amplitude shear
events which occur at 1900 m, 3800 m, 4500 m,
and 5100 m. These depths define three mylonitic
shear zones and one lithologic contact (1900 m). The
lower intervals also correspond to depths of relative
Vp/Vs increases (Fig. 8). Generally, an increase in the
Vp/Vs ratio can be explained by a decrease in relative
quartz content, or an increase in the amount of water
present at those depths (Nur and Simmons, 1969).
Evaluating relative quartz content percentages provided by Kremenetsky et al. (1987), a reduction in
the quartz content is not significant at these depths.
Therefore, the presence of fluids at these levels is
possibly the cause of the Vp/Vs increases, which
in turn marks a basic physical property change enhancing the shear wave reflectivity at these depths.
Kremenetsky and Krivtsov ( 1991) provide additional
support for this interpretation by reporting increased
free fluid percentages at depths of 1900 m, 3800 m,
4500 m, and 5100 m.
The last seismic events of particular interest are
the SP reflections present on both the VSP-I and
VSP-2 sections from 3800 m, 4500 m, and 5100
m. The SP reflection events are enhanced due to
the structural dip. Zoeppritz equations predict that
for angles of incidence as small as 20-25 °, the SP
reflection coefficient exceeds the S-wave reflection
coefficient. Since these events appear at 3800 m,
4500 m and 5100 m, it is again possible that a pore
fluid presence enhances the amplitude of these events
by increasing the acoustic velocity contrast at these
levels. Given the presence of these phases in the VSP
data, it is possible that SP reflections could appear
on a conventional P-wave surface stack section of
the region (although the resulting image would be
blurred due to incorrect normal moveout correction if
apparent at all as discussed by Fertig and Krajewski,
1990). Additional work on the imaging potential of
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Fig. 8. Summary of seismic interfaces identified from the 1992 Kola VSPs. Depths to reflectors, mapped shear zones (after Kazansky,
1992), generalized lithologic contacts (after Lanev et al., 1987), and depths to mode-converted transmissions are identified. The recorded
depth range is from 0 to 6000 m, so deeper reflectors (6500 m, and 6900 m) are interpreted from analysis of deeper reflection events.
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depth, and a m a x i m u m of -t-0.05 (based on Gaussian error propagation method) for the interval Vp/Vs curve.

SP energy is discussed by Frasier and Winterstein,
1990.
Subhorizontal reflectivity is interpreted in the
Kola region on CMP sections from ~4500 m to 9000
m where foliations still dip at 30 ° or greater (Mints
et al., 1989; Pavlenkova, 1991; I. Ganchine, pers.
commun., 1995). Currently, two hypotheses exist for
the presence of these events. Mints et al. (1989) at-

tributes these events to subhorizontal shearing below
the Proterozoic complex based on increased microcrack porosity at depth from SG-3 core. Vernik et
al. (1994) argue that the increased microcrack porosity is a result of core damage upon recovery and
not a viable explanation of the horizontal events.
They propose that the subhorizontal reflections are
amphibolite intrusions, especially between 7500 m
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and 9000 m. Unfortunately, the 1992 VSPs do not
sample this zone and show no distinct indication
of horizontal reflectivity between 4500 m and 6000
m. Yet, the vertical component (Fig. 5) and separated P-wave data (Fig. 6a, and Fig. 7a) both contain
SP reflections, as previously discussed. Therefore,
the subhorizontal reflectivity, within zones of dipping geology on CMP sections, may represent partial
stacking of SP phases. Elastic finite-difference modelling of these events, for both the Kola VSP and
surface recording geometry's, support this idea and
will be fully presented in a future publication.

6. Conclusions
The 1992 Kola VSPs show an abundance of reflections and mode conversions in Precambrian crystalline sequences which dip 20-50 ° and vary in metamorphic grade. The Kola VSPs also highlight a 6%
velocity decrease which coincides to the Luchlompol major fault zone (a mylonitic shear zone between
4500 m and 5100 m depths within the SG-3 borehole).
P-wave reflectivity in the recorded borehole section is dominated by mylonitic shear zones (1200
m, 1900 m, 2800 m, 4500 m, and 5100 m) and
lithologic contrasts (diabase within a metatuff: 250
m, and 3800 m; metavolcanic-metasedimentary contacts: 1900 m, 2800 m, and 5800 m). S-wave reflectivity coincides with the P-wave interfaces except at
1200 m (a mylonite zone), and the two reflectors
below 6000 m (~6500 m: contact between gabbrodiabase and biotite schists; and ~6900 m: contact of
biotite schists and biotite gneisses).
S-wave reflections show relative amplitude increases at zones where a mappable increase in water
content was reported during initial drilling (1900 m,
3800 m, 4500 m, and 5100 m), and correspond to
Vp/V~ ratio increases determined from VSP interval
velocity calculations. The presence of free pore fluid
is inferred at zones of sharp increase in the Vp/V~
ratio (3800 m, 4500 m and 5100 m depths) since
decreased quartz content is not reported to be significant at these depths. The enhanced impedance
contrast, possibly due to free pore fluid presence,
increases the relative amplitudes for S-wave and SP
reflection phases and these depths.
SP mode-converted reflections are also recorded
on both the vertically incident (VSP-1) and offset

(VSP-2) VSPs at 3800 m, 4500 m and 5100 m depth,
and result from a combination of dipping structure, a
6-9% decrease in acoustic impedance, and probably
an increase in relative percentage of water present.
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