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[11 The three-dimensional (3-D) reflection-seismic data set ISO-89 3D was recorded near
the deep borehole KTB in southeastern Germany. Reflections from the SEI1 reflector
and from the top of the Erbendorf body (EB) in the upper crystalline crust can be
identified in 5—10% of the single-shot sections. The reflectors have been first identified in
previous studies of stacked and migrated seismic data. In this paper the velocity and
density variations of these two structures are estimated in a new way using true amplitude
single-shot (vibroseis) data. The method uses the direct wave P, as a reference phase
and models the amplitude ratios of the SE1 and EB reflections to P,. Modeling in this
paper uses a combination of ray theory and the reflectivity method, and the SE1 and the
top of the EB are assumed to be obliquely oriented 1-D structures. P, modeling shows that
a depth-dependent velocity function within the uppermost crystalline basement explains
the amplitudes and travel times of this phase with sufficient accuracy. The largest observed
amplitude ratios SE1/P, and EB/P, are explained by laminated models with strong
velocity contrasts and with reflection coefficients of magnitude 0.1-0.2 (SE1) and 0.05—
0.15 (EB). The total thickness of the reflecting zones is less than ~300 m. P, amplitude
modeling requires low Q,, factors (<100) to a depth of ~1 km, whereas at larger depths,
values of several hundred are necessary to keep the SE1 and EB velocity contrasts in
realistic ranges. Both reflectors can be interpreted as cataclastic zones. For the SEI1 this
interpretation agrees with the view that it is a steeply dipping thrust fault which continues
the tectonic Franconian Lineament into the upper crust. We assume that the EB is the
fractured top of a high-velocity zone at depths below ~10 km, known from earlier
wide-angle measurements. Both reflectors have large weakly reflecting or nonreflecting
parts. The SE1 is nonreflecting at the intersection with the KTB borehole.  INDEX TERMS:
7205 Seismology: Continental crust (1242); 7203 Seismology: Body wave propagation; 0935 Exploration
Geophysics: Seismic methods (3025); KEYWORDS: continental crust, three-dimensional seismic survey, body
waves, borehole, KTB
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1. Introduction

[2] The German Continental Deep Drilling Program,
KTB, whose main drilling phase occurred from 1990 to
1994, was preceded by an extensive seismic survey in 1989,
the ISO-89 project (Integrated Seismics Oberpfalz). The
largest part of this project was a 3-D reflection survey with
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the KTB at its center. The combination of borehole meas-
urements and seismic surveys at the surface is a feature of a
number of scientific deep drilling projects such as those at
the Siljan impact structure in Sweden [Juhlin, 1990], at the
Kola superdeep borehole in Russia [Carr et al., 1996;
Ganchin et al., 1998], and at the SG4 borehole in the Urals
in Russia [Juhlin et al., 1997]. The purpose of the combi-
nation is to relate the reflections, visible in the seismic data,
to the physical parameters and the lithology of the rocks in
the borehole, determined from logs and from drill cores and
cuttings. Understanding the nature of seismic reflectors at
one point provides strong support for interpretations of
larger seismic data sets. Juhlin [1990], for instance, success-
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fully explained several reflections on seismic profiles across
the Siljan structure by dolerite sills intersecting the bore-
hole.

[3] The seismic measurements at KTB have a particular
feature: instead of the profile coverage typical in the other
projects there is areal coverage of the surface, which allows
a true 3-D structural investigation. Several papers and KTB
reports were devoted to presentation and first interpretations
of the ISO-89 3D data [e.g., Diirbaum et al., 1990, 1992;
Stiller, 1991, 1992; Wiederhold, 1992], and several reflect-
ing structures were identified in the depth range from about
2 to 15 km. The two most important ones are the Erbendorf
body (EB), a high-velocity structure that was already known
from wide-angle measurements [DEKORP Research Group,
1988; Gebrande et al., 1989], and a new reflector, SE1,
steeply dipping northeast in the upper crust. The SEI is a
fault-like continuation of the Franconian Lineament, which
at the surface trends roughly NW-SE and separates sedi-
ments in the SW from crystalline rocks in the NE. The
geometry of these and other structures has become clearer
as the migration method used became more advanced, going
from poststack migration of an areal set of zero-offset
seismograms to prestack migration of all single shots
[Kérbe et al., 1997; Harjes et al. 1997; Buske, 1999; see
also Simon et al., 1996].

[4] So far the ISO-89 3D data set has not been analyzed
in order to find seismic-velocity changes at the crustal
reflectors below KTB. This goal is of particular interest in
the case of the EB and the SE1. Buske [1999] found that 5—
10% of the vibroseis shots produced visible EB and SE1
reflections on shot gathers. This stimulated our study of
these responses in single-shot seismograms with only a
minor amount of preprocessing and, in particular, without
stacking and other techniques which improve the visibility
of arrivals, but impair their amplitudes and pulse forms. We
obtain data-compatible structural models from comparisons
of the observed EB and SEl reflections with synthetic
seismograms.

[5] In the case of the SE1 reflector additional informa-
tion, supporting the modeling, is available from the bore-
hole geophysics program in the main KTB borehole [Bram
and Draxler, 1995], in particular from the logs of seismic
velocities and density. These logs ended at a depth of 8500
m, probably deeper than the SEI intersection which is
supposed to be a zone, a few hundred meters thick, at a
depth of about 7000 m [Harjes et al., 1997; H. Winter,
personal communication, 2001]. The logs do not allow a
precise localization, but they show strong parameter varia-
tions at these depths. This is particularly true for the density
log; there is, however, a relation to pronounced borehole
breakouts. Smoothing and editing of the logs could only
slightly improve the density values, but parts of the P
velocity log showed reduced variations of the order of 5—
15% [Harjes et al., 1997, Figure 7a, depth range 6500—
7100 m]. Velocity variations of this size coincide with
recent vertical-seismic-profiling measurements in the KTB
borehole [Rabbel et al., 2000]. Such velocity changes will
later be used in the modeling process of seismograms.

[6] Estimates of reflection coefficients in the upper crys-
talline crust below the KTB were given by Harjes and co-
workers [Harjes and Janik, 1994; Harjes et al., 1997]. From
the logs, including the problematic density log, they derived
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reflection coefficients of up to +0.2 at the SE1. Synthetic
seismograms calculated from these coefficients had some
similarity with observed SE1 reflections in the INSTRUCT
experiment of 1993. However, since the comparison con-
cerned only the pulse form of the reflections, not their
absolute amplitudes, the comparison supports only the form
of the reflection-coefficient log, not the size of the coef-
ficients. In a second study of reflection coefficients in the
KTB volume, Simon [1998] investigated a few pronounced
reflections northeast of KTB on the reflection profile KTB
8502. The well-founded method consisted of true amplitude
migration of common-offset seismogram sections, a syn-
thetic-seismogram calculation by ray theory and the use of
the direct wave as a reference. The method gave very low
reflection coefficients with values not exceeding 0.015. In
light of the KTB well logs such values are not very
probable.

[7] This paper is a continuation of such studies with the
much larger ISO-89 3D data set, concentrating on the SEI
and the EB. The main information on these structures
consists of the amplitude ratios in single-shot seismograms
of the SE1 or EB arrival and the first arriving P, phase
which serves as a reference signal. True amplitude seismo-
grams without AGC and trace normalization are used.
Initially P, modeling is done using a depth-dependent upper
crust with low @, values which explains the amplitude
decay and travel times. Then the locations on the EB and
SE1 are determined where the identified reflections origi-
nate. Finally, seismogram modeling is performed with a
hybrid method, combining ray theory and the reflectivity
method. Obliquely oriented EB and SEI1 reflectors are
assumed with a 1-D variation of velocities and density,
e.g., first-order discontinuity, laminations and statistical
layering. The identified reflections require pronounced
contrasts and vertical-incidence reflection coefficients of
the order of 0.1-0.15.

2. Analysis of the Reference Wave P,

[8] The survey area of the ISO-89 3D seismics is shown
in Figure 1. It is an area of 18 km x 18 km with the location
of the KTB drilling site at its center. The Franconian
Lineament (FL) separates the area into two parts: the region
southwest of the FL is covered by sediments, whereas the
region to the northeast is crystalline. The SEI reflector
(steep event 1) dips to the northeast at an angle of ~55° and
is a continuation of the FL at depth. Reflection signals from
the SEI can only be recorded in the area northeast of the FL.
The present study is restricted to this part of the seismic
survey, i.e., to 2500 of 3300 single-shot records (shot
traverses 6—21).

[o] The goal of this study is to determine the internal
structure and the reflection coefficients of the SE1 and EB
by comparing the true amplitude seismic data with synthetic
seismograms. The reflected wave field is computed together
with the first arriving wave to obtain the correct absolute
size of the coefficients. This direct wave is the P, wave
which propagates in the upper crystalline crust. An analysis
of the P, wave’s travel time and amplitude allows the
construction of a velocity model which is then used to
compute the reflected waves. The waveforms of the P,
wave show strong variations and are much more difficult to
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Figure 1. 1SO-89 3D seismic survey area with the KTB location (49°48'58.8”N, 12°7'19.2"E) at its
center. x and y are Gauss-Kriiger coordinates. 32 shot locations (squares) northeast of the Franconian
Lineament (FL) are used for analyzing the P,-wave amplitudes. The geophone array of shot location
15580 (star) is shown as an example; it consists of 956 geophones on 20 lines.

interpret (see Figures 4—6 below). These variations can be
explained by scattering at local inhomogeneities near the
Earth’s surface. The P, waveform consists of several cycles,
and thus the envelope of the seismic traces is used to
measure the amplitude. The envelope is determined from
the seismic trace and its Hilbert transform by Fourier
transformation [Sheriff and Geldart, 1995]. The P, wave-
form is sometimes disturbed by correlation noise due to the
vibroseis technique which was used as the seismic source
(12—48 Hz up-sweep). The correlation noise consists
mainly of sinusoidal forerunners [Seriff and Kim, 1970],
which make the precise determination of the first-arrival
time difficult.

[10] The analysis of the P, amplitudes is performed for the
32 shot locations shown in Figure 1. Shot point 15580 north
of the KTB site is shown together with its geophone array.
Two shots were performed at this location, each with 10 lines
of 48 geophone groups recording the data. The source was
located between geophone lines 5 and 6. The distance
between geophone groups was 100 m, and the distance
between geophone lines was 400 m. The maximum
source-receiver offset was ~6.2 km. The geophone arrays
for the other shot points had the same configuration, but
were shifted in lateral position. The geophone arrays of the
shot locations 6580—-21580 extended mainly to the south-
cast, and the arrays of the locations 6521-21521 to the
northwest. The ray paths of the P, waves of all 32 shot
locations covered most of the total survey area northeast of
the FL.

[11] The measured P, amplitudes for 20 of the 32 shots
are shown in Figure 2 as a function of the source-receiver
offset . In Figure 3 the P, amplitudes of shot location
15580 are shown as a function of the geophone number on
the 20 parallel receiver lines. A power law is assumed to
describe the amplitude decay with offset: 4 = ¢ *. The
exponent x is determined by a x*-fit of a straight line to the
data in the form: log A = ¢ — x log r. The results are shown
by the lines in Figures 2 and 3, and the exponents x are
given in Table 1. Figures 2 and 3 support the conclusion that
the amplitude decay can be described with sufficient accu-
racy by a power law. The deviations are attributed to lateral
velocity and density variations near the Earth’s surface.
These variations are neglected in the modeling of seismo-
grams.

[12] Part of the irregular P, amplitude variations is
probably due to very local conditions and different ground
coupling of the geophones. There is some experience with
(static) amplitude corrections for such effects on a seismic
KTB profile [Oye, 2000]. In this case, further processing of
corrected and uncorrected data had similar results. There-
fore, no corrections were applied in the present case of 3-D
data.

[13] A 1-D velocity-depth model is constructed to explain
the P, wave’s travel time and amplitude decay. It is known
from short-profile refraction measurements that there are
high velocities of 4.6—5.8 km/s close to the Earth’s surface
in the region northeast of the FL. which is not covered by
sediments. These velocities determine the P, wave’s travel
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Figure 2. P, wave amplitudes measured at shot locations 12521-21521 and 12580-21580 as a
function of lateral distance. Power laws are fitted to the amplitude decay: log 4 = ¢ — x log » with x given

in Table 1.

time for the small receiver offsets used in the 3-D survey.
The borehole logs show that v, = 6 km/s is reached at ~1 km
depth and that v, = 6.3 km/s at ~3 km depth [Bram and
Draxler, 1995]. The last mentioned value is the average P
velocity for greater depths. The information from the bore-

hole logs is used to construct two layers with linear
velocity-depth functions. The velocity at the Earth’s surface
and the velocity gradient in the first layer are chosen so that
the best fit for all travel times of a single shot is obtained.
The shear wave velocity v; is set to v,/v/3, a value which is



ZILLMER ET AL.: CRUSTAL REFLECTIONS AT THE KTB SITE ESE 2-5
1e+11

line 1 line 6 line 11 line 16
1e+10 ..
1e+09 .
1e+08 ¢ 7.~ . T e
1e+07

0 10 20 30 40 50 0 10

20 30 40 50 O

10 20 30 40 50 0 10 20 30 40 50

1e+11

line 2 line 7 line 12 line 17
1e+10
1e+09
1e+08 == e
1e+07 -

0 10 20 30 40 50 O 10

1e+11

20 30 40 50 O

10 20 30 40 50 O 10 20 30 40 50

line 3
1e+10

1e+07

line 8

line 13 line 18

0 10 20 30 40 50 0 10

Pg amplitude [arbitrary units]

20 30 40 50 O

10 20 30 40 50 0 10 20 30 40 50

1e+11

line 4 line 9 line 14 line 19
1e+10
1e+09
16408 |+ e e c .
16407 -

0 10 20 30 40 50 O 10

20 30 40 50 O

10 20 30 40 50 0 10 20 30 40 50

1e+11
line 5 line 10 line 15 line 20
1e+10
1e+09
1e+08 b tiii;?#*%_ﬂ?4+;?r—v
1e+07

0 10 20 30 40 50 0 10

20 30 40 50 O

10 20 30 40 50 O 10 20 30 40 50

geophone number

Figure 3. P, wave amplitudes, measured at 956 geophone positions of shot location 15580. The
function log 4 = ¢ — x log r is fitted to the data on each geophone line; A4 is the P, amplitude and 7 is the

shot-receiver offset. The line length is 4.7 km.

confirmed by the well logs and by the travel times of the S,
wave which occasionally can be identified in the single-shot
sections. The density is determined by the Nafe-Drake
relation for crustal rocks: p = 1.8 + 0.15 v, [Grant and
West, 1965, Figure 7-7].

[14] Ray theory shows that the P, wave travels in the
gradient layer with a maximum depth of a few hundred

meters (2—5 wavelengths). The amplitude decay in a full-
space with a linear velocity-depth function is given for
small offsets » by 1/r [Officer, 1958]. If a stress-free surface
is introduced, the wave propagation becomes much more
complicated. The direct wave then consists of all interfering
waves which are multiply reflected at the surface. This wave
is known as an interference head wave [Cerveny and
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Table 1. P, Wave Amplitude Decay ~1/r*

Shot Location X Shot Location X
6521 1.8 6580 1.8
7521 1.3 7580 1.6
8521 1.5 8580 1.4
9521 1.1 9580 1.6
10521 1.0 10580 1.4
11521 1.1 11580 1.4
12521 1.2 12580 1.2
13521 1.4 13580 1.6
14521 1.7 14580 1.9
15521 1.4 15580 1.5
16521 1.7 16580 2.1
17523 1.5 17580 2.1
18521 1.4 18580 1.9
19521 1.6 19580 1.8
20521 1.5 20580 2.1
21521 1.4 21580 1.8

%7 is the source-receiver offset.

Ravindra, 1971]. Because analytical results are difficult to
obtain, the reflectivity method is used to compute synthetic
seismograms for a half-space with a linear velocity-depth
function. The velocity gradient is approximated by using a
sequence of homogeneous layers with layer thickness
smaller than a quarter of the wavelength. The source is
described by a vertical point force which acts on the free
surface. A frequency-independent O, factor is chosen in
such a way that the measured amplitude decay with offset is
reproduced; Q; is set to 4/9 0, a standard relation for media
with v = v,/ +/3 and intrinsic attenuation only in shear, not in
compression.

[15] The velocity-depth functions for a number of selected
shots, whose reflection signals from the SE1 and the EB are
studied quantitatively below, are shown in Table 2. These
models explain the observed P, travel times within 0.1 s.
Compared with the observed seismogram sections in Figures
4—6 below, this is a sufficient approximation. The models
explain the P, amplitude decay; synthetic P, waveforms are
close to the vertical-force source time function, a Ricker
wavelet with dominant frequency 30 Hz. The Q,, values are
quite low (<100), indicating strong damping in the first few
hundred meters depth. Such low Q values have been
previously reported for even greater depths at the KTB
boreholes. For a number of shots predominantly in the
northeastern part of the survey area, the P, amplitudes decay
~r~** In case of a half-space with constant velocity a low
quality factor of O, = 40 would be needed to reproduce this
rapid amplitude decay. The introduction of a velocity gra-
dient reduces the amplitude decay and has to be compen-
sated for by even smaller O, values. The problem is further
discussed in the following sections and in Appendix A.

3. Reflections From the SE1 Reflector and From
the Erbendorf Body

[16] The 1800 single-shot sections, recorded northeast of
the FL, were examined for crustal reflection signals, i.e.,
~10° seismograms (shot traverses 11—-21). Clearly visible
signals from the SEI reflector were found in 10,000 traces
of 80 shots and from the EB reflector in 6000 traces of 70
shots.

[17] Three single-shot records are shown in Figures 4, 5,
and 6 with the first 5 s of 12 s recording time; static
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corrections are applied. The frequency content of the data
corresponds to the 12—48 Hz frequency band of the
vibroseis source. Every second trace is plotted in the first
1.5 s to reveal the waveform of the P, signals, and a scaling
factor ~r* is applied to compensate for the P, wave’s
amplitude decay with offset. In the time interval between
1.5 and 5 s the seismograms are shown with true ampli-
tudes. The receiver lines 1—-4 of shot 18615 are shown in
Figure 4. The SE1 reflections can clearly be seen in the time
interval between 2.5 and 3.1 s. Previous migration results
have shown that the SE1 dips steeply to the northeast at an
angle of ~55° [Korbe et al., 1997; Buske, 1999]. The
geophone lines are orthogonal to its strike, and, therefore,
the arrival time of the SEI reflection increases on each
geophone line from the left to the right. Figure 5 displays
lines 5—8 of shot 17642, with the EB reflection arriving in
the time interval from 4.1 to 4.4 s. The travel time decreases
along each geophone line and from one line to the next,
which indicates that this part of the EB is a dipping
structure. In Figure 6 the geophone lines 1-4 of shot
18735 are shown. It is one of the few cases where both
SE1 and EB reflections are visible.

[18] A number of reflections with travel times between 3.2
and 4.8 s can be identified in single-shot sections of the ISO-
89 3D data set. They were previously identified in stacked
data volumes and named by the letters B, G and R [Wieder-
hold, 1992]. The B and G reflections were attributed to the
EB, but whether the R reflections R1 and R10 also belong to
the EB remained undetermined. It is known from wide-angle
measurements, that the EB has a considerable lateral exten-
sion [DEKORP Research Group, 1988; Gebrande et al.,
1989]. Therefore, in this study we take the view that all
signals with travel times between 3.2 and 4.8 s are reflec-
tions from the EB. Most of the 6000 reflections from the EB
are from the reflector R1. We determined an image of this
reflector using Kirchhoff migration with a constant velocity
of 6.3 km/s [Schneider, 1978]. The absolute values of the
migrated amplitudes of the single shots were stacked

Table 2. Selected Single-Shot Sections With Crustal Reflections
From SEI and EB*

Reflector Shot/Swath X v, (2), km/s 0,
SE1 18615/1 1.4 53+0.7z 50
SE1L 15620/1 1.4 55+05z 70
SE1 17622/1 1.0 55+05¢z 200
SE1 18734/2 1.7 51+09:z 30
SE1L 18735/2 1.6 51+09z 35
SE1 17799/4 2.4 51+09¢z 15
SE1 19800/4 2.5 53+07z 15
EB (R1) 15638/1 1.3 53+07z 60
EB (R1) 15738/2 1.5 50408z 40
EB (R1) 15743/2 1.3 52+08z 50
EB (R1) 1675372 1.7 53+07z 35
EB (R1) 17642/3 1.8 51+09:z 25
EB (G) 21610/1 1.8 51+09z 25
EB (B) 14631/1 1.6 54406z 45
EB (B) 1774172 1.5 53+07z 45
EB (B) 14645/3 2.5 51+09z 10
EB (R10) 19796/4 2.1 53+07z 20
EB (R10) 18799/4 2.4 51+09z 15

“The 1-D velocity-depth function and the O, factors for the depth
interval z < 1 km explain the observed P, wave travel time and amplitude
decay with offset ~1/r". The labels R1, R10, B, and G coincide with those
of Wiederhold [1992]; see also Figure 8.
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[Buske, 1999]. The result is shown in Figure 7. The EB (R1)
appears as a dipping structure of ~5 km lateral extension.

[19] Geometrical ray theory is used to obtain a map of the
reflection points. The G, B, and R10 reflections with travel
times of 3.2—3.3'5,3.5-3.6 s, and 4.7—4.8 s are represented
by horizontal interfaces at 10, 11, and 15 km depth,
respectively. The R1 reflector is modeled by a plane, dipping
with 30° to the north and with 10° to the west (and including
the point (4514,5516,11) km); the reflection points are in the
depth range between 8.5 and 11.5 km. The SE1 has a strike
angle of 320° and a dip angle between 45° and 60°
(including the point (4510,5511,0) km); the dip angle is
chosen in such a way that the measured SE1 travel times are
reproduced in the best way. The reflection points for the SE1
and the EB are shown in Figure 8. The SEI reflection points
are concentrated in three regions: at 6 km southeast of the
KTB in the depth interval 3.8—5.4 km (including the
reflection points of shots 18615, 15620, and 17622 in
Table 2), at 3.5 km south in 4.3-5.2 km depth (shots
18734 and 18735) and at 8 km northwest in 5.1-6.4 km
depth (shots 17799 and 19800). The angles of incidence are
smaller than 15° for both reflectors SE1 and EB.

ISO-89 3D data example: Seismograms of shot 18615 (receiver lines 1—4). The signals of the
dipping SE1 reflector arrive in the time interval between 2.5 and 3.1 s. Between 1.5 and 5 s, true
amplitudes are shown. In the first 1.5 s, every second trace is plotted and an offset-dependent scaling
factor ~r'* is applied to reveal the waveform of the P, signals. Traces 70 and 129 are marked with an

arrow (compare to Figure 10).

[20] The thickness of the EB, or more properly, of its
reflecting top part, is constrained by the length of the
reflection signal in the data. It does not exceed the signal
length of the P, wave. Reflection signals from deeper parts
or even from the bottom of the EB, separated in time from
the first signal, cannot be found in the data. Taking an EB
reflection length of about 0.1 s as the two-way time of the
reflecting part of the EB, an upper limit for the thickness of
this zone of 350 m is found, using a velocity of 7 km/s.
Thus the thickness of the reflecting part of the EB is much
smaller than its lateral extension. The thickness of the SE1
can be estimated in a similar way and with similar results
from the duration of the SEI reflection signal.

4. Comparison of Single-Shot Sections and
Synthetic Seismograms

[21] For the computation of synthetic SE1 and EB reflec-
tions a combination of the ray method and the reflectivity
method is used. This hybrid method allows the investigation
of thin dipping reflectors with a complicated internal 1-D
structure. The reflectors can be embedded in an inhomoge-
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Figure 5.
reflections arrive in the time interval between 4 and 4.3 s. Between 1.5 and 5 s, true amplitudes are shown.
In the first 1.5 s, every second trace is plotted and an offset dependent scaling factor ~r'¥ is applied to

reveal the waveform of the P, signals. Trace 267 is marked with an arrow (compare to Figure 10).

neous medium with a 3-D velocity distribution. At the
reflection point, the frequency-dependent reflection coeffi-
cient for a stack of layers is computed. The radiation pattern
for a vertical-force point source at the free surface is included
in the implementation, as well as the free-surface transfer
function at the receivers. The six ordinary differential
equations for a seismic ray in a 3-D inhomogeneous medium
are solved together with the twelve additional differential
equations for the amplitude along the ray [Cerveny et al.,
1977]. The ray which reaches the receiver position is
calculated by varying the take-off angles at the source
position (the boundary value problem is solved through
varying the initial values). The system of ordinary differ-
ential equations is integrated using the program Isodar of the
odepack library [Petzold, 1983]. This program automatically
chooses the step size, controls the integration error and
contains a root searching option which is useful in finding
the point of intersection of a ray with the reflector plane.
[22] Synthetic seismograms for comparison with the ISO-
89 3D data were computed using a simple velocity model
(section 2): the velocity laws and Q, factors of Table 2 are
used for the depth range 0 <z < 1 km. They give the correct
amplitude decay of the P, wave as discussed in section 2. The
velocity increases linearly between 1 and 3 km depth from 6
to 6.3 km/s; for z > 3 km the constant velocity 6.3 km/s is

ISO-89 3D data example: Seismograms of shot 17642 (receiver lines 5—8). The EB

used. The SE1 and the EB are represented by dipping plane
interfaces or stacks of layers (see section 3). Seismograms are
calculated for the true source and receiver coordinates. The
source pulse is again a 30 Hz Ricker wavelet.

[23] The quality factor O, of the crystalline crust for
z > 1 km was set to the values: infinite, 500 and 250. Low
attenuation, as represented by these values, is found in
crustal studies of earthquake and explosion seismology
[e.g., Kvamme and Havskov, 1989; Scheirer and Hobbs,
1990; Fletcher et al., 1990; Aster and Shearer, 1991;
Havskov and Medhus, 1991; Grad and Luosto, 1994; Benz
et al., 1997; Adams and Abercrombie, 1998]. These studies
contrast with the results of vertical-seismic profiling (VSP)
investigations at KTB. Very low 0, values from 20 to 50
were reported for the main borehole by Li [1995] and Pujol
et al. [1998]. Appendix A provides a reinterpretation of
their VSP seismogram section and shows that these data
give evidence both for low and for very high O, and that,
therefore, no representative O, values can be derived for a
larger rock volume. Moreover, O, values much lower than
500 would entail reflection coefficients for the SE1 and the
EB which are unrealistically high, even larger than 1.

[24] The amplitude ratios SE1/P, and EB/P, in the data are
determined for the shots given in Table 2; amplitudes are
envelope values. The results are shown in Figure 9. The
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Figure 6.
reflections arrive in the time interval between 2.7 and 3.3 s, and the EB reflections between 3.8 and 4.0 s.
Between 1.5 and 5 s, true amplitudes are shown. In the first 1.5 s, every second trace is plotted and an
offset dependent scaling factor ~r' is applied to reveal the waveform of the P, signals.

synthetic, straight-line amplitude ratios correspond to reflec-
tors which are first-order discontinuities with different reflec-
tor velocities (the velocity of the overburden is 6.3 km/s).
The velocity decreases in the SE1 models, based on the
assumption that the SE1 is a fault zone; the velocity increases
in the EB reflector models, according to our knowledge from
wide-angle measurements. In both cases, the polarity of the
reflections in the data could not be determined because of
background noise. The positive slope of the lines in Figure 9
is due to the decay of the P, amplitudes. The central line
gives the best fit to the observed amplitude ratios.

[25] Several models which explain the measured ampli-
tude ratios in about the same way are given in Table 3. The
size of the velocity jumps depend on the assumptions about
the damping at depths between z = 1 km and the reflectors.
We prefer the value O, = 500. A value of O, = 250 leads to
velocities higher than 8.0 km/s for the EB, which is petro-
logically less plausible. The first-order discontinuities require
high-velocity contrasts, and the X\/4 layers require smaller
contrasts due to constructive interference produced by the
layer. The reflection coefficients given are for the first-order
discontinuity models; they include a density contribution.
Typical magnitudes are 0.1-0.2, depending on Q,; for the
N4 layers the values would be somewhat lower.

ISO-89 3D data example: Seismograms of shot 18735 (receiver lines 1-4). The SEI

[26] A direct comparison of observed seismograms, taken
partly from Figures 4 and 5, and synthetic seismograms is
given in Figure 10. The models used are: a first order
discontinuity, a N4 layer, three layers and two models
which are quasi-statistical and consist of 15 and 30 layers
with thicknesses of 5, 10 or 20 m. The autocorrelation
function of the vibroseis sweep (12—48 Hz) is used as the
signal. The models produce time signals of 0.1-0.15 s
length and with similar amplitudes. The synthetic traces are
calculated for the comparison with trace 70 of shot 18615
and trace 119 of shot 17642. A travel time error of 0.1 s is
acceptable. Detailed reproduction of observed pulse forms
is not possible because of scattering and noise contributions
in all data traces, but the pulse durations compare favorably.

5. Discussion and Conclusions

[27] The pulse durations of the SE1 and EB reflections
are no longer than the P, duration, as the seismogram
sections in Figures 4—6 show. Accordingly, the reflectors
could even be first-order discontinuities. For the SE1 this is
improbable, because the P velocity log of the KTB main
borehole does not show a velocity step of the required size
of 1 km/s or more (Table 3, O, = 500). For the largest EB
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Figure 7. Kirchhoff-migration: Vertical W-E and S-N slices through the EB. The slices pass through the
center of the main cluster (R1) of EB reflection points in Figure 8.

reflection zone R1 (Figure 8), a step of 1.5 km/s and higher
would be required (Table 3, O, = 500), which is difficult to
explain petrologically. For the SE1 and EB part R1, lami-
nated structures with reduced velocity contrasts are plau-
sible alternative models (Figure 10, Table 3). Their total
thickness can hardly exceed 300 m, otherwise the duration
of the reflections would be too long. For the SE1 a thickness
range from 50 to 300 m is permitted. If the EB were only
300 m thick, its refracted wave (with velocities higher than

w E

K ' ' ' ' ' N
y [km] SE1 reflections

5530

5520 r

5510

4520
x [km]

4500 4510

7 km/s) would not have been observed in wide-angle
measurements for tens of kilometers [DEKORP Research
Group, 1988; Gebrande et al., 1989]. Consequently, the
steep-angle ISO-89 3D measurements have only detected
the top of the EB. Times greater than 5 s were also
investigated in this data set, but no clear arrivals, including
the Moho reflection, could be determined. The interior of
the EB appears to have smooth velocity variations. A
smooth decrease from an average velocity of 7.5 km/s at

W E
K ' ' ' ' ' N
y [km] EB reflections
5530 | i
5520 | i
5510 | i
]
4500 4510 4520
x [km]

Figure 8. Map of reflection points for the SE1 and the EB reflector, determined by ray tracing and
projected vertically to the earth’s surface. The stars denote the source locations used (see Table 2 or 3).
The Gauss-Kriiger coordinates of the shots 18615, 17642 and 18735 are given by (4517.674 km,
5517.925 km), (4513.109 km, 5521.243 km) and (4514.824 km, 5520.789 km), respectively (compare to
Figures 4—6). The labels B, G, R1, and R10 coincide with the denotations of Wiederhold [1992].
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0, = oo for z > 1 km (compare Table 3 for other models).
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Table 3. Reflector Velocities v, and Reflection Coefficients R, of the SEI and the EB?

Vp» km/s Rpp

First-Order Discontinuity N4 Layer First-Order Discontinuity
Reflector Shot/Swath 0, = 0, =500 0, =500 0, =250 0, =0 0, =500
SE1 18615/1 5.6 53 5.7 5.4 —0.08 —0.11
SEI1 15620/1 5.0 4.6 52 4.9 —0.15 —0.20
SE1 17622/1 5.7 5.4 5.7 5.6 —0.06 —0.10
SE1 18734/2 4.8 43 4.9 4.5 —0.17 —0.23
SEI1 18735/2 5.1 4.7 52 4.8 —0.13 —0.18
SE1 17799/4 5.4 52 5.5 52 —0.10 —0.12
SEIl 19800/4 5.6 5.4 5.6 5.4 —0.08 —0.10
EB (R1) 15638/1 7.2 79 7.3 8.1) 0.09 0.15
EB (R1) 15738/2 7.6 (8.8) 7.8 9.0) 0.13 0.22
EB (R1) 15743/2 7.2 (8.0) 7.3 (8.2) 0.09 0.16
EB (R1) 16753/2 7.1 7.8 7.3 (8.0) 0.08 0.14
EB (R1) 17642/3 72 7.9 7.4 8.2) 0.09 0.15
EB (G) 21610/1 6.6 6.8 6.6 6.8 0.03 0.05
EB (B) 14631/1 6.6 6.8 6.6 6.9 0.03 0.05
EB (B) 1774172 6.6 6.8 6.6 6.8 0.03 0.05
EB (B) 14645/3 6.6 6.8 6.6 6.8 0.03 0.05
EB (R10) 19796/4 6.5 6.7 6.6 6.8 0.02 0.04
EB (R10) 18799/4 6.6 6.8 6.6 6.9 0.03 0.05

“The P wave velocity above the reflectors is 6.3 km/s. Several Q models in the depth range z > 1 km are considered. The thickness of the N4 layer is
related to the frequency 30 Hz. Velocities which are petrologically implausible are given in parentheses.

SE1 reflector models SE1 seismograms shot 18615
- 1 t[s] 25 1
Okm 1 26 1 1
- I: - 2.7 + .
0.1 km r 1 28 r 1
- . 29 ¢ ]
0.2 km r 1 3r 1
- - 31t .
S 3.2
4565 Vp [km/s] datatraceno 245 70 129
EB reflector models EB seismograms shot 17642
4
Okm L 1 t[s] 4.1 | 1
- . 42 -
0.1 km | 1 43 1 1
- . 4.4 .
0.2km r 1 45 r 1
- . 46 -
0.3km | 1 4.7 1
4.8
6 8 Vp [km/s] datatraceno 267 119 75

Figure 10. (left) The 1-D velocity-depth models and (right) corresponding synthetic seismograms which
approximately match the observed amplitudes for the SE1 and EB reflections. Depth is perpendicular to
the reflectors. From left to right in each panel are shown a first-order discontinuity, a /4 layer, a zone with
alternating high- and low-velocity layers, two examples of zones with a quasi-statistical velocity-depth
distribution, determined with the aid of random numbers, data traces of shot locations 18615 and 17642.
The synthetics are calculated with O, = 500 for z > 1 km; they are plotted on the same amplitude scale.
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the EB top to lower values inside would be compatible with
the interpretation of the wide-angle measurements (a high-
velocity layer of 2—3 km thickness on top of rocks with
more normal crustal velocities).

[28] The reflector-zone model for both the SE1 and the EB
part R1 must have pronounced parameter contrasts in order
to explain the observed amplitude ratios with the P, reference
phase (Figure 9). Velocity changes from 6.3 to an average
velocity of 5.4 km/s at the SE1 (\/4 layers in Table 3) imply,
with corresponding density changes, a normal-incidence P
wave reflection coefficient of —0.10. The coefficient for the
EB is +0.11 (6.3 to 7.4 km/s velocity change; N\/4 layers in
Table 3). Note that in both zones reflection coefficients with
opposite signs must occur. Constructive interference of the
individual reflections is necessary to produce a composite
reflection with the observed strength.

[29] Inthe case of the EB there are also less reflecting parts
than R1. On parts B, G and R10 (Figure 8) velocity steps of
only 0.5 km/s are observed, from 6.3 to 6.8 km/s for the first-
order discontinuity models in Table 3 (O, = 500). The strong
change in the inferred reflector strength from R1 to the
closest B spot on the EB (Figure 8) appears to be real: these
spots are further apart than the diameter of the Fresnel zone
(~2 km, for wavelength 0.25 km and path length 20 km).

[30] The velocity variations in the successful SE1 models
(Figure 10) are roughly equal in size to the variations in the
smoothed acoustic log of the KTB main borehole and in the
VSP interval-velocity distribution [Rabbel et al., 2000]. Yet
the SE1 structure is much more localized in-depth. One
reason for the difference could be that the SE1 reflector in
the main borehole has weak parameter contrasts. Note that
the SEI reflection from the KTB intersection could have
been observed with the shot-receiver configurations used,
but the actual reflection points in Figure 8 are located at
least 3 km south of the KTB location, and the KTB
intersection is non-reflecting.

[31] As geological-petrological structures, the SE1 and
the EB are known from previous studies to be much more
extended than the identified reflection areas in Figure 8. The
shot-reflector-receiver geometry used here provided illumi-
nation of larger areas, but most reflection coefficients were
not strong enough to be observed. Mainly the areas of the
strongest velocity and density contrasts and reflection
coefficients were included in this study. Thus there is
pronounced lateral variation of reflector strength.

[32] The SEI results of this study quantitatively support
the established view that it is a cataclastic thrust-fault zone
which continues the Franconian Lineament into the crust
[e.g., Zulauf and Duyster, 1997]. Because the fault at the
surface separates mesozoic sediments and crystalline rocks,
there is no outcrop evidence for the cataclastic properties of
the fault within the basement. The evidence comes only
from the SE1 reflections and, to some extent, from the KTB
borehole observations. The lateral displacements along the
fault in tectonically active times, which took place in a
medium with natural velocity and density fluctuations,
partly amplify and partly weaken the cataclastic effects
and, hence, contribute to the variability of reflector strength.

[33] The EB reflector results of this study have been
connected with the evidence from wide-angle seismics, that
at about the same depths a high-velocity body starts
[DEKORP Research Group, 1988; Gebrande et al., 1989].
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In conclusion, this body has a cataclastic top zone with a
thickness of a few hundred meters. Such a zone could
possibly be the result of sill-like intrusion of the high-
velocity body into the crust.

Appendix A: @, From Vertical Seismic Profiling at
KTB

[34] The purpose of this appendix is to illustrate the
problems of determining a representative quality factor O,
from the VSP measurements in the KTB main borehole. Li
[1995] and Pujol et al. [1998] have derived O, values as
low as 20-50 from these data in the frequency range
20—-30 Hz which approximately coincides with the domi-
nant frequencies of the ISO-89 3D data studied here. For
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Figure Al. Vertical-seismic profiling seismograms, re-

corded in the main borehole of the KTB site and corrected
for geometrical spreading. Figure from Pujol et al. [1998],
reproduced with permission of the Society of Exploration
Geophysicists, Tulsa, Oklahoma.
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Figure A2. Maximum peak-to-peak amplitudes from
Figure Al and theoretical decay curves for different O,
values.

0, =30, a frequency of 25 Hz and a propagation distance of
10 km (roughly the one-way distance of the SE1 and EB
reflectors from the vibrator locations), the exponential
attenuation factor would be 0.013, almost two orders of
magnitude lower than the attenuation factor for the more
conventional values @, = 500 or 1000 (0.78 or 0.88).
Crustal reflection seismology would virtually be impossible,
if O, of the order of 30 would characterize larger parts of
the upper crust.

[35] In the present study very low 0, values are used to
depths of 1 km to explain the partly strong amplitude decay
of P, (see section 2 and Table 2). Such values probably
characterize the eroded, fractured and jointed top of the
crystalline basement, but it is unlikely that such pronounced
heterogeneities extend to greater depths. Ryberg and Fuis
[1998] provide evidence along the same lines for a reflec-
tion profile in southern California.

[36] Looking into the VSP data from which Li [1995] and
Pujol et al. [1998] derived their O, values, one can find
highly variable Q,, including O, = oco. Figure Al is taken
from Pujol et al. [1998] and reproduces the VSP seismo-
grams in the KTB main borehole at depths from 3 to 6 km,
corrected for geometrical spreading. In Figure A2 the
maximum peak-to-peak amplitudes in the first 0.2 s of the
direct wave are displayed as a function of depth. Between 3
and 4 km, there is a general decay of the amplitudes,
followed by rather constant amplitudes in the interval
4-6 km. Between 3 and 4 km, the amplitudes correspond
to the first oscillations, whereas between 4 and 6 km the
peak-to-peak amplitudes partly are from later cycles. These
time domain measurements are an alternative to the spectral
measurements of Pujol et al. [1998], but with a very
different result, namely O, = 13 between 3 and 4 km and
0, = oo between 4 and 6 km. The depth range that was used
by Pujol et al. [1998] and their result Q,, = 26 (for 23.4 Hz)
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are also indicated in Figure A2. In conclusion, the Q,, values
depend strongly on the depth range considered and to some
extent also on the method of analysis. Moreover, VSP
measurements are particularly difficult to correct for geo-
metrical spreading close to the source where the elastic
effects on amplitudes are more variable than far away, and
systematic 0, errors are likely. Therefore, the VSP measure-
ments in the KTB main borehole do not allow safe infer-
ences on O, for larger crustal volumes. It is much safer to
rely on earthquake and explosion studies in different parts
of the world which point to crustal O, values of several
hundred (see citations in section 4).

[37] The amplitude interpretations of the SE1 and EB
reflections for this paper were, therefore, performed with
more conventional O, values (oo, 500, 250) with a prefer-
ence for O, = 500. They imply a relatively small influence
of attenuation on the reflections. Even then, as shown in
section 4, noticeable reflection coefficients are obtained; for
0, much less than 500 they would be larger than 1 which is
physical impossible.
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