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rial; (2) any interactions between the radioactive waste canisters, en-
gineered barriers, and host rock; (3) the availability of “prior knowl-
edge” about the host rock properties (e.g., lithological heterogene-
ities, fractures, faults); and (4) risks associated with natural and an-
thropogenic hazards.

A number of research projects worldwide are directed at testing
different repository concepts (Witherspoon and Bodvarsson, 2001,
2006; Chapman and McCombie, 2003; Alexander and McKinley,
2007). Many projects involve one of two types of underground facil-
ity: repository candidates such as the Olkiluoto site in Finland (Vira,
2006) and the Forsmark site in Sweden (Nature News, 2009) and ex-
perimental underground laboratories such as the Underground Re-
search Laboratory in Canada (Brown et al., 1989), the HADES site
in Belgium (Neerdael and Volckaert, 2001), the Meuse/Haute-
Marne site in France (Delay et al., 2007), and the Grimsel and Mont
Terri Rock Laboratories in Switzerland (Lieb, 1989; Thury and
Bossart, 1999).

Diverse seismic methods have proven to be suitable for exploring
the structure and physical properties of potential host-rocks. These
include 2D and 3D surface-reflection seismic imaging (Mair and
Green 1981; Birkhiduser et al., 2001; Schmelzbach et al., 2007; Juh-
lin and Stephens, 2006), multiazimuth and multioffset VSP survey-
ing (Enescu et al., 2004), crosshole seismic investigations (Vasco,
1991; Tura et al., 1992; Maurer and Green, 1997; Vasco et al., 1998;
Hayles et al., 1999), and surface-to-tunnel studies (Gritto et al.,
2004).

Once the relevant host rock is characterized and judged to be suit-
able, effective monitoring strategies need to be devised for the vari-
ous stages of a repository’s lifetime (i.e., preexcavation, excavation,
HLRW emplacement, backfilling and sealing, and 100—-300 years
of postclosure). While there is access to the repository, a wide range
of suitable geophysical methods exists for monitoring the host rock.
Surveillance of the excavation damage/disturbance zone (EDZ)
around a repository’s shafts and tunnels is particularly important
(Thury, 2002; Bossart et al., 2004; Barton, 2006; Bliimling et al.,
2007). The EDZ is created whenever a significant volume of materi-
al is removed from the underground, thus creating a high stress gra-
dient between the lithostatic pressure in the rock and the atmospheric
pressure in the tunnel. The extent of a damage zone depends on the
type of host rock, the geomechanical conditions, and the excavation
method (Barton, 2006). It may be as small as a few centimeters to as
large as several shaft/tunnel radii, and its physical properties may
vary over time; in argillaceous rocks, the hydraulic conductivities
may decrease by orders of magnitude during the first few years after
excavation as a result of various self-healing processes (Bossart et
al., 2004; Bliimling et al., 2007).

In addition to recording microseismic and acoustic emissions
(Falls and Young, 1998; Young et al., 2000; Young and Collins,
2001; Pettitt et al., 2002), various geoelectric (Kruschwitz and Yara-
manci, 2004; Gibert et al., 2006) and active ultrasonic (> 10 KHz)
seismic methods (Falls and Young, 1998; Young and Collins, 2001;
Schuster et al., 2001; Pettitt et al., 2002; Bastiaens et al., 2007;
Damaj et al., 2007; Nicollin et al., 2008; Balland et al., 2009) have
been used to monitor the evolution of EDZs based on data acquired
within shafts/tunnels or within boreholes drilled from shafts/tun-
nels.

In contrast to preclosure surveillance of a high level radioactive
waste repository, the opportunities for postclosure monitoring are
severely limited (IAEA, 2001; Thompson and Simmons, 2003; EU,
2004; White et al., 2005; Nirex, 2005); it will not be accessible once

it is backfilled and sealed, and there should be no physical connec-
tions to the outside that could jeopardize the isolation capabilities of
the engineered and natural barriers. As a consequence, microseis-
micity and active seismic methods provide unique possibilities for
remotely monitoring a repository in a largely nonintrusive manner.
The principal differences between these methods and those em-
ployed from within a repository (Falls and Young, 1998; Young and
Collins, 2001; Schuster et al., 2001; Pettitt et al., 2002; Bastiaens et
al., 2007; Damaj et al., 2007; Nicollin et al., 2008; Balland et al.,
2009) are the need to record seismic waves that have traveled over
longer distances and the associated requirements to employ lower
frequency sensors and (for the active methods) lower frequency
more powerful energy sources.

In this contribution, we investigate active crosshole and hole-to-
tunnel seismic methods as means to monitor induced changes to spe-
cially constructed features within two underground test facilities.
One option for active seismic monitoring is crosshole traveltime to-
mography (e.g., Lehmann, 2007 and references therein). Unfortu-
nately, traveltime-based methods will only be of limited value for
monitoring a radioactive waste repository, which will have dimen-
sions of only a few meters. Such target size is very small compared to
the expected source-receiver distances that are involved (up to ten
times larger) and therefore the effect of even modest changes in tar-
get velocity on simple traveltimes is likely to be very small. Regard-
less of the design of the site, it is very likely that the seismic veloci-
ties within the repository will be substantially lower than in the sur-
rounding host rock. Therefore, the first-arriving wave trains will pre-
dominantly “avoid” the repository and provide no direct or only very
limited indirect information about changes associated with the state
of the repository.

Although first-break arrival times may be little affected by chang-
es within a repository, later parts of the seismic traces may provide
useful information, which could be extracted using full-waveform
inversion techniques. These techniques, originally proposed in the
early 1980s (Tarantola, 1984; Mora, 1987), are currently a hot re-
search topic (Geophysical Prospecting, 2008).

A number of synthetic studies have established the utility of full-
waveform inversion techniques, but the literature on their applica-
tions to real data is relatively sparse. A key limitation is the availabil-
ity of high quality seismic data. Moreover, application of waveform
inversion to monitoring problems, where subtle differential changes
in the medium may result in very small changes in the seismic traces,
requires particularly high fidelity data. Therefore, monitoring appli-
cations require high-quality and well-calibrated data acquisition
systems and rigorous experimental repeatability. In particular, the
source and receiver characteristics and their coupling to the host
rock, as well as the recording instrumentation, should not change be-
tween repeat measurements. If unavoidable changes do occur, they
must be known and properly accounted for by applying appropriate
correction/compensation procedures during the data analysis and/or
inversion.

We describe a systematic investigation of seismic waveform re-
peatability for the purpose of monitoring potential radioactive waste
repositories. Our computational code is a modified version of a
readily available program (Bohlen, 2002), and our acquisition sys-
tem is an assembly of commercial components. We compare results
from two test sites located in different host-rock environments (i.e.,
granitic rock and a clay-rich formation).

After describing the experimental setup at the two locations, we
present the results of numerical simulations that mimic changes
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within the areas of interest. These computations provide estimates of
the changes in the seismic traces that can be realistically expected.
We then examine the repeatability of our seismic source (sparker)
and determine the frequency band over which our sensors (hydro-
phones in shallow-dipping water-filled boreholes and vertical-com-
ponent geophones anchored within the tunnels) provide reliable re-
sponses. As a next step, we check the influence of the coupling con-
ditions on the repeatability of the hydrophone recordings. Some
findings are verified by repeating experiments with two other types
of hydrophone arrays. For comparison purposes, we also perform re-
peat experiments using hydrophones in vertical boreholes at a third
location. Finally, we discuss the influence of systematic noise (e.g.,
electrical effects in the hydrophone chain and sparker coaxial cable,
and tube waves) that may limit the usable time windows of the seis-
mic sections. On the basis of these investigations, we comment on
the relative merits of the different types of receiver, how to combat
coupling differences, and the influence of the host-rock medium on
the overall seismic responses. Our main contribution is to outline a
methodology for a quantitative assessment of data quality require-
ments for the effective monitoring of an HLRW repository using
seismic measurements at repository scales, in particular for postclo-
sure applications.

TEST SITES AND EXPERIMENTAL
CONFIGURATIONS

Grimsel test site (GTS)

The Grimsel Test Site (GTS) in the central Swiss Alps is dedicated
to diverse studies associated with the storage of radioactive waste
(GTS will not be used for waste disposal). Since the official opening
of GTS in 1984, a wide variety of geophysical, geological, hydro-
geological, and rock mechanical experiments has been conducted in
the laboratory’s tunnels and numerous boreholes (Lieb, 1989; Kick-
maier and Thury, 2002). In addition to determining the physical
properties of the crystalline rocks surrounding the underground lab-
oratory, these investigations have provided key information on the
resolving power of the various methods.

The Grimsel test site lies within the Variscan-age (~287 ma)
Central Aare Granite and Grimsel Granodiorite (Miiller, 1988;
Keusen et al., 1989). This body has been affected by numerous intru-
sions, including prominent lamprophyre dikes. Physical properties
of the host rock have been primarily explored using seismic methods
(Bliimling and Sattel, 1988; Gelbke et al., 1989; Vasco, 1991; Turaet
al., 1992; Holliger and Buhnemann, 1996; Maurer and Green, 1997;
Vasco et al., 1998; Schild et al., 2001). The various investigations re-
vealed the presence and influence of numerous fractures and shear
zones. Seismic P-wave velocities ranged from ~4500 to
~5500 m/s. Holliger and Buhnemann (1996) measured relatively
high attenuation in the GTS host rock, with Q factors of 30-50, pos-
sibly associated with microfracturing.

Several European radioactive waste agencies have initiated and
implemented experiments at GTS devoted to the nonintrusive moni-
toring of swelling bentonite. This clay is characterized by pro-
nounced swelling and very low hydraulic conductivities when it is
water-saturated (Villar et al., 2005a). As a consequence, many coun-
tries are planning to embed their radioactive waste within bentonite
mixtures, regardless of the host-rock type. Any interaction of water
with the clay due to infiltration is expected to seal the barrier. The ad-

vantage of a granitic host rock is that it provides sufficient confining
pressure to the bentonite and a constant groundwater flux (Villar et
al., 2005b; Alonso et al., 2008).

The experimental configuration at GTS is sketched in Figure 1. A
1-m-thick bentonite wall is assembled in layers at the end of a
3.5-m-diameter tunnel. Realistic closure of the repository is simulat-
ed with a 4-m-long low-pH shotcrete plug. Water introduced at a
number of locations induces bentonite swelling under controlled
conditions. The experimental region is equipped with several types
of sensor that monitor a variety of parameters, including pressure,
water content, temperature, deformation, etc. (Seidler and Bosgi-
raud, 2008).

Because the swelling of bentonite is associated with substantial
variations of its elastic properties (Wersin 2003; Villar et al., 2005a,
2005b), nonintrusive seismic monitoring was considered a viable
option. For this purpose, six gently dipping boreholes were drilled at
regular intervals around the circumference of the tunnel, shotcrete
plug, and bentonite mass (Figure 1). The length and diameter of the
boreholes were 25 and 0.085 m, respectively. During each seismic
measurement campaign, seismic energy was released at 0.25 m in-
tervals along the gently dipping boreholes 3, 4, and 5. The source
employed in our tests was a P-wave sparker (Rechtien et al., 1993),
characterized by a nominally repeatable broadband spectrum up to
several kHz, depending on its coupling to the host rock (Lovell and
Hornby, 1990).

The seismic waves were primarily recorded by an acquisition sys-
tem that included three multielement hydrophone chains placed in
gently dipping boreholes 1, 2, and 6, and a composite 24-bit dynamic
range Geometrics Geode recording unit that allowed 96 individual
channels to be simultaneously sampled at a timing interval of 20 us.
The three hydrophone chains were each equipped with 24 hydro-
phones spaced at 1 m intervals. These sensors were expected to pro-
vide a flat response from approximately 0.2 to 7.0 kHz. During the
surveys, a 0.25 m hydrophone spacing was synthesized by shifting
the hydrophone chains by 0.25 m along the boreholes and repeating
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Figure 1. Experimental configuration at the Grimsel Test Site (GTS).
The cross-section perpendicular to the tunnel axis at the top left cor-
ner shows the relative orientations of the six boreholes (blue for
source and red for receiver) and the distribution of vertical-compo-
nent geophones (green dots) mounted on the outer wall of the shot-
crete plug. The lower drawing shows the borehole inclinations and
the relative positions of the tunnel, shotcrete plug, and bentonite lay-
ers.
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the experiments. To ensure rigidity and accurate relative positioning,
the hydrophone chains were placed in PVC pipes. In addition to the
hydrophone data, information from 24 100-Hz vertical-component
geophones rigidly mounted (cemented within small holes) to the
front wall of the shotcrete plug was also recorded by the Geode sys-
tem.

Mont Terri rock laboratory (Felslabor Mont Terri,
FMT)

The second suite of experiments was conducted at the Mont Terri
Rock Laboratory (FMT) in the Swiss Jura Mountains (FMT will not
be used for HLRW disposal). Here, the host rock is the Opalinus clay
formation, an extremely low permeability rock of Aalenian age
(~170 ma). Opalinus clay has been identified as a potential host
rock for radioactive waste in Switzerland (NAGRA, 2002a, 2002b;
Witherspoon and Bodvarsson, 2006). It is found at appropriate
depths between 500 and 1000 m in the Alpine foreland (Birkhduser
et al., 2001) and outcrops in the region of the FMT (Thury and
Bossart, 1999). The test site comprises several tunnels excavated
from the escape gallery of a motorway tunnel. As for the Grimsel
site, the Mont Terri site has been the focus of experiments by numer-
ous radioactive waste agencies (Bossart and Thury, 2007).

Besides its low permeability, Opalinus clay, like bentonite, has the
advantageous property of being self-sealing (Thury, 2002; Bossart et
al., 2004; Bliimling et al., 2007). The physical and chemical proper-
ties of Opalinus clay and other relevant clay-rich formations have
been determined in a variety of experiments (e.g., Bastiaens et al.,
2007). A distinguishing feature of Opalinus clay is its high degree
of elastic anisotropy, with slow and fast P-wave velocities of
2300-2500 and 3100-3300 m/s, respectively (Nicollin et al., 2008;
Manukyan et al., 2008).

The experimental setup at FMT is sketched in Figure 2. A
13-m-long microtunnel with a diameter of 1.0 m, mimicking a
30-40% scaled repository, was constructed in the Opalinus clay for-
mation. For crosshole monitoring purposes, two moderately dipping
boreholes (25 and 29 m long) were drilled perpendicular to the axis
of the microtunnel. During the experiments, both boreholes were
water filled. Initially, the microtunnel was empty. It was then filled
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Figure 2. Experimental configuration at the Mont Terri Rock Labo-
ratory (FMT). Two boreholes extend from the side of the main tunnel
(blue for source and red for receiver). Vertical component geophon-
es (green dots) are rigidly mounted equidistant around the monitored
microtunnel.

with sand and sealed with a mega-packer system. Subsequently, the
microtunnel was water-saturated and slightly over-pressured. As a
last phase, gas injection began in June 2010.

All phases of the experiment have been accompanied by seismic
measurements. Seismic energy was released sequentially in the low-
er downward dipping borehole at 0.25 m intervals using the same
sparker source as at GTS. The primary data acquisition system and
recording strategy were essentially the same at both the sites; 24
1-m-spaced hydrophones were progressively shifted in the upward
dipping borehole to simulate 0.25 m spacing. At FMT, the temporal
sampling interval was either 64 or 32 us, and two different installa-
tion procedures were employed. During the first six experiments, the
hydrophone chain was inserted with a hook and pulley system. For
the remaining experiments, the hydrophone chain was placed in a
rigid PVC pipe as described for GTS. In addition to the hydro-
phones, eight 100-Hz vertical-component geophones were planted
at roughly equal distances around the interior of the microtunnel in
the plane spanned by the two boreholes (Figure 2).

NUMERICAL SIMULATIONS

To quantify waveform changes expected to be caused by medium
changes within and around the simulated repositories at the Grimsel
and Mont Terri sites, numerical modeling experiments were per-
formed. For the sake of simplicity and computational efficiency, we
restricted the simulations to two dimensions. For the GTS experi-
ment, our 2D setup would correspond to, for example, a source
placed along borehole 5 and hydrophones placed along borehole 2
(Figure 1). At FMT, the geometry of the boreholes is essentially two-
dimensional (Figure 2). Synthetic seismic traces were computed for
GTS using a viscoelastic finite-difference time-domain modeling
code described by Bohlen (2002). For FMT, synthetic seismic traces
were calculated using an elastic-wave version of the same code that
we modified to incorporate anisotropy, using a similar implementa-
tion to that reported by Juhlin (1995).

End-member scenarios were considered for the Grimsel site syn-
thetic experiment: a dry and a fully water-saturated bentonite block
(Table 1). P-wave velocities for granite were based on traveltime in-
versions of observed GTS data (Maurer and Green, 1997), whereas
the remaining P- and S-wave velocities and densities for granite,
shotcrete, and dry and wet bentonite were based on a personal com-
munication from Peter Bliimling (NAGRA). No excavation distur-
bance zone was included in the GTS model.

For the FMT experiment, we modeled a sand-filled microtunnel
that was either dry or water-saturated (Table 2). Elastic parameters
for the Opalinus clay were derived from an anisotropic traveltime in-
version of observed FMT data (Manukyan et al., 2008), and its den-

Table 1. Rock properties used for GTS simulations. The
velocity values for granite indicate the median velocities of
the model, on top of which 5% stochastic fluctuations (3 m
correlation length in both directions) were added.

Material Vp (m/s) Vs (m/s) p (kg/m?)
Granite 5200 2700 2600
Shotcrete 2820 1810 2200
Bentonite (dry) 500 260 1400
Bentonite (saturated) 2000 500 1600
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sity was taken from NAGRA (2002b). The properties of dry and wet
sand were estimated from the literature (Zimmer et al., 2007). We in-
cluded an excavation disturbance zone in the FMT model with dry/
water-saturated velocities decreasing linearly from normal Opalinus
clay values at a radius of 1.5 m to 60/72% of normal values at the
surface of the microtunnel. On the basis of seismic sections recorded
at the two test sites, we chose Ricker-wavelet sources with center
frequencies of 3 and 2 kHz for GTS and FMT, respectively. These
correspond to dominant P-wavelengths of ~1.73, ~0.94, ~0.17,
and ~0.67 m for granite, shotcrete, and dry and wet bentonite, and
1.17-1.55 m for Opalinus clay and ~0.25 and ~0.95 m for dry and
wet sand.

Figure 3 shows the results for a selected shot position at each site.
Wavefield snapshots at a time t = 3.6 ms for the dry and wet bento-
nite scenarios at GTS are presented in Figure 3a and b, and simulated
seismic sections for a hydrophone in borehole 2 are displayed in Fig-
ure 3d and e. Corresponding diagrams for the dry and wet sand sce-
narios at FMT are given in Figure 3h and i (t = 7.4 ms) and 3k and
31. Differences between the dry and the water-saturated scenarios at
the two sites, magnified by a factor 2, are displayed in Figure 3c, f, j,
and m.

The snapshots and seismic sections clearly illustrate that the sim-
ulated repositories at both test sites cause a large amount of scatter-
ing. Itis also noteworthy that a substantial part of the seismic energy
is reflected from or near the simulated repository boundaries, dem-
onstrating that useful information is contained not only in the trans-
mitted but also in the reflected wavefields. This is especially impor-
tant at GTS, where information in measurement planes not intersect-
ing the repository can be collected. Differences in the seismic traces
occur along most of the length of the receiver boreholes, indicating
that the boreholes should extend well outside the monitored regions
for optimum results.

To gain further insight with regard to the data accuracy required
for performing reliable waveform inversions, changes in the seismic
traces simulated for the dry and wet conditions need to be quantified.
A suitable tool for this task is crosscorrelation. Unless specified oth-
erwise, we have used 5 ms time windows starting at the first break of
each trace for computing the normalized crosscorrelation coeffi-
cients of simulated and observed seismic traces. As shown in the
synthetic seismic sections (Figure 3), this time window includes
most of the relevant information for the Grimsel and Mont Terri
sites.

Zero-lag crosscorrelation coefficients for traces in Figure 3d, e, k,
and 1 are plotted in Figure 3g and n, respectively. The coefficients
range from 0.75-1.0 for GTS traces, whereas larger variations of
0.1-1.0 are observed for the FMT traces. Analyses using other shot
positions yielded similar results.

These variations of crosscorrelation coefficient are caused by
changes in the seismic contrast between the anomalous features (i.e.,
bentonite plug, EDZ, and microtunnel) and the surrounding host
rock. The anomalous features have lower velocities than the host
rock at both sites, so waves passing through them are somewhat de-
layed. At GTS, the bentonite has a significant contrast with the gran-
ite, both when dry (1:10.4; Table 1) and when fully saturated (1:2.6).
Hence, the early part of the recorded wavefield is expected to be
dominated by waves diffracted around the anomalous feature in both
dry and water-saturated conditions and little affected by the target
zone itself (Figure 3g). When the microtunnel is filled with dry sand
at FMT, the velocity ratio with normal Opalinus clay is considerable
(average of 1:5.5). In contrast, the velocity ratio is quite small (aver-

age of 1:1.4) for water-saturated sand conditions. As a consequence,
the transmitted seismic paths through the FMT microtunnel are ex-
pected to affect the early part of the recorded wavefield in the water-
saturated scenario, but not when the sand is dry. This is clearly borne
outin the crosscorrelation plot (Figure 3n).

Success or failure of waveform-based inversion relies on its capa-
bility to exploit the waveform differences shown in Figure 3f and m.
This requires data accuracy and repeatability to be significantly bet-
ter than these differences. The crosscorrelation coefficients plotted
in Figure 3g and n indicate that this is a challenging task. In particu-
lar, for GTS, it will be necessary to generate highly repeatable seis-
mic sections, such that small variations of the source signal and/or
the receiver coupling would result in crosscorrelation coefficients of
0.95 or better for repeat experiments under the same conditions. Fur-
thermore, the 2D simulations shown in Figure 3a-g tend to overesti-
mate the effects of the swelling bentonite. In a realistic 3D configu-
ration, the overall magnitude of the waveform perturbations would
probably be smaller, making the monitoring task even more chal-
lenging.

Based on the results of synthetic experiments (e.g., Figure 3), we
conclude that repeatability of “identical” equipment should yield
crosscorrelation coefficients of better than 0.95 over a wide frequen-
cy band. It was with this goal that we conducted the various experi-
ments at GTS and FMT.

We also ran a much smaller set of numerical simulations using a
realistic three-dimensional GTS model, in order to assess the 3D ef-
fect of out-of-plane refractions. The resulting seismograms can be
split into two distinct components, namely the first-arriving waves
refracted around the low-velocity repository and waves scattered by
this anomaly. Our simulations show that the first arriving wavefield
is virtually unaffected by changes in the repository, whereas changes
in the later portions of the seismograms are significant and quantita-
tively similar to the 2D case. Therefore, only these later parts can be
exploited for monitoring. Nevertheless, most of the conclusions ob-
tained from the 2D simulations also hold for realistic 3D structures,
but stricter requirements on the repeatability of the later phases may
need to be imposed in the 3D case, where the seismic signatures are
more complicated.

REPEATABILITY TESTS

Repeatability of seismic experiments is governed by several fac-
tors, including the:

e source signal,

¢ coupling of the source to the medium,

* coupling of the receiver to the medium, and

* fidelity of the receiver and acquisition system.

Table 2. Rock properties used for FMT simulations. The two
values for the Opalinus clay indicate the Vp velocities
parallel and perpendicular to the axis of isotropy.

Material Vo (m/s) Vs (m/s)  p (kg/m?)
Opalinus clay 3110 2340 1110 2500
Sand (dry) 500 240 1855
Sand (saturated) 1900 240 2155
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To study the effects of these different factors, extensive tests were
performed at the Grimsel and Mont Terri sites. The GTS experi-
ments were conducted when the bentonite block was partially satu-
rated and the FMT experiments were conducted during a phase of
slight over-pressurization of the microtunnel (the actual state of the
simulated repositories is not critical for the repeatability tests).

Source and geophone coupling

For this set of experiments, we consider a single source position at
a distance of 13.5 m in borehole 5 at GTS and a single source posi-
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tion at a distance of 18 m at FMT and firmly grouted vertical-com-
ponent geophones at the front of the shotcrete plug (GTS) and within
the microtunnel (FMT). Ten repeat shots at exactly the same loca-
tions were fired consecutively and compared (Figure 4a and b). To
quantify the repeatability, the 10 traces at each site were stacked to
form a master trace and crosscorrelation coefficients between the
master trace and the individual traces were computed. Here, the en-
tire traces were cross-correlated to include the later phases in the

traces recorded at GTS (Figure 4a). The resulting crosscorrelation
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Figure 3. Simulation results for (a~g) GTS and (h—-n) FMT. Snapshots of pressure wavefields at 3.6 ms for (a) dry bentonite and (b) fully water-
saturated bentonite at GTS. (c) Difference between (a) and (b) with amplitudes magnified by a factor of two. Source position is indicated by the
red dot in each diagram. Seismic sections as they would be recorded in the receiver borehole are shown in (d) and (e), and the difference seismic
section is presented in (f) with amplitudes amplified by a factor of two. (g) Crosscorrelation coefficients (using a time window of 5 ms after the
first breaks) for the seismic sections shown in (d) and (e). (h) to (n) are like (a) to (g), but for FMT with snapshots at 7.4 ms and a dry and water-

saturated microtunnel.
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coefficients demonstrate excellent repeatability of the source signal
and geophone recordings; the average of the crosscorrelation coeffi-
cients shown at the bottom of each trace is >0.99.

The dominant lower frequency phases visible in the later portions
of the GTS traces are probably the result of resonances around the
shotcrete plug; however, for our purposes, it is only important to note
that the GTS signals also include significant high-frequency energy
up to ~3 kHz (see summed amplitude spectra of the individual trac-
es represented by the red curve Figure 4c). The FMT signals have
significant energy up to ~4 kHz (Figure 4d).

To estimate repeatability of the seismic traces as a function of fre-
quency, coherence spectra were computed. The coherence spectrum
C(f) is defined as

S*(f)
A1 (DA

where f is frequency and S is the cross-spectrum between two time
series with power spectra A, and A,. Values of C(f) lie between zero
(no repeatability) and one (perfect repeatability). Coherence is not
computed for frequencies that have amplitudes less than 5% of the
maximum amplitudes.

The averaged coherence spectra over all 45 (10X 9/2) combina-
tions of the 10 traces from GTS and the 10 traces from FMT are
shown by the blue lines in Figure 4c and d. These figures indicate
that the sparker source produces highly repeatable signals that are
consistently recorded by the firmly attached geophones over a wide
frequency band. After removal and reinsertion of the sparker in the
boreholes, the experiments were repeated. The results were essen-
tially identical. We conclude that the sparker source and firmly at-
tached geophones produce the required repeatability for high-preci-
sion seismic monitoring.

() = (1)

Hydrophone coupling in dipping boreholes

In the next step, we consider the same shots as

Q27

given in Figure 5g and h. For the bandpass-filtered traces, the aver-
age crosscorrelation coefficients are ~0.99 for GTS and >0.99 for
FMT, which we judge to be adequate for monitoring purposes. On
the basis of these observations, seismic traces shown in subsequent
figures were bandpass filtered using the frequency ranges indicated,
unless otherwise specified.

Coupling of the hydrophones to the host rock was further investi-
gated via two simple experiments at each site. Initially, the hydro-
phone chains were installed in the observational boreholes and the
sparker was fired at several positions within the source boreholes.
Then, the hydrophone chains were removed, disassembled, reas-
sembled, and reinserted to the same nominal positions. With these
experiments, we wished to determine to what extent very small
changes in hydrophone position (i.e., variations of at most ~ 1.0 cm)
and seating in the boreholes affected the waveform shapes. At both
test sites, we observed significant changes in the waveforms (Figure
6a and b) due to the coupling differences associated with small varia-
tions of hydrophone position and seating on the floor of the borehole.
The corresponding zero-lag crosscorrelation coefficients between
traces recorded using the original and reinserted hydrophones (Fig-
ure 6¢ and d) quantified the differences in Figure 6a and b. The coef-
ficients ranged from 0.2 to 0.8 for Grimsel and from negative values
to 0.8 for Mont Terri, all of which were clearly unacceptably low.
Much improved crosscorrelation coefficients (Figure 6g and h) were
obtained by limiting the lengths of correlated traces to the first cycle
immediately after the first break (Figure 6e and f).

An analogous experiment was later conducted at a third location
(unrelated to GTS and FMT) using the same source and receiver as-
semblies in vertical boreholes. We employed the same insertion/ex-
traction/reinsertion procedure as we employed for the GTS and FMT
experiments. Crosscorrelations between seismic traces before and
after reinsertion were much higher for the vertical-borehole experi-
ments (average crosscorrelation coefficient of ~0.9) than for the

in Figure 4, but analyze the responses of typical a) GTS b) FMT
hydrophones at a distance of 9 m in borehole 5 at 3 Traffe g‘u”;beé 9 10 11 123 Irage N6“m7ber8 9 10 11
GTS and at a distance of 23.5 m at FMT. The un- 15 15
filtered traces are displayed in Figure 5a and b. _ _
Compared to the excellent repeatability of the 210 £10—
geophone recordings (Figure 4a and b), the cross- g g 3
correlation coefficients for the hydrophone data F o = =
in the moderately dipping hydrophone boreholes
are substantially inferior for the GTS data (aver- 0 1.001.001.00 1.00 1.00 1.00 1.00 1.00 0.99 1.00 0 0.99.0.990.99 1.00 1.00 0.99 0.99 0.99 0.99 0.99
age crosscorrelation coefficient of ~0.92) and c) 1 ; d)1 |
slightly inferior for the FMT data (average of 0 5§ 0. 5§
~0.99). These lower values are primarily caused 80'8 "2 g 08 3
by energetic, but largely incoherent high-fre- g0-6 § §06 5
quency signals. It is notable that there is no clear %0.4 0'1§ %0_4 0'1§
amplitude decay toward higher frequencies in the 0.2 - 0.2 g
GTS spectrum of Figure 5c. g g
The averaged coherency spectra in Figure 5c 0 0 2 4 6 8 10 0 0 2 4 6 8 10

and d (blue lines) show uniformly high values
over the frequency range 0.5-3.0 kHz for GTS

Frequency [kHz]

Frequency [kHz]

and 0.5-4.0 kHz for FMT. Figure Se and f shows
the corresponding 0.5-3.0 kHz and
0.5-4.0 kHz bandpass filtered traces together
with the crosscorrelation coefficients based on re-
computed master traces. The corresponding, re-
computed frequency and coherence spectra are

Figure 4. Results of source and geophone repeatability tests. (a) and (b) show seismic
traces generated by 10 repeat shots recorded using geophones at GTS and FMT. Stacked
master traces are shown in red at the left of both sections. The numbers below the traces
are the crosscorrelation coefficients with the master traces. Summed amplitude spectra
(red curves, logarithmic scale) and coherence (blue curves, linear scale) are shown in (c)
for GTS and (d) for FMT. The two coherence curves are truncated above the lowest fre-
quencies for which the amplitudes are less than 5% of the respective maximum ampli-
tudes.
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dipping hole experiments, but still the coupling effects were signifi-
cant. The crosscorrelation coefficients for repeat shots were also
much higher, with an average value of ~0.99.

We now compare seismic traces recorded by sensors adjacent to
each other. Figure 7a presents recordings from a shot fired in bore-
hole 5 and recorded in borehole 2 at distances from 12.5—-14.25 m at
GTS, and Figure 7b displays traces recorded at distances from
3.25-5.0 m at FMT. For optimum visual comparison, the first
breaks of the traces are in each case aligned. Since the 0.25 mreceiv-
er spacing was achieved by shifting the 1 m spaced hydrophones re-
peatedly in increments of 0.25 m, the first four traces in each of Fig-
ure 7a and b were recorded with the same hydrophone, and the last
four traces were recorded by an adjacent hydrophone. In most of the
experiments, the hydrophones were moved together with the PVC
pipe. As a consequence, the positions and coupling conditions of the
hydrophones within the pipe were not expected to change, but small
variations of the recordings may have been due to changes of the ge-

Marellietal.

ology along the boreholes and minor changes of the overall wave-
paths. Crosscorrelation coefficients for adjacent traces (numbers at
the bottom of the traces in Figure 7a and b) for the first four and last
four traces range from 0.53 to 0.88; these differences are likely due
to changing geological conditions. In contrast, crosscorrelation co-
efficients between traces 4 and 5, corresponding to two different hy-
drophones, are only 0.17-0.24. This indicates that the individual hy-
drophones have different responses and/or that this is again the result
of the significant effects of slightly different sensor position and
seating. From our observations, it is not possible to separate these
two effects.

As the last step of our hydrophone coupling investigation, we
have compared selected source and receiver gathers from GTS and
FMT (Figures 8a and d and , a and d). At both test sites, receiver gath-
ers (Figures 8d and 9d) exhibit much higher spatial continuity than
source gathers (Figures 8a and 9a). This is further evidence that
source characteristics and source coupling are
very consistent, whereas hydrophone character-
istics and/or hydrophone coupling are highly
variable.

Hydrophone chain comparisons

The large variations of hydrophone coupling
and/or hydrophone responses motivated us to de-
termine if comparable results would be obtained

GTS FMT
a) Trace number ) Trace number
151234567891011 15 56 7 8 910 11
£ 10} € 10
[0 (0]
£ £
= 5t Z 5
0 0

0.89 0.93 0.93 0.950.940.89 0.93 0.920.91 0.95

0.97 0.990.99 0.98 0.99 0.99 0.99 0.99 0.99 0.99

using other types of hydrophone chains. We have
compared our hydrophone chain (referred to as

¢) 10 109 d) 10 100 A) with two additional hydrophone chains having
’ 0'55 ’ 053 different designs (referred to as B and C) and,

@ DE D= . . .
e 08 g § 08 2 thus, different coupling properties. The three test-
go6 © o 06 © ed hydrophone chains have comparable nominal

010 ® 019 T
Q0.4 8504 S individual hydrophone frequency responses, but
0.2 g © 0.2 g the single sensors are assembled within the
0.0 <ZB 0.0 5’ streamer following different concepts: hydro-
o 2 4 6 8 10 Y 2 4 6 8 10 phones in chain A have individual metal casings
Frequency (kHz) Frequency (kHz) connected via takeouts to the main signal cable,
Trace number Trace number while chains B and C mount the sensors “in-line,”
e) 45128456 78 91011 f) 15 56 7 8 910 11 encased in a plastic shielding. Furthermore, hy-
drophone chains A and B have built-in pre-ampli-
Z 10l 3 10 fiers (active), whereas hydrophone chain C does
E E not (passive).
_‘qcf 5l _§ 5 Examples of shot and receiver gathers record-
= = ed using the different hydrophone chains at Grim-
0 0 sel and Mont Terri are shown in Figures 8 and 9,
0.99.0.99 0.99 0.99 0.990.99 0.980.99 0.980.99 0.98 0.990.990.99 0.990.99 0.99 0.99 0.99 0.99 .
respectively. As for the A traces, events on the B
g) h and C receiver gathers (Figures 8e and f, 9e, and f)
1.0 109 1.0 1.0 h . h he B and C
053 053 are much more continuous than on the B an
g 0.8 "5 g 0.8 = source gathers (Figures 8b and ¢, 9b, and ¢). It is
$50.6 o £ So06 0 1% noteworthy that the variability of traces in the B
204 ’ § 244 ' § source gathers is even more pronounced than in
o .

3 02 S Oy T the A source gathers. By comparison, the B re-
0.0 % 00 % ceiver gathers show a high degree of spatial conti-
-0 2 4 6 8 10 < 7 2 4 6 8 10 < nuity of the different seismic phases. On the basis
Frequency (kHz) Frequency (kHz) of these comparisons, we conclude that the pro-

nounced variations in the recordings caused by

Figure 5. (a) to (d) are the same as Figure 4 (a—d), but for hydrophones at each site. () to
(h) are the same as (a) to (d), but the traces have been bandpass filtered (corner frequen-
cies of 0.5—3 kHz for GTS and 0.5—4 kHz for FMT). Coherence curves are truncated
above the lowest frequencies for which the amplitudes are less than 5% of the respective
maximum amplitudes.

different coupling conditions and/or hydrophone
responses is a common feature of all hydrophone
chains and not a particular problem of the A hy-
drophone chains employed in our experiments.
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SYSTEMATIC NOISE

Several rather unusual phases are evident on many of our GTS and
FMT seismic sections. Typical examples are shown for GTS data in
Figure 10. A horizontal band of weak energy (highlighted by the blue
box) appears to start on all traces at practically the same time as the
earliest arrival on the source gather of Figure 10a. Amplitude nor-
malization results in this phase appearing to be most prominent in
traces with relatively long source-receiver offsets. Inductive effects
within the hydrophone cable due to vibrations produced by the earli-
est seismic waves striking the cable are the most likely cause of this
phase (Figure 11a). In contrast, the horizontally aligned weak phase
(highlighted by the red box) in the receiver gather of Figure 10b can-
not be explained by such point sources. Instead, it appears to be gen-
erated within the coaxial sparker cable, which behaves as an approx-
imate monochromatic line source along the borehole as a result of
the very high current flow at the onset of capacitor discharge (Figure

11b). The sudden surge in current subjects the cable to a strong radial
force that acts almost simultaneously over its entire length, thereby
causing an expansion pulse.

At later times, two prominent phases appear in all seismic sec-
tions. These phases with linear or nearly linear moveouts are shown
in the GTS receiver gather of Figure 12a. They are related to tube
waves that strike the ends of the source borehole (Figure 12b; Cheng
and Toksoz, 1981; Meredith et al., 1993). Conversion of tube waves
to radiating P-waves at the end of the borehole creates the faster
phase (green lines in Figure 12b), whereas conversion of tube waves
that have travelled to and from the end of the borehole to radiating P-
wave energy at the sparker casing generates the slower phase (red
lines in Figure 12b; the predicted traveltimes for these phases are
shown by the green and red lines in Figure 12a).

The examples shown in Figures 10 and 12 are extracted from GTS
data, but similar phases — though somewhat weaker — are seen in

GTS FMT Figure 6. Shot gathers for repeated experiments be-
a) b) fore (red traces) and after (blue traces) re-inserting
’g 5 ’g the hydrophone chain at (a) GTS and (b) FMT. (c)
= = and (d) show the distribution of the corresponding
g 2 crosscorrelation coefficients for 5 ms after the first
F oo S 3493 F o breaks. (e) and (f) are similar to (a) and (b) but only
10 15 20 25 5 10 20 25 showing the first cycle. (g) and (h) As for (c) and
Distance (m) Distance (m) (d), but for only the first cycle of the respective sig-
c) d) nals. Note, that the first breaks on the traces record-
c 1.0 c 1.07 ed using the re-inserted hydrophones match the
2 08 So8f original traces to within a sample interval
© ©
S 06 S 06| (20/64 ws for GTS/FMT).
o o
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GTS FMT Figure 7. Effect of hydrophone chain shifting and
a) b) different hydrophone transfer functions at (a) GTS
15 : : : : 15 and (b) FMT. The eight traces in each diagram are a
) subset of shot gathers recorded using two hydro-
& T > phone elements separated by 1 m, but shifted three
£ 10 £ 10¢ times by 0.25 m. The numbers between the traces
@ 4 o are crosscorrelation coefficients of adjacent traces.
E 5 < E 5¢ Note the relatively high coefficients (=0.48) for
= adjacent traces of the same hydrophone and low co-
0 0.83] 0.76] 0.48} 0.17]. 0.88} 0.85/ 0.64 0 0.86] 0.84] 0.72 0.24] 0.72| 0.83 0.53 efficients ( =0.24) for adjacent traces of different
12.5 13 13.5 14 3 3.5 4 4.5 5 hydrophones.
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