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haracterizing an unstable mountain slope
sing shallow 2D and 3D seismic tomography
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ABSTRACT

As transport routes and population centers in mountainous ar-
eas expand, risks associated with rockfalls and rockslides grow at
an alarming rate.As a consequence, there is an urgent need to de-
lineate mountain slopes susceptible to catastrophic collapse in a
safe and noninvasive manner. For this purpose, we have devel-
oped a 3D tomographic seismic refraction technique and applied
it to an unstable alpine mountain slope, a significant segment of
which is moving at 0.01–0.02 m/year toward the adjacent valley
floor. First arrivals recorded across an extensive region of the ex-
posed gneissic rock mass have extraordinarily low apparent ve-
locities at short �0.2 m� to long ��100 m� shot-receiver offsets.
Inversion of the first-arrival traveltimes produces a 3D tomo-

gram that reveals the presence of a huge volume of very-low-
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uality rock with ultralow to very low P-wave velocities of
00–2700 m/s. These values are astonishingly low compared to
he average horizontal P-wave velocity of 5400 m/s determined
rom laboratory analyses of intact rocks collected at the investi-
ation site. The extremely low field velocities likely result from
he ubiquitous presence of dry cracks, fracture zones, and faults
n a wide variety of scales. They extend to more than 35 m depth
ver a 200�150-m area that encompasses the mobile segment of
he mountain slope, which is transected by a number of actively
pening fracture zones and faults, and a large part of the adjacent
tationary slope.Although hazards related to the mobile segment
ave been recognized since the last major rockslides affected the
ountain in 1991, those related to the adjacent low-quality sta-

ionary rock mass have not.
INTRODUCTION

Unstable mountain slopes are a serious hazard in populated re-
ions of many countries �Crozier and Glade, 2005�. As examples,
he 1806 Goldau �Heim, 1932�, 1881 Elm �Cooke and Doornkamp,
990�, 1963 Vajont �Müller, 1968�, and 1987 Val Pola �Govi et al.,
002� rockfalls and rockslides caused heavy damage and numerous
atalities in the Swiss and Italian Alps. The 1903 Frank rockslide in
he Canadian Cordillera was equally disastrous �Gerrard, 1988�, and
he 1970 Huascarán event �Plafker et al., 1971� in the Peruvian
ndes was the planet’s most catastrophic movement of rock and ice.
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nline November 7, 2006.
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apid population growth in mountainous regions and global warm-
ng with its associated increases in the number of exceptional weath-
r events are likely to exacerbate the risk of devastating rock failures
Bader and Kunz, 1998�. Accordingly, there is a need to implement
uitable mitigation measures in the form of early warning systems
nd protective barriers. To design effective barriers, comprehensive
nowledge of the locations and volumes of unstable rock is essen-
ial.

Landslides, the displacements of which are concentrated along
istinct sliding planes, can usually be characterized with the help of

h 26, 2006; published online November 3, 2006; corrected version published
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tandard 2D geophysical techniques �McCann and Forster, 1999;
ack, 2000�. Results of determining the geometries of the failure
lanes and volumes of unstable rock based on isolated or relatively
parse 2D profiles are reported by Bruno and Marillier �2000; seis-
ic reflection, electromagnetic, self-potential�, Cummings �2000;

lectromagnetic�, Havenith et al. �2000; refraction and geoelectric�,
ongmans et al. �2000; refraction and geoelectric�, Schmutz et al.
2000; geoelectric and electromagnetic�, and Lapenna et al. �2005;
eoelectric�.

For highly fractured unstable crystalline rock without dominant
liding planes, the internal processes responsible for catastrophic
ock failure are complicated �Hudson, 1992; Erismann and Abele,
001; Eberhardt et al., 2001�. Because movements of crystalline
ock may be unevenly distributed over numerous discrete blocks, in-
ormation on the block-bounding fracture and fault networks is cru-
ial for understanding slope instabilities and for estimating unstable
ock volumes �Willenberg, 2004�. The inherent 3D nature of unsta-
le crystalline rock usually makes the application of sparse 2D geo-
hysical profiling techniques unsuitable, such that the characteriza-
ion of the slope instabilities are often based on the results of geolog-
cal mapping, sparse borehole measurements, geodetic observa-
ions, and the extrapolation of data provided by one or more of these
hree methods. These approaches are likely to supply only limited
nowledge of the geology and mechanical properties of the subsur-
ace. To address this issue, high-resolution geophysical techniques
or the comprehensive volume surveying of unstable mountain
lopes distinguished by rugged terrains are required �Dussauge-
eisser et al., 2003�.
We have developed a 3D tomographic seismic refraction tech-

ique and employed it for determining the P-wave velocity structure
f a highly fractured mountain slope close to the village of Randa in
he Matter Valley of Switzerland �Figure 1�. Similar 3D tomographic
echniques have been applied in investigations of colluvial wedges
long seismically active faults �Morey and Schuster, 1999�, regions
f archaeological interest �Polymenakos et al., 2004�, and a frac-
ured granitic body �Martí et al., 2002�. Although the tomographic
mages of Martí et al. �2002� did not resolve individual fractures,
hey did identify regions of low seismic velocity that outlined zones
f altered rock associated with the fractures.

After reviewing briefly the rockfall history, geology, and other
ritical data related to the Randa investigation site, we describe a
imple seismic-velocity-based scheme for classifying rock quality.
e then present our seismic data acquisition strategy and tomogra-

hic inversion techniques. Important information on the velocity
tructure beneath the unstable mountain slope is provided by the 2D
nd 3D tomograms, but only the 3D tomogram provides a fully con-
istent pattern of subsurface velocities at the crossover points of the
D profiles and details on the lateral extent of certain key features.
inally, we suggest that a broad zone of ultralow to very low P-wave
elocities probably defines a highly fractured region of rock that ex-
ends well beyond the boundaries of unstable rock inferred from sur-
ace geological mapping and geodetic observations.

RANDA INVESTIGATION SITE

Two major rockfalls in the spring of 1991 resulted in the disloca-
ion of 30 million m3 of crystalline rock and the formation of a steep-
ided debris cone �Figure 1� that destroyed several holiday apart-
ents and barns close to the village of Randa and blocked the main

oad and railway track connecting the Rhône Valley to the major
ourist resort of Zermatt �Schindler et al., 1993; Satori et al., 2003�.
amming of the Mattervispa River by the debris cone led to flooding

n upstream regions of the valley, including parts of Randa. Fortu-
ately, there were no fatalities. Continued displacements at numer-
us fracture zones and faults suggest that 2.7–9.2 million m3 of the
emaining rock mass is moving slowly to the southeast �Figure 2;
berhardt et al., 2001; Jaboyedoff et al., 2004; Willenberg, 2004�.

elevant research activities at Randa

Ageodetic network �see black and blue dots that mark reflector lo-
ations in Figure 2� that provides estimates of absolute surface dis-
lacement was installed immediately after the 1991 rockfalls �Ja-
oyedoff et al., 2004�, and over the past few years we have been in-
olved in a multidisciplinary project aimed at improving our under-
tanding of rock failure at Randa �Eberhardt et al., 2001�. Three
oderately deep boreholes �SB50N: 51.0 m deep; SB50S: 52.5 m

eep; SB120: 120.8 m deep; blue dots in Figure 3� were drilled into
locks of relatively intact rock within the central part of the unstable
lope. It is in this general region where the greatest surface displace-
ents were observed. After geologically and geophysically logging

he boreholes and conducting a variety of crosshole and hole-to-sur-
ace geophysical surveys, the boreholes were equipped with incli-
ometers, extensometers, time-domain reflectometry cables, and
hree-component �3-C� seismometers. Nine 3-C seismometers were
lso permanently installed at shallow depths �0.5–5.0 m deep�

igure 1. The investigation site is located on an unstable mountain
lope above the scarp of the 1991 Randa rockfall in the Swiss Alps.
nset shows the location of Randa within Switzerland.
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cross the mountain slope �green dots in Figure 3�. In addition to the
eological mapping of Willenberg �2004�, surface-based and cross-
ole georadar measurements have provided details on the distribu-
ion of fracture zones and faults to depths as great as 30 m �Heincke
t al., 2005a, b; Spillmann et al., 2006�. P-wave seismic velocities of
ry rock cores measured under varying hydrostatic pressures pro-
ided velocity estimates of the intact rock matrix.

opographic relief

Our investigation site is situated about 50 m northwest of the
991 rockfall scarp �Figure 1�. It lies above the tree line at elevations
f 2285–2450 m. The topography is extremely rugged, with various
arts of the mountain slope dipping 20°–30° to the northeast, east,
nd southeast �Figures 2 and 3�.Although crystalline rock is exposed
t various locations across the site, some regions are covered by a
hin layer of moraine and slope debris �maximum thickness of a few

eters� and low-lying vegetation and pasture.

ock lithologies and fracture/fault distribution

The geological map in Figure 2 is simplified from Willenberg
2004�. It is based on the numerous rock outcrops, information de-
ived from the three boreholes, and analyses of areal photographs.
hree principal types of gneiss are recognized in the general area of

he investigation site: �1� chloritic gneiss with schists, �2� medium-

igure 2. Geological map of the investigation site and its surround-
ngs. Locations of the seismic profiles are shown by dashed red lines.

ajor surface fracture zones and faults and associated lineaments
A–L within the investigation site� are delineated by solid black
ines. The 1991 rockfall scarp is outlined by the dashed black line
nd the lateral extent of the presently unstable rock mass according
o Willenberg �2004� corresponds to the gray shaded area. Black
ots show reflector positions of the long-term geodetic monitoring
ystem that are moving, whereas the blue dots show reflector posi-
ions that are currently stationary. The digital elevation model �con-
ours are meters above sea level� was provided by the Centre de Re-
herche sur l’Environment Alpin �CREALP�. Expanded view of
rea outlined by the box �blue dashed lines� is shown in Figure 3.
rained feldspar-rich gneiss with intercalations of so-called Randa
ugengneiss, and �3� heterogeneous gneiss. Their foliation dips
est-southwest with an inclination of 20°–25°.
A network of open fracture zones and faults can be seen at out-

rops above and on the rockfall scarp �Figure 2; Willenberg, 2004�.
n areas covered by moraine and debris, lineaments on areal photo-
raphs allow many of the fracture zones and faults to be interpolated
r extrapolated over relatively long distances �e.g., 30 to several
undred meters�. Three subsets of fracture zones and faults with dif-
erent dominant orientations have been recognized �Willenberg,
004�; some of these were intersected by the boreholes. One subset
ips at shallow angles to the southwest, parallel to the bedrock folia-
ion. The other two are mostly steeply dipping �i.e., 25°–90°�. One
trikes north-south with easterly dips �e.g., B-E in Figure 2� and the
ther strikes northeast-southwest with northwesterly dips �e.g., A
nd F-L in Figure 2�. It is the steeply dipping fracture zones and
aults that likely define the instability of the mountain slope �Willen-
erg et al., 2002�.

igure 3. Geometry of the seismic survey. Black crosses and red cir-
les show the source and receiver locations, which are mostly ar-
anged along eight profiles approximately parallel �Q1–Q5� and per-
endicular �H1–H3� to the mountain slope. Clusters of additional
ource locations are situated alongside the profiles. There are eight
ource locations per cluster �one for each profile�. Green dots indi-
ate the positions of nine permanent receivers deployed in shallow
oles. Blue dots identify receivers deployed in boreholes SB50N,
B50S, and SB120 at depths of 42.7 m, 43.2 m, and 113.0 m, re-
pectively. Contours are meters above sea level. Shot gathers pre-
ented in Figure 5 were generated by shots located at the two purple
rosses.
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Repeat geodetic measurements demonstrate that the mountain
lope close to the 1991 rockfall scarp is moving to the southeast at a
aximum rate of 0.01–0.02 m/year, with values decreasing in a

orthwesterly direction �Figure 2; Jaboyedoff et al., 2004; Willen-
erg, 2004�. The base of borehole SB120 is moving about
.01 m/year faster than the top. Movements at the surface and in the
oreholes appear to be localized across active fracture zones and
aults with opening rates of 0.001–0.003 m/year.

ock velocity measurements

Samples of unfractured rock from 15 large-diameter cores re-
rieved from shallow boreholes at Randa were subjected to P-wave
elocity analyses in the laboratory using Burlini et al.’s �2005� mod-
fications to the original technique introduced by Birch �1960�.
hree small-diameter cores were extracted from each large core: one
arallel to the foliation in the downdip direction �x1�, one parallel to
he foliation in the strike direction �x2�, and one perpendicular to the
oliation �x3�. Average velocities of core samples under atmospheric
ressures were relatively low, ranging from 4900 m/s �x1-oriented
ores� through 4300 m/s �x2-oriented cores� to 2600 m/s �x3-
riented cores�. The lowest values in the x1/x2 and x3-directions were
000 m/s and 1300 m/s, respectively. Velocities similar to those ob-
erved in the x1/x2-directions were recorded on sonic logs acquired
t Randa �Spillmann et al., 2006�.

It is well known that the core extraction process creates microfrac-
ures in the rock samples �Simmons et al., 1975�, such that the unusu-
lly low velocities and associated high porosities may not be mean-
ngful. Consequently, velocities of six suites of dry core samples
ere measured under increasing hydrostatic pressure conditions.
t the lowest hydrostatic pressure of 20 MPa �equivalent to depths

able 1. Acquisition parameters used for the seismic survey.

Profile

Profile
length
�m�

Shot
spacing

�m�

Receiver
spacing

�m�

Number
of

inline
shots

Number
of

inline
receivers

H1 126 4 2 29 64

H2 324 4 2 77 up to 163

H3 315 4 2 71 159

Q1 238 4 2 57 120

Q2 238 4 2 57 120

Q3 238 4 2 55 120

Q4 238 4 2 59 120

Q5 238 4 2 59 120

Offset shots 251

Permanent receivers 12

Total 715 998

real extent of the
nvestigation area:

250�250 m

ecording systems: Geometrics geodes

ampling rate: 0.8 ms

ource type: Dynamite

harges: 5–50 g
f 500–600 m�, the average velocity of cores oriented in the
1/x2-directions increased to 5400 m/s and the average of cores ori-
nted in the x3-direction attained a value of 4700 m/s, corresponding
o an average anisotropy of 13%. At 500 MPa, these average veloci-
ies increased to 6500 and 6100 m/s, representing a markedly de-
reased average anisotropy of only 6%. Our laboratory-determined
elocities at atmospheric and higher pressures are within the range
f gneissic rock velocities determined by Kopf �1977�, Gebrande et
l. �1982�, and Jahns et al. �1994�.

The relatively high velocities measured at pressures �20 MPa
uggest that minerals in the near-surface rocks have not been greatly
ltered by weathering processes.

SEISMIC ROCK QUALITY
DESIGNATION (SRQD)

Various parameters are used to describe rock quality in civil and
eotechnical engineering. One simple classification scheme based
n borehole core analyses is the rock quality designation �RQD;
eere et al., 1967�. Although RQD was introduced as a means to

lassify rock quality in tunneling applications, it is also used for
tudies of slope instabilities �Hack, 2000�.

Observational data suggest that RQD can be related to field-based
-wave velocities Vfield and laboratory-based velocity measurements
f intact samples Vlab as follows �Deere et al., 1967; Hack, 2000�:

SRQD = �Vfield

Vlab
�2

� 100%, �1�

here we use SRQD to emphasize that these RQD values are based
n seismic velocities. For Randa, we set Vlab = 5400 m/s, the aver-

age velocity of dry core samples in the x1/x2-
directions measured at 20 MPa hydrostatic pres-
sure. To identify regions of ultra-poor �SRQD
�8%� and very poor �SRQD 8%–25%� quality
rock, we highlight ultralow ��1500 m/s� and
very low �1500–2700 m/s� velocities in repre-
sentations of our 3D tomogram.

DATA ACQUISITION

The seismic survey was designed to cover ac-
cessible parts of the unstable rock mass as deter-
mined by the geologic and geodetic data and large
regions of the presumed stable mountain slope
�Figures 2 and 3�. The primary layout comprised
eight profiles, of which five were parallel �Q1–
Q5� and three were perpendicular �H1–H3� to the
general downslope direction. Source and receiver
spacings along the 126–324-m-long profiles
were 4 and 2 m, respectively �Table 1�. By using
seven 24-channel Geode recording systems, we
were able to deploy receivers along the entire
length of each profile. To avoid damaging the sen-
sitive high alpine environment and possibly in-
creasing mountain slope instability, small shot
charges of 5–50 g were detonated in shallow
�0.5–0.7-m-deep� percussion-drilled holes. In
addition to the shotholes along the profiles, we

er

s

Number
of

picks

6 1402

5 5217

9 5582

0 3102

0 2805

0 3940

0 5012

0 4008

1 15,158

0 6374

1 52,600
Numb
of

trace

185

12,09

11,28

684

684

660

708

708

30,77

858

9903
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lso drilled clusters of eight holes �one per profile� at 33 locations
ffset from the profiles. Signals generated by shots detonated at
hese clusters were recorded on receivers along all profiles, thus pro-
iding a relatively high degree of 3D coverage �Figure 3�. Further-
ore, all inline and offset shots were recorded by the three deep

orehole geophones and nine near-surface 3-C receivers. Together,
he profiles and offset shots and receivers yielded moderately good
o very good coverage of the entire investigation volume �Figure 4�.

Because the site could not be accessed by motorized vehicles,
quipment was transported from the valley floor to the investigation
ite by helicopter. Moreover, data acquisition was complicated by
he rugged terrain; elevations varied by 50–125 m along the lengths
f most profiles. A four-person crew required two months to acquire
he data.

In the following, the origin of our coordinate system is the top of
orehole SB120 �2356 m above sea level� and the x- and y-axes are
arallel to the Q and H profiles, respectively.

DATA QUALITY

Because of the highly variable surface conditions and the small
hot charges, the data quality ranges from poor to very good �see the
ypical shot gathers in Figure 5a and b and in Appendix B�. Maxi-

um offsets at which the first-arrival times can be unambiguously
icked rarely exceed 200 m. In the shot gather of Figure 5b, the con-
picuous loss of high frequencies and significant delay of first arriv-
ls near x = −51 m are evidence for significant lateral and depth
ariations in the physical properties of the rocks. These abrupt
hanges are most likely caused by attenuation and delays of the seis-
ic energy as it passes through the open fracture zones B and C and

djacent altered rock �Figures 2 and 3�.
The highly variable nature of the seismograms precluded the use

f automatic-picking algorithms. From the total 99,031 seismo-
rams, we were able to pick manually 52,600 first-arrival times �Ta-
le 1� with an accuracy of 1–4 ms.

TRAVELTIME TOMOGRAPHY

Tomographic inversion of traveltimes is now a relatively standard
rocedure �Nolet, 1987�. It requires an initial input model, a forward
olver to predict traveltimes and raypaths, an appropriate regulariza-
ion scheme, and a solver for the inversion prob-
em. Finally, the quality of the tomograms must
e estimated.

nitial model

Our input model had a velocity of 1200 m/s at
he surface and a constant linear gradient of
5 s−1. Above the surface, the velocity was fixed
o 300 m/s. Several tests �e.g., Lanz et al., 1998�
emonstrated that the input velocity and velocity
radient were not critical; a variety of different in-
ut models produced comparable results.

orward problem

Solution of the 2D forward problem was
chieved using the procedure described by Lanz
t al. �1998�. The algorithm proposed by Podvin

Figure 5. Exa
relevant shots
reduction velo
picks, and arr
ceivers relativ
ditional shot g
nd Lecomte �1991� was employed for the 3D traveltime computa-
ions, and the steepest descent method of Aldridge and Oldenburg
1993� was used to construct the 3D raypaths. For both the 2D and
D forward solvers, the lengths of cell boundaries were uniformly
.5 m.

egularization

Following Lanz et al. �1998�, we accounted for underdetermined
omponents of the inversion problem by using damping and
moothing constraints. The following system of equations had to be
olved:

� t

h
� = �L

D
�s , �2�

here t contains the observed traveltimes, L is the Jacobian matrix
hat includes the traveltime derivatives, h and D are the regulariza-
ion constraints, and s contains the slowness estimates. The travel-
ime derivatives in L are equal to the ray segments Lijk �tij = Lijksk�,
here the i and j indices represent the sources and receivers and the k

ndices are the elements of the slowness vector s. Relatively low lev-

igure 4. Top view of the raypath distribution for the final 3D tomo-
ram �after 10 iterations�.

f shot gathers from profiles �a� H2 and �b� Q3 �for locations of the
rple crosses in Figure 3�. Both gathers are plotted with a 3000 m/s
lack triangles indicate the shot locations, lines show the first-arrival
ith letters mark the positions of surface fractures. Elevations of re-
top of borehole SB120 are displayed above the seismic records.Ad-

are shown in Figure B-1 ofAppendix B.
mples o
see pu
city. B
ows w
e to the
athers
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ls of damping and smoothing produced stable results for all 2D and
D tomographic inversions. The inversion schemes were controlled
% by the damping, 20% by the smoothing, and 75% by the data.

nverse problem

The matrix of the right-hand side of equation 2 is extremely
parse, so the system of equations can be suitably solved with the
SQR algorithm proposed by Paige and Saunders �1982�. For the
D and 3D tomographic inversions, cell sizes of 3�3 m and 4.5
4.5�4.5 m, respectively, proved to be suitable.

uality appraisal

It is important to be able to distinguish between well-resolved and
oorly resolved features in the tomograms. We illustrate our ap-
roach for estimating the reliability of an inversion by analyzing the
D tomogram derived from profile Q4 data �Figure 6a�. Figure 6b
emonstrates that only the upper 12–50 m of ground beneath the un-
ulating surface is sampled by rays of the final Q4 tomogram. Clear-
y, velocities in regions of the tomogram not sampled by rays in the
nal model are not resolved by the first-arrival traveltime data. It is
oteworthy that the maximum depth of resolved velocities varies
arkedly along the length of the profile.
Ray coverage provides only partial information about the spatial

esolution. Some rays near the bottom of the sampled region in Fig-
re 6b are subparallel, suggesting that the raypaths are controlled by
strong velocity gradient roughly perpendicular to the surface to-
ography. Although such a ray pattern provides good resolution per-
endicular to the raypaths, it suffers from poor resolution parallel to
hem.Ameasure of resolution that accounts for the angular coverage
f the rays is required. We employ the ray density tensor �Kissling,
988� for this purpose. For each cell, the ray segments are inserted
nto an n�2 �for 2D tomography� or n�3 �for 3D tomography� ma-
rix M, where n is the number of ray segments within a particular cell
nd the columns contain the components of the individual segments.
he eigenvectors and eigenvalues of the matrix MTM describe the
rincipal axes of an ellipse �2D� or ellipsoid �3D� that reflect the an-
ular distribution of the ray segments. The ratios of smallest to larg-
st eigenvalues are then measures of resolution, whereby ratios of
ne indicate uniform angular distributions and ratios of zero are di-
gnostic of parallel rays. Figure 6c shows the distribution of eigen-
alue ratios for profile Q4. It demonstrates that velocities are gener-

igure 6. �a� A 2D tomogram for profile Q4. Sur-
ace and borehole receiver positions are identified
y small white circles and blue dots, respectively.
b�As for �a�, but with ray coverage for the final 2D
omogram. �c� Ratios of smallest to largest eigen-
alues of the ray density tensors. �d� As for �a�, but
ith the color scale limited to 500–3800 m/s �val-
es �500 m/s are blue and those �3800 m/s are
eddish-brown� and regions characterized by poor
esolution covered by a semitransparent mask. The
-coordinates are relative to the top of borehole
B120. For shot locations, see Figure 3.
lly well resolved in those parts of the tomogram sampled by rays.
xceptions are the lower regions where the raypaths are mostly sub-
arallel to each other.

To emphasize the well-resolved regions of the tomogram, we use
semitransparent mask to cover those parts of the tomogram not

ampled by rays, and to highlight the most significant variations in
elocity we limit the color scale to 500–3800 m/s �velocities �
00 m/s are blue and velocities �3800 m/s are reddish-brown�.
he final representation of the Q4 tomogram is displayed in Figure
d. It reveals a clear lateral transition from relatively high to low ve-
ocities near x = −75 m.According to the ray coverage in Figure 6b,
he base of the lowest velocity region is relatively well constrained,
ut the eigenvalue ratios in Figure 6c indicate that lateral resolution
ithin the basal part of the low-velocity region is poor.

RESULTS FROM THE 2D
TOMOGRAPHIC INVERSIONS

The final 2D tomograms and depth projections of fracture zones
nd faults A–L �see Figure 2� based on surface geological mapping,
urface and borehole georadar observations and borehole logs are
isplayed in Figure 7. Profile H1, which trends perpendicular to the
ominant slope direction, is quite short �126 m�, such that the depth
enetration of rays to the surface receivers does not exceed 25 m.
he highly variable velocity structure beneath this profile is not sur-
rising because it is located close to the rockfall scarp �Figures 2 and
�. Profiles H2 and H3 are much longer �324 and 315 m�, thus pro-
iding velocity information to depths �50 m in their central re-
ions. In the tomograms of both profiles, large zones distinguished
y remarkably low velocities �i.e., ultralow velocities �1500 m/s
nd very low velocities of 1500–2700 m/s� are juxtaposed against
locks of rock with higher velocities. It is noteworthy that most of
he extrapolated fracture zones and fault traces lie within regions that
ave ultralow velocities.

Similar zones of very low velocity adjacent to higher velocity
locks are seen in the tomograms for the slope-parallel profiles Q1-
5 �Figure 7�, all of which are 238 m long �Table 1�. The lateral ex-

ent of the ultralow-velocity zones decreases uniformly from profile
1 ��130 m� to Q5 ��50 m�.Again, most of the fracture zones and

aults occur within the ultralow-velocity zones.
Our 2D tomograms delineate a significant volume of very-low-

elocity crystalline rock. To image better the areal extent of very-
ow-velocity material, Figure 8a shows a plan view of velocity val-
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Figure 7. 2D tomograms for all profiles �see also
Figure 3�. Most details are explained in the caption
to Figure 6. White arrows show the intersection
points of crossing profiles. Solid black lines delin-
eate the locations of fracture zones based on sur-
face geological mapping, surface and borehole
georadar observations and borehole logs, whereas
dashed black lines are the extrapolated projections
of nearby fracture zones into the cross sections. rms
is the root-mean-square difference between the to-
mographic-model predicted and observed travel-
times.
Figure 8. �a� P-wave velocities extracted from the
2D tomograms �Figure 7� at 15 m depth and depth-
extrapolated positions of fracture zones and faults
A-L �Figure 2�. The velocity-depth relationships
and traveltime curves in Figure 9 are associated
with the regions marked by the red circles. �b�
P-wave velocities at 15 m depth extracted from the
3D tomogram along all profiles. All other details
are as for �a�.
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es observed in the 2D tomograms at 15 m depth below the surface.
vidently, ultralow to very low velocities extend over much of the
astern volume of rock sampled by our seismic profiles.

nconsistencies between the 2D tomograms

In areas characterized by very high lateral velocity contrasts and
nisotropy, it is appropriate to question the use of 2D isotropic to-
ographic approaches; first arriving energy may travel along ray-

aths that deviate substantially from the planes containing the pro-
les. One means of assessing the significance of these issues is to
ompare velocity-depth functions extracted from crossing profiles at
heir intersection points. Close inspection of Figure 8a and b demon-
trates that only eight of the 14 pairs of coincident velocity values at
5 m depth are the same to within �20%. We explore this further by
nalyzing the two pairs of coincident velocity-depth functions
hown in Figure 9a–d. Velocity-depth functions obtained from pro-
les H2 and Q1 at their intersection point differ markedly �Figure
a�, whereas those of profiles H3 and Q1 oscillate about a common
rend �Figure 9c�. These differences and similarities are consequenc-
s of the differences and similarities of the first-arrival traveltime
urves recorded along the pairs of intersecting profiles. A shot deto-
ated at the intersection of profiles H2 and Q1 generates quite differ-
nt traveltime curves along the respective profiles �Figure 9a�,
hereas a shot detonated at the intersection of profiles H3 and Q1
enerates very similar traveltime curves in the two directions �Fig-
re 9d�.

There are at least three explanations for the velocity mismatches
t some profile intersections: �1� mineral anisotropy related to the fo-
iation of the crystalline rocks, �2� macroscopic anisotropy caused
y the fracture zones and faults, and �3� strong velocity gradients
erpendicular to the profiles �i.e., 3D heterogeneity associated with
he fracture zones and faults�. The average foliation-related aniso-
ropy revealed by velocity measurements on the core samples is
bout 13% at 20 MPa, with velocities higher in the foliation plane

igure 9. Velocity-depth functions extracted from
he 2D and 3D tomograms at the intersections of
rofile Q1 with profiles �a� H2 and �c� H3 �for loca-
ions see Figure 8�. �b� and �d� Observed �circles�
nd predicted �red lines = profile Q1; blue lines
profiles H2 and H3� traveltimes for shots gener-

ted at the intersections of profile Q1 with profiles
2 and H3, and receivers deployed along the re-

pective profiles. Solid lines are based on the 2D to-
ograms, whereas the dashed lines are based on

he 3D tomogram.
han perpendicular to it. Consequently, this orientation of anisotropy
annot explain the velocity mismatches. Instead, the distribution of
ery low velocities in Figure 7 and the mismatches of velocities at
he crossover points in Figure 8 suggest that macroscopic anisotropy
nd 3D heterogeneity associated with fracture zones and faults are
he dominant effects. We have neither sufficient data nor an appro-
riate computer code to account for the effects of macroscopic an-
sotropy beneath our investigation site. In the following, we attempt
o estimate the influence of 3D velocity heterogeneity, but acknowl-
dge that macroscopic anisotropy may influence the results some-
hat.

RESULTS FROM THE 3D
TOMOGRAPHIC INVERSIONS

To estimate the resolving power of our 3D experimental proce-
ure, we conducted two sensitivity tests. The results of these tests
Appendix A� demonstrated that our source-receiver configuration
as suitable for delineating broad-scale structures from the surface

o depths of 30–50 m.

omparison of the 2D and 3D inversion results

To compare the results of the 2D and 3D approaches as applied to
he Randa first-arrival data, we have extracted from the 3D tomo-
ram the following information:

Velocity-depth functions at selected intersections of the 2D pro-
files �Figure 9a and c�
Cross sections that coincide with all 2D profiles �Figure 10�
Velocity values within these cross sections at 15 m depth below
the surface �Figure 8b�

he velocity-depth functions based on the final 3D tomogram lie be-
ween those derived from the corresponding 2D tomograms in Fig-
re 9a and c, and the traveltimes predicted by the 3D tomogram
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atch the observations almost as well as those predicted by the 2D
omograms �Figure 9b and d�. The relatively large mismatches of
ome traveltimes predicted by the 3D tomograms at longer offsets
e.g., at distances �50 m for Q1 in Figure 9b and at distances

100 m for H3 in Figure 9d� are not general features of the 3D re-
ults. As indicated in Figure 7, the root mean square �rms� differenc-
s between traveltimes based on the 2D tomograms and the observa-
ions range from 2.5 to 4.0 ms. For the 3D tomogram, the rms dif-
erence is 5.2 ms, which is only slightly above the estimated picking
ccuracy. Considering that the 3D model should be a more realistic
pproximation to the true subsurface structure than the 2D tomo-
rams, one might have anticipated a lower rms difference. We sus-
ect that the slightly higher than expected rms difference is from the
ffects of macroscopic anisotropy and the relatively large cell size
4.5�4.5�4.5 m� employed for the 3D inversions.

The general patterns of low and high velocity values in the cross
ections of Figure 10 are similar to those in the 2D tomograms of
igure 7, but the overall depth penetration is somewhat larger in the
ormer. It is noteworthy that the estimated trends
f several fracture zones and faults coincide more
losely with velocity minima in the extracted
ross sections than in the 2D tomograms �e.g., E2
eneath profile H1, F beneath profile H3, D be-
eath profile Q2, andAbeneath profile Q3�.

Inconsistencies of velocities at the intersection
oints of crossing profiles in Figure 8a are not
een in Figure 8b. Nevertheless, the general dis-
ributions of high and low velocities at 15 m
epth are alike in the 2D and 3D tomograms. Fig-
re 8a and b shows a broad zone of crystalline
ock with ultralow to very low velocities juxta-
osed against blocks of rock with higher, but still
uite low velocities.

elocity distribution based on the 3D
omogram

Areal distributions of velocities at 5-m depth
ntervals below the surface are presented in Fig-
re 11. Only those cells sampled by at least three
ays are displayed. The corresponding eigenvalue
atios in Figure 12 suggest that the velocities are
elatively well resolved to �30 m depth. Below
his level, the rays in each cell are roughly parallel
o each other, such that only the broad-scale fea-
ures are likely to be meaningful.

Ultralow velocities can be traced through the
ntire depth range of the well-resolved regions of
he tomogram �Figures 10 and 11�. Furthermore,
espite the rather limited ray coverage below
0 m depth, there is clear evidence for ultralow
elocities extending to depths as great as 40 m
nd very low velocities continuing at some loca-
ions to the base of the surveyed volume near
0 m depth. The depth slices indicate a high de-
ree of heterogeneity throughout the investigated
ock mass. Within the broad zone of ultralow to
ery low velocities, there are blocks of higher ve-
ocity material and within the volume of general-

Figure 10. Ve
files. Explana
y higher velocities there are bands of ultralow to very-low-velocity
ock.

eliability of the anomalously low velocities

Considering the abrupt lateral changes seen in many Randa shot
athers �e.g., Figure 5�, it is feasible that the nature of the seismic en-
rgy changes as it crosses some major fracture zones and faults. For
xample, direct and refracted P-waves absorbed at large open frac-
ure zones may be replaced at longer distances and at later times by
-waves generated as a result of Rayleigh- to-P-wave conversions at

he same discontinuities. These effects are not taken into account in
rst-arrival traveltime tomography. On the other hand, we see first
rrivals propagating with ultralow to very low apparent velocities
irectly from all shots detonated across a broad zone of the mountain
lope �Figure 8�. Since first arrivals with anomalously low apparent
elocities �i.e., �2700 m/s� are observed uninterrupted from the
hotpoints to distances in excess of 100 m �e.g., Appendix B�, there

ross sections through the 3D tomographic model along the 2D pro-
r most details are given in the captions to Figures 6 and 7.
rtical c
tions fo
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s little doubt that such velocities extend to considerable depths.
oreover, independent support for the existence of anomalously

ow velocities to a depth of at least 30 m is provided by stacking ve-
ocity analyses of reflections recorded on profile H2 data. A velocity
f 850 ± 100 m/s is required to stack a 60-m-long band of reflec-
ions at traveltimes of 40–70 ms.

It is not possible to account quantitatively for the influence of
acroscopic anisotropy and the effects of strong P-wave absorption

nd mode conversions at the major fracture zones and faults. Never-
heless, the general distribution of anomalously low velocities por-
rayed in Figures 10 and 11 is likely to be a reasonable first-order ap-
roximation to the actual situation in the subsurface.

igure 11. Various depth slices �parallel to topography� through t
odel. Only those cells hit by at least three rays are displayed.
INTERPRETATION

To aid the interpretation of the tomograms, Figure 13a shows the
epth-extrapolated locations of surface fracture zones and faults
lotted on a map of velocities at 15 m depth, and Figure 13b and c
hows these features superimposed on maps portraying the thick-
esses of cover material and rock with velocities �1500 and
2700 m/s, respectively. At locations where the depth penetration

f seismic energy is limited �Figure 10�, the thicknesses shown in
igure 13b and c are minimum estimates. The extent of mobile rock
etermined from geodetic measurements is also outlined in Figure
3a–c.

Figure 13a and b shows ultralow velocities extending through a
arge volume beneath the investigation site, with velocities

�1500 m/s being observed to depths of at least
25 m. Very low velocities of 1500–2700 m/s are
observed extending to various depths across the
entire surveyed area �Figure 13c�.

Source of the anomalously low velocities

Numerous theoretical studies and laboratory
and field investigations demonstrate that cracks,
fractures, and faults have a major influence on the
elastic properties of crystalline rock �Walsh,
1965; O’Connell and Budiansky, 1974; Simmons
et al., 1975�. The presence of water also plays an
important role, with the lowest velocities being
measured on dry crystalline rock samples �Nur
and Simmons, 1969�.

Although highly weathered crystalline rock
may be characterized by ultralow to very low ve-
locities at shallow depths �see compilation in
Hack, 2000�, to our knowledge, deep penetrating
zones of such anomalously low-velocity crystal-
line rock have only ever been recorded across un-
stable or potentially unstable mountain slopes.
On the granitic hillslope above theAnanevo rock-
slide in Kyrgyzstan, velocities of 900 m/s were
determined to extend to 35 m depth �Havenith et
al., 2002�, and similarly low velocities have been
traced to a comparable depth beneath a potential-
ly unstable mountain overlooking a Norwegian
fjord �L. H. Blikra, 2005, personal communica-
tion�. We suggest that ubiquitous dry cracks, frac-
ture zones, and open faults at a variety of scales
are the most plausible explanation for the anoma-
lously low velocities observed in the Randa data
and tomograms. This interpretation is supported
by the fact that the major fracture zones and faults
are concentrated within regions of ultralow to
very low velocity �Figures 10 and 13�.

To obtain a very approximate estimate of crack
porosity at the Randa investigation site, we fol-
low Mavko et al. �1998� in assuming that the Re-
uss lower bound provides the most appropriate
formula for averaging elastic moduli of rock frag-
ments and air-filled voids. If our interpretation is
correct, then �17% of the Randa subsurface
characterized by velocities of �1500 m/s must
be air-filled cracks, fracture zones, and open

tomographic
he 3D
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aults. This value is close to the upper bound of porosities that Schin-
ler et al. �1993� estimated for the detached rock mass at Randa be-
ore it collapsed in 1991. They obtained a 7%–15% range of porosi-
ies based on estimates of the �1� volume of material removed from
he mountain slope, �2� volume of material contained in the debris
an, �3� porosity of the debris fan, and �4� other more minor factors
e.g., volume of dust spread over adjacent regions and probable de-
ression of land below the debris fan�.

ractures and SRQD values at Randa

Unfortunately, none of the cores from the shallow boreholes at the
anda investigation site were analyzed in terms
f the RQD classification system of Deere et al.
1967� before being broken up for other studies,
nd drilling of the three moderately deep bore-
oles did not produce cores. Some information on
he degree of fracturing with depth is available
rom televiewer logs, which reveal numerous
ractures intersecting the boreholes along their
ntire lengths �Willenberg, 2004; Spillmann et
l., 2006�. For example, of the 107-m length of
orehole SB120 logged with the televiewer, only
even sections of about 1-m length are fracture
ree. Other 1-m-long sections have an average of
.5 fractures per meter. A number of these frac-
ure zones are slowly opening. Comparable re-
ults are obtained from the other two boreholes.

To relate the anomalously low P-wave veloci-
ies to rock quality, we have marked SRQD val-
es on the color bars of Figures 10, 11, and 13. If it
s appropriate to use equation 1 for these very low
elocities, then our data suggest that extensive
olumes of rock underlying the investigation site
ave SRQD values �25%.

Although the relationship between P-wave ve-
ocity and rock quality is not well defined and the
alue assumed for the velocity of intact rock may
e in error by up to 10%, the ultralow to very low
elocities observed at Randa are strong evidence
or a large volume of low quality rock.

istribution of velocities

Not only is the mobile rock mass characterized
y ultralow velocities ��1500 m/s�, but so too is
large region to the west. Ultralow velocities

ontinue to depths of 25 m and greater in a broad
ortheast-southwest trending zone �Figure 13b�.
y taking into account the distribution of very

ow velocities �1500–2700 m/s�, we see that
ery poor-quality rock underlies most of the in-
estigation site to �35 m depth in the east and
–10 m depth in the west and south. Moderately
arge blocks of rock with velocities �3800 m/s
re only found in the northwest region of the site
Figure 11�. Even in this region, isolated bands of
ower velocity material interrupt the continuity of
he higher velocity blocks.

Figure 12. Ra
shown in Figu
Information on the distribution of seismic velocities is limited to
he upper 50 m of the mountain slope. The cross sections displayed
n Figure 10 suggest that very low to low velocities ��3800 m/s�

ay continue to greater depths. This possibility is consistent with the
umerous fractures identified throughout the length of borehole
B120 �Willenberg, 2004; Spillmann et al., 2006�.

elocity lineaments, surface fracture zones,
nd the rockfall scarp

The broad zone of ultralow and very low velocities parallels the
ortheast-southwest trending edge of the rockfall scarp �Figures 11

smallest to largest eigenvalues corresponding to the depth slices
tios of
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nd 13a�. In addition, some bands of relatively lower velocity in the
pper 25 m of our 3D tomogram appear to delineate scarp-parallel
racture zones. Two of these project to surface fracture zones G and I.
ne prominent low-velocity lineament coincides with and appears

o connect surface fractures A and F, yet there is no surface evidence
or a link. It is noteworthy that major surface fracture zones J, K, and
, which are not well sampled by the 3D seismic survey, are also sub-
arallel to the northeast-southwest trending part of the rockfall
carp.

CONCLUSIONS

We have recorded a dense seismic data set across a large area that
ncludes an unstable mountain slope overlooking the busy Matter
alley in the Swiss Alps. Inversions of first-arrival traveltimes
icked from these data revealed a broad zone of remarkably low
eismic velocities that extends well beyond the limits of rock that is
nown to be currently moving towards the valley. Although the

igure 13. �a� Velocities extracted from the 3D tomogram at 15 m
epth below the surface. �b� Thicknesses of near-surface volumes
ith velocities �1500 m/s �SRQD �8%�. �c� Thicknesses of near-

urface volumes with velocities �2700 m/s �SRQD �25%�. In re-
ions where the depth penetration of seismic energy is limited, the
hicknesses shown in �b� and �c� are minimum estimates. The unsta-
le part of the rock mass based on geodetic measurements �Willen-
erg, 2004� is outlined by the dashed red line in �a� and the dashed
lue lines in �b� and �c�. Contours are meters above sea level.
road-scale lateral and depth distributions of ultralow to very low
elocity gneissic rock were well defined in the 2D and 3D tomo-
rams, consistent velocities at the intersections of crossing profiles
nd several potentially important lineaments were unique to the 3D
omogram.

Ultralow velocities �1500 m/s were mapped throughout a vol-
me that extended over a 200�100-m area and a depth of �25 m
Figures 10, 11, and 13�. Such low velocities in gneissic rock were
xtraordinary. To explain such low velocities required �17% of the
nvestigated volume to be air-filled voids. Many surface fracture
ones and faults transected the broad ultralow-velocity region, the
rend of which paralleled part of the scarp generated by the pair of
991 rockfalls. Very low velocities �1500–2700 m/s� increased the
rea and thickness of highly anomalous rock to 200�150 m and
35 m, respectively. Ubiquitous dry cracks, fracture zones, and

aults were the likely causes of the anomalously low velocities.
Only in the northwest region of the investigation site did we see

vidence for moderately large blocks of rock with velocities
3800 m/s. Several small bands of lower-velocity material ap-

eared within these higher-velocity blocks.
Assuming that movements identified by the geodetic measure-
ents continue in the future, the mobile rock mass will eventually

all into the valley below. The collapse may occur gradually or as one
r more discrete large falls. As this mass becomes completely de-
ached from the mountain, support for the adjacent highly fractured
ock will decrease substantially on its southeastern flank, probably
esulting in another phase of mountain slope instability. A two-stage
equence of rockfalls, much like that of the 1991 events, is then pos-
ible. Based on the widespread distribution of anomalously low ve-
ocities, we suggest that estimates of the volume of crystalline mass
usceptible to catastrophic collapse need to be reassessed and that
uture monitoring of the mountain slope should account for the en-
ire area underlain by rock characterized by ultralow to very low
eismic velocities. In particular, additional geodetic reflectors
hould be established west and southwest of the line delineating the
oundary between mobile and stationary rock, and 3D kinematic nu-
erical models that account for the topography, geology, geotechni-

al information, and extensive volume of anomalously low velocity
eed to be developed.
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APPENDIX A

SENSITIVITY TESTS

We have conducted two sensitivity tests to determine the ability of
ur seismic data to delineate the regions of ultralow to very-low-ve-
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ocity. For the first test, we inserted two wedge-shaped anomalies of
00 m/s into the initial 3D velocity model employed for our tomog-
aphic inversions. Both anomalies were 75 m long, 30 m wide, and
0 m deep. They were separated by a 15-m gap and oriented slightly
blique to the H-profiles �Figures 3 and A-1a�. Synthetic traveltimes
ere computed using all shot-receiver combinations from the ob-

erved data set. Because we were interested in the theoretical resolu-
ion power of our layout, no noise was added to the synthetic data.

Slices parallel to the topography through the 3D tomogram are
hown in Figure A-1. The northern anomaly is imaged faithfully
own to a depth of 45 m, although its shape is somewhat distorted
elow 15 m. The southern anomaly that extends beyond the crossing
rea of the H and Q profiles is less well resolved. Beyond 30 m
epth, it is difficult to recognize its signature in the horizontal slices.

Vertical sections extracted at y = 50 m and y = −50 m are shown
n Figure A-2. The large number of crossing rays allows the northern
nomaly along y = 50 m to be imaged reliably down to a depth of
bout 50 m. The profile at y = −50 m lies outside of the crossing
rea of the H and Q profiles. Spatial resolution is, therefore, marked-
y reduced. Nevertheless, the southern anomaly can be traced down
o a depth of about 30 m.

Our second sensitivity test first involved computing first-arrival
raveltimes for a smoothed version of our final 3D velocity tomo-
ram using the same source-receiver configurations shown in Fig-
res 2 and 3.After adding random errors with a variance of 2 ms �the
eading accuracy of our original data varied from 1 to 4 ms�, the
ynthetic traveltimes were inverted using the same procedures em-
loyed for the field data. Although there were differences in detail
etween our final 3D velocity model and the 3D velocity model
ased on the synthetic traveltimes, all important features were com-
on to the two models �Figure A-3�.
From our synthetic experiments, we conclude that in the crossing

rea of the H and Q profiles, low-velocity features can be imaged
own to a maximum depth of 30–50 m. Outside of this area, it is still
ossible to estimate the lateral extent of low-velocity features, but
epth resolution is restricted to 20–30 m.

igure A-2. Vertical sections along the dashed black lines shown in F
ith regions characterized by poor resolution covered by a semitrans
igure A-1. �a�–�e�: Depth slices parallel to the topography through
synthetic velocity model; �a� also shows the locations of simulated
rofiles H1 to H3 and Q1 to Q5 �see also Figure 3�. The positions of
he vertical sections shown in Figure A-2 are displayed as dashed
lack lines. �f�–�j� Results of 3D tomographically inverting synthet-
c data based on the model shown in the corresponding �a� to �e� pan-
ls and the source-receiver configurations of the observed data set
i.e., Figure 3�.
igure A-1. �a� and �c� True model. �b� and �d� Tomographic reconstructions
parent mask.



F
a

B254 Heincke et al.

D
ow

nl
oa

de
d 

08
/2

6/
15

 to
 1

28
.1

11
.1

21
.4

2.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SE
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/

igure A-3. Comparison of the depth slices shown in Figure 11 �a�–�j� with the results of the second sensitivity test �k�–�t� described in this
ppendix.
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APPENDIX B

SHOT GATHERS

To demonstrate the veracity of the ultralow velocities observed in
he Randa tomograms, portions of typical shot gathers recorded
long seismic profiles H2 and H3 are presented in Figure B-1. For
omparison purposes, portions of shot gathers with more normal
rystalline rock velocities �from seismic profiles Q3 and Q4� are also
isplayed.
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