Available online at www.sciencedirect.com

sc.ENcE@D.“cTe

Tectonophysics 422 (2006) 99114

TECTONOPHYSICS

ELSEVIER

www.elsevier.com/locate/tecto

Characterization of a fractured granitic pluton: P- and S-waves’
seismic tomography and uncertainty analysis

D. Marti #*, R. Carbonell #!, J. Escuder-Viruete ®?, A. Pérez-Estatn *'

* Department de Geofisica i Tectonica, Institut de Ciéncies de la Terra “Jaume Almera”-CSIC, 08028 Barcelona, Spain
® Instituto Geoldgico y Minero de Espaiia, Area de Geologia y Geofisica, 28760 Madrid, Spain

Received 3 February 2006; received in revised form 10 May 2006; accepted 12 May 2006
Auvailable online 3 July 2006

Abstract

A detailed characterization of the physical properties of a granitic pluton, including a three dimensional reconstruction of the fractures
network and its surrounding are obtained by high resolution seismic tomography of P and S-waves. The input P- and S-wave travel times
were picked from three-component offset and azimuth variable seismic profile (OVSP) acquired in a 500 m deep vertical borehole. The
travel time inversion resulted in two three-dimensional P- and S-wave velocity models, and the uncertainty, robustness and sensitivity are
estimated by performing a Monte Carlo-type analysis and checkerboard test. This study provides an indicator of the uniqueness of the
determined model. The 500 m deep borehole was continuously cored, and extensively surveyed by geophysical techniques. Thus, the
detailed surface geological mapping, fracture index logs, borehole televiewer images and P- and S-wave velocities derived from sonic
logs, provide solid constraints for the interpretation of the tomographic images. The three-dimensional tomographic images reveal
fracture zones mapped at surface that intersect the borehole at different depths and they can be identified in the core descriptions and in
the borehole televiewer images. The fractures identified on the cores feature relatively low values for the sonic P- and S-wave velocities,
and high values for Poisson’s ratio (o). For single type lithologies, the distribution of Poisson’s ratio differentiates fractured and altered
granite from fresh unfractured domains within the rock. Poisson’s ratios close to 0.3 correlate with fractured volumes consistent with
fracture index and sonic logs, otherwise Poisson’s ratio values close to 0.25 are related to unaltered and unfractured rock.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Seismic travel time inversion, seismic tomography,
has been revealed as one of the most powerful and
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efficient tools to image the velocity structure of the
Earth crust. First introduced by Aki et al. (1975) and Aki
and Richards (1980) originally under the name of
“Three-Dimensional Inversion”, seismic tomography is
now a well established technique used in: the determi-
nation of the seismic velocity distribution within the
Earth; the characterization of the lithospheric and crustal
structure, and in detailed and high resolution studies of
the shallow subsurface.

The seismic travel time inversion is a non-linear
problem thus a large amount of work has been done in
modifying the inversion scheme by different approaches,
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Fig. 1. Simplified map of the geology and aerial photograph of the study area (Ratones Mine, SW of Iberian Peninsula) showing the acquisition
geometry (location of the borehole SRS and location of the source positions, yellow triangles) of the variable azimuth and offset vertical seismic
profiles (OVSP). The main fractures mapped at surface are 5-220 fault (which intersects the well at 220 m depth according to the tomograms), N-20
and N-100 (in this case 20 and 100 correspond to the surface measured orientation) faults. It is also observed as a light blue area which is less fractured
and altered. The area where the seismic tomography inversion was carried out is indicated with a dashed line.

either by solving the non-linearity by iterative stepwise
inversions of the linearized problem, or by the application
of non-linear inversion techniques, such as Genetic
Algorithms, Monte Carlo or Simulated Annealing
methods (Tarantola and Valette, 1982a; Nolet, 1985;
Kissling, 1988; Nolet, 1993;). Also in increasing the
resolving power either by designing densely recorded
experiments, or by introducing in the inversion additional
seismic phases such as S and converted arrivals
(Carbonell and Smithson, 1994; Benz et al., 1996;
Dawson et al., 1999; Carbonell et al., 2002).

Seismic tomography has been used successfully in a
broad variety of applications, that include deep and
shallow targets. The tomographic inversion of the local
earthquake travel time data provides an accurate reloca-

tion of the earthquake hypocenters and velocity structures
(Pavlis and Booker, 1980; Hawley et al., 1981; Benz and
Smith, 1984; Bishop et al., 1985; Chiu et al., 1986;
Kissling, 1988; Hole, 1992; Thurber, 1993; Gorbatov
et al.,, 2000). In volcanic areas the definition of low
velocity anomalies has suggested the presence of magma
chambers (Benz and Smith, 1984; Dawson et al., 1999;
Tryggvason et al., 2002). To constrain the crustal and
lithospheric velocity structure seismic tomography has
been broadly applied (Hole and Zelt, 1995; Zelt and
Barton, 1998; Gorbatov et al., 2000; among others). In the
shallow subsurface it has been used to detect underground
cavities (Madrussani et al., 1999; Flecha et al., 2004),
describe the geometry of geological structures such as
paleochannels (Azaria et al., 2000) and fault zones

Fig. 2. (a) logs acquired in borehole SRS as part of the geophysical characterization data acquisition experiment. Vp (i) and Vs (ii) seismic wave
velocities derived from the sonic logs. iii) Poison’s ratio depth function derived from the Vp and Vs sonic logs (i) and ii) respectively). iv) fracture
index as a function of depth. v) and vi) correspond to televiewer images at two different depths. v) corresponds to a highly fractured zone in the
borehole, characterized by subhorizontal faulting, note the large concentration of poles (black dots) at the center of the stereonet. vi) corresponds to
the borehole televiewer image of a relatively unfractured zone of the borehole. (b) statistical analysis of Poisson’s ratio and fracture index for two
regions: a fractured area located from 0 to 150 m and a less fractured zone located at the deeper part of the borehole (250—-500 m).
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(Morey and Schuster, 1999; Marti et al., 2002a), for
reservoir characterization (Milligan and Rector, 2000;
Takahashi et al., 2001) and for the characterization of
fractured crystalline bodies (Marti et al., 2002b).

This project is part of a mine restoration programme
developed by the Spanish radioactive waste manage-
ment company (ENRESA) with the main objective of
calibrating, validating and developing a broad variety of
high resolution geophysical techniques applied to the
characterization of crystalline rocks. This project
included a broad variety of multidisciplinary data
acquisition experiments, detailed geological mapping,
surface and VSP seismic recording borehole geophysics
(logging). The borehole geophysics included different
measures of physical properties, as sonic logs (Vp and
Vs), fracture index (FI), borehole televiewer, among
others. Although, some relevant results have already
been published (Escuder-Viruete et al., 2001; Marti
et al., 2002a,b; Escuder-Viruete et al., 2003a,b). The
joint P- and S-waves’ characterization of the study area
and a detailed analysis of the resolution and the
robustness of the models have not been addressed
until this study. The main objective of this study is to
constrain the physical properties of a fractured crystal-
line rock, a granitic pluton. Different seismic techniques
can be used to perform the detailed characterization of
the rock body, but the seismic tomography reveals as the
most adequate methodology to image the fracture zones
in a single rock type (granite). Therefore, three-
dimensional P- and S-wave velocity models were
calculated by inverting P- and S-wave travel times
derived from offset and azimuth variable vertical
seismic profiles (OVSP) acquired in a 500 m deep
borehole. These two velocity models are sensitive to
different physical properties of the rock and, moreover,
coupled with other geophysical information derived
from well logging help to characterize the study area.
Resolution and robustness tests validate the resulting
velocity models and provide constraints to the best
resolved areas around borehole SRS.

2. Geological and geophysical settings

The test site is located within the Albala Granitic
pluton in an abandoned Uranium mine. The Albala
granitic pluton is a concentric zoned body elongated in the
N-S direction located within the Variscan Iberian Massif
(Fig. 1). This pluton has been the objective of several
interdisciplinary studies (surface geology, borehole
investigations, etc.) since early 70’s. The Ratones mine
is one of several Uranium mines located in the area. It
exploited two sub-vertical dikes (27 and 27"), NNE-SSW

oriented, between 1955 and 1975 and has since been
abandoned.

The ore filled fractures are organized in a pattern,
which is consistent with late Variscan strike slip tectonic
regime that affected the area of the Albala pluton
(Castro, 1986; Sanderson et al., 1991). Additional faults
and joints support a complicated deformation pattern.
The thickness of individual fault zones can vary
between 0.1 and 25 m, though narrow fault zones
(<0.5 m) are more frequent. In average, the faults
consist of a relatively thin fracture zone and a zone of
alteration around it (Escuder-Viruete et al., 2001; and
references therein).

A large multidisciplinary data acquisition experiment
was carried out in Ratones Mine. Several boreholes
were drilled at different locations to sample the
subsurface fractures. The wells had continuous core
and a variety of logs were acquired to physically
characterize the crystalline rock at depth. The fracture
index which provides a number of structural disconti-
nuities by unit length of scanline in outcrop and drill
cores, was also measured. The detailed surface geology,
focused around borehole SRS, mapped fractures at
surface (5-220, N-20 and N-100 faults, Fig. 1) and the
description of the cores and the logging data have
identified prominent fractures at 140, 220, 320 and
460 m depth (faults: 5-140, 5-220, 5-320 and, 5-460
these are named according to the depth position along
the borehole, Fig. 2). The study area features at surface,
areas with granitic rock outcrop and areas with relatively
thin weathered surface layer (Fig. 1).

Highly detailed seismic P- and S-wave velocity depth
functions have been estimated from the sonic logs
(Fig. 2a). Poisson’s ratio (o) as a function of depth was
calculated from these P- and S-wave velocity logs. This
physical property, Poisson’s ratio, is strongly dependent
on composition for a single rock type which is our case.
As the drill-hole in entirely within a granitic rock with
mostly the same facies, the Poisson’s ratio is only
dependent on the pore space and fluid content (fractures
and alteration). Therefore, variations of o will be
indicative of the degree of fracturing, especially fluid
filled fractures. In approximately constant lithologies,
variations in ¢ are often considered responsible for
amplitude versus offset (AVO) anomalies in seismic
reflection sections (Castagna and Backus, 1993; Hilter-
man et al., 2000) and used for reservoir characterization.

In average, relatively low sonic P- and S-wave
velocities characterize the first 150 m. A simple
statistical analysis of this shallow part demonstrate
that these low velocity zones feature relatively high o (a
mean value of 0.31) (Fig. 2b) and high values of the
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Fig. 3. Three component shot gathers for OSP13, OSP15 and, OSP22 recorded around SRS, illustrating the quality of the data set. The three
components are the vertical component and the two horizontals (component X oriented EW and component Y oriented NS). The blue arrow shows P-
wave first arrival, while the S-wave first arrival is marked by a red arrow. An example of the S-wave picking is superimposed for the shot gather OSP15.
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fracture index. There is a marked velocity low between
56 and 79 m depth which correlates with a high FI, and
the borehole televiewer images display low angle
faulting (Fig. 2a). Low velocities are also identified in
narrow bands located at, approximately, 215 m and
460 m depth (Fig. 2a). The cores reveal the existence of
a fractured zone between 210 and 230 m depth and the
existence of an ankerite dyke at approximately 450 m
depth. Low seismic velocities (sonic P- and S-wave
velocities) correlate with high values of the FI.
Descriptions of the drill core and the images of the
borehole televiewer support these correlations. High P-
and S-wave velocities and 0<0.25 correlate with low
values of the FI, and zones with less concentration of
fractures. The deeper part of the borehole (from 250 to
500 m) is an example of these areas, showing the
expected low values of the Poisson’s ratio (a mean value
of 0.23) and the FI in the statistical analysis (Fig. 2b).
The detailed surface geology (Fig. 1), the log informa-
tion (Fig. 2), the correlations between the logs, the
fracture index and, the borehole televiewer images,
constitute the boundary constraints for the interpreta-
tions of the tomographic images.
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3. Seismic data, acquisition, processing and
inversion

The borehole SR5, a 500 m deep vertical borehole
(Fig. 1) was used to acquire a variable offset and azimuth
vertical seismic profiles (OVSP) which consisted in a
series of ten vertical seismic profiles; one at 0 m offset;
five distributed at45° angles along halfa circumference of
75 mradius centered at the borehole and, the last five were
distributed along a second half circumference of 150 m
radius centered, also, at the borehole (Fig. 1). The energy
generated by a single 22 Ton Vibroseis truck was recorded
by a three component borehole geophone (Fig. 3) de-
ployed every 10 m. The source consisted in a band limited
zero phase wavelet (after cross correlation) with a fre-
quency content between 15 and 150 Hz. Two sweeps were
generated per shot point, both sweeps were diversity
stacked before correlation, the time delay between sweeps
was such that it provided an effective attenuation of the
50 Hz electrical noise generated by electric power lines.
The resulting data set consisted of three shot gathers per
shot point (one shot gather per component) a shot gather
for the vertical geophone, a second for the EW oriented
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Fig. 4. Checkerboard tests with different cell sizes. This shows the well resolved areas of the model with the given acquisition geometry. (a) cell size

of 100 %100 m, and (b) 70x70.



D. Marti et al. / Tectonophysics 422 (2006) 99—114 105

geophone (X component) and a third shot gather for the
NS oriented geophone (Y component) (Fig. 3). The
Vibroseis truck used was a compressional source, there-
fore, all the S-wave energy recorded by the sensors, was
most probably generated by conversion at the source
location point (Vibroseis point, VP).

The resulting OVSP shot gathers constitute three
independent data bases consisting of: vertical compo-
nent, EW and NS horizontal component. For each data
base, the first arrival travel times were digitized and then
inverted using well established tomographic inversion
algorithm (Tryggvason, 1998). This is an iterative
inversion scheme which solves the forward model
using finite difference solution of the eikonal equation
(Vidale, 1990) and the inversion is performed through a
LSQR method (Paige and Saunders, 1982), further
details on the mathematics can be found elsewhere
(Benz et al., 1996; Tryggvason et al., 2002). As
conventional inversion algorithms the data used to
obtain the velocity models consisted in the travel time
picks and the coordinates of the source and receiver
locations, which were acquired during the field opera-
tions. The tomographic algorithm requires a 3D grid
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composed by constant velocity cells through which the
travel time front is propagated as a plane wave in each
cell. The size of these cells that control the travel time
calculations depends on the number of rays traced and
their distribution within the velocity model. Marti et al.
(2002a) discussed an only preliminary P-wave velocity
model derived from P-wave travel times. The first
arrivals on the vertical component records are well
defined, while S-wave arrivals are more complicated to
pick (Fig. 3). Therefore only clearly defined S arrivals
were used. The travel time picks corresponding to the S-
wave arrivals in the horizontal component shot gathers
are not the first phases that can be identified. The S-
wave travel time picks must be selected from latter high
amplitude waveforms and therefore, these S-wave picks
feature higher uncertainties than the P-wave picks. The
EW and NS S-wave travel time picks were inverted
independently and provide two different velocity
models. The existence of two different velocity models
could be related to the internal structure of the granitic
massif, in particular to fracturing and/or the stress field
and provide evidence of seismic anisotropy (Nur, 1971;
Crampin, 1985; Crampin and Booth, 1989; Lynn et al.,
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Fig. 5. (a) Simplified 1D initial model (blue line) derived from the Vp sonic log acquired in SRS (black line). The red lines correspond to the N initial
perturbed models used in the Monte Carlo-type analysis that show the dispersion in relation to the unperturbed model. (b) vertical section of the
resulting 3D initial velocity model OSP21 to OSP25 passing through the borehole SRS, used in the tomographic inversion.
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1996a,b). Nevertheless, in this study the small differ-
ences in both velocity models and the relatively large
uncertainties in the S-wave travel time picks make it
difficult to interpret the differences between the two S-
wave velocity models in terms of anisotropy. Thus, an
average S-wave velocity model is considered as the
most adequate.

4. P- and S-wave tomography and Poisson’s ratio
4.1. Resolution and accuracy tests

In order to assure the reliability and quantify the un-
certainity of the velocity models derived from the seismic

tomography, several tests were carried out. Sensivity tests
showed the capacity of the source-receiver geometry of
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resolving a determined structure by means of synthetic
data. A quantification of the uncertainties of the final
model which is mandatory for the geological interpreta-
tion of the results were also estimated, because it assured
the correct correlation between seismic velocities and
rock composition.

The checkerboard tests were used, in SRS, to estimate
the sensivity of the acquisition geometry and the data set
related to the velocity anomalies. These tests constrained
the well resolved areas of the model, indicating the size
of the anomalies and velocity constrast which can be
distinguished with the methodology. The tests performed
in Ratones Mine demonstrated that the areas sampled by
the ray tracing coincided with the areas recovered by the
checkerboard analysis. The velocity anomalies were well
imaged at surface and through the entire model, being

b) Perturbed model (200 mis)
| SRS
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QOSP15 (OSP11 O$P21

0 0sp25
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Fig. 6. Vertical sections of the perturbed initial 3D model from OSP21 to OSP25 passing through the borehole SRS used in the Monte Carlo-type
analysis. The random error was added at every cell of the discrete model used in the tomographic inversion. Three different subensembles were built
in the study applying different maximum value of the random error in each one. (a) example of the ensemble perturbed =100 m/s. (b) £200 m/s and

(c) £300 m/s.
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narrower at the base of SRS, displaying an inverse cone
shaped area (Fig. 4).

The uncertainties related with the inverse problem
were studied by means of the Monte Carlo-type analysis
(Tarantola, 1987; Tarantola and Valette, 1982b). In this
case, the analysis proceeded inverting N random models
with random errors, assuming the equiprobability (1/N) of
all of them (Korenaga et al., 2000; Sallares et al., 2003).

The N different models were simulated from an
initial 3D velocity model derived from the geophysical
and geological information obtained in SRS5. The
volume with the highest degree of fracturing is located
above 140 m which includes a surface weathered layer
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of variable thickness. The comparison between the
fracture index logs and the sonic logs indicates that this
shallow part was characterized by low velocity
anomalies. The velocity increases in depth with a high
velocity gradient. Below this fractured area, the sonic
logs restore the expected mean value (around 5500-—
5700 m/s) for the unfractured granite in the study area
(Marti et al., 2002a,b). The 1D initial model synthesizes
the main features observed in the geological and
geophysical data set, low seismic velocity at surface
increasing quickly at first 150 m, and then, a smoothed
velocity gradient to the base of the borehole (Fig. 5).
The 3D initial model was obtained extending laterally
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Fig. 7. Vertical sections of the resulting 3D velocity models from OSP21 to OSP25 passing through the borehole SRS obtained after 6 iterations in the
the tomographic inversion. An averaged velocity model for every subensemble is displayed together with an unperturbed model which allows to
compare the differences resulted from the random error addition. a) Model obtained from an unperturbed initial model. b), ¢) and d) Averaged
perturbed models with a maximum value of 100 m/s, 200 m/s and 300 m/s, respectively.
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and homogeneously this 1D model (Fig. 5). The N
initial models of the Monte Carlo ensemble were built
by adding a random velocity variation per inversion grid
cell to the 3D initial model, creating three different “sub-
ensembles” of 35 models each one with a maximum
variation of 100 m/s, £200 m/s and +300 m/s
respectively (Fig. 6). Errors associated to picking of
the first arrivals were also taken into account by adding a
random error of +2 ms to the data set which corresponds
approximately to a quarter of the period.

Once all the perturbed initial models were built, a six
iteration tomographic inversion process was performed
with each of them, according to the acquisition
geometry carried out around SRS5. All the resulting 3D
velocity models were compared with an unperturbed
velocity model. This analysis reveals the effects of the
different random errors in the final velocity model. In
general, all the velocity models of the ensemble resolve
the same main features characteristic of the study area
(Marti et al., 2002b; Marti, 2004), especially the low
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OSP26, OSP16 SR5 0SP21
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Depth {m)
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velocity anomalies observed at both sides of the SRS
(Fig. 7) that correspond to mapped fracture zones at the
surface and on the cores. In order to estimate the
uncertainties associated to every subensemble, the mean
deviation between every model and an averaged model
was calculated (Fig. 8). The results show that the
maximum mean deviation obtained, coincides with the
models perturbed 300 m/s, featuring uncertainties of
about 60 m/s, which represent in average, a 1—-2% of the
velocity values (Fig. 8). The highest uncertainties are
observed in the upper part of the velocity model,
coinciding with two high velocity anomalies located
beneath the shot points OSP15—-OSP25 and between the
OSP11 and the borehole SR5 (Figs. 8 and 9). In these
areas, the unfractured granite, characterized by high
velocity anomalies (up to 5000 m/s), is in contact with
the surface weathered layer and the low velocity
anomalies (close to 3500 m/s) associated to the fracture
zones resulting in a high velocity gradient in the tomo-
graphic model. This velocity gradient causes significant

b) Mean deviation (200 m/s)
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Fig. 8. Velocity uncertainties calculated from the mean deviation of every model respect to an averaged model. The areas with the large uncertainty
coincide with high velocity anomalies and a high velocity gradient that causes relatively large changes in the velocity model with small changes in the
first arrivals. The estimation of the mean deviation was made for the three subensembles of perturbed models, (a) 100 m/s, (b) 200 m/s and (c) 300 m/s.



D. Marti et al. / Tectonophysics 422 (2006) 99—114 109

a) Averaged final model
OSP25, OSPI5 |, SRS OSP1  O3P21

i N 6000
oot

100 5200
200 4400
300 3600
400 80
500

2000

Velocity {m/s)

Depth (m)

100 200 300 400
Distance (m)
b) Final mean deviation
0sP15

SRS OSP11  O§P21

0SP25

5

44
100 36
_. 200 28
E
£ 20
2 300
[=]
400 12
500 4

Velocity (m/s)
100 200 300 400
Distance (m)

Fig. 9. Synthesis of the results obtained in the accuracy tests made to
the data set. (a) averaged velocity model derived from all the models
included in the ensemble. (b) mean deviation calculated using all the
models of the ensemble.

changes in the velocity model when small changes in the
first arrivals (even in the range of the travel time uncer-
tainties) are added.

The results obtained in the 3D velocity model and the
mean deviation of the whole ensembles (Fig. 9) assure
that the final model have no dependence with the initial
model. This is indicative of the robustness of the solutions
obtained. The added errors in the travel time picks drive to
a final velocity model that still resolves the same structure
that were imaged by the unperturbed model suggesting
that the solution is close to be unique. Therefore, an
averaged velocity model derived from all the resulting
models can be used as a starting point in the tomographic
inversion to fit the P- and S-wave models that better
characterizes the surrounding area of borehole SR5.

4.2. Results of tomographic inversion
The three-dimensional (300 x 150 x500 m) velocity

models were calculated using a 10x10x10 m three
dimensional grid (Table 1). The resulting P-wave

velocity (Fig. 10a) model features a relatively thin
(approximately 20 m) top low velocity layer which
corresponds with a highly altered surface layer of
granite. This low velocity increases up to values
approaching 4600 with the top 40 m. At, approximately,
200 m depth the P-wave velocity increases up to 5600—
5800 m/s. In detail the model features several velocity
anomalies, relatively, low velocities of 4500 m/s near
the top of the borehole at 70 m depth and high velocities
of 5800—-6000 m/s from 250 m up to the base of the
borehole (Fig. 10).

The S-wave velocity model that resulted from the
inversion of all the travel time picks (Fig. 10b) also
indicates, in average, the existence of a sharp gradient at
the top from very low velocities (2800 m/s) at 60 m
depth up to 3400 m/s at 200 m depth. From 200 m up to
the base (500 m) the velocity variation is small in the
range of 3600 to 4000 m/s. The S-wave velocity model
reveals local high and low velocity anomalies. The S-
wave velocity model displays a “Y” shaped high
velocity anomaly (of approximately 3800—4000 m/s)
the left branch starts at the surface location of OSP25
and the right branch starts at the surface location of
OSP11 (Fig. 10b). Note that the low velocity anomaly
(2600 m/s) starts at the surface location of OSP15 and
intersects the borehole at approximately 170 m depth.
Another low velocity anomaly dipping towards the
borehole and another that intersects it at 230 m. Both
low velocity anomalies appear to coincide at surface
with mapped fractures and at the intersection with the
borehole with fracture zones identified in the cores.

The Poisson’s ratio for isotropic rocks can be es-
timated by

()~ 1
2[ (;)2_1] (1)

Where o and f3 correspond to the P- and S-wave seismic
velocities. o features a very narrow range centered at

Table 1

SRS depth 500 m
P-wave first arrivals 488

Cell size forward modelling (m) Ix1x1
Cell size inversion modelling (m) 10x10x10
Initial RMS 0.006631 s
Final RMS 0.001007 s
S-wave first arrivals 451

Cell size forward modelling (m) Ix1x1
Cell size inversion modelling (m) 10x10x 10
Initial RMS 0.011119 s
Final RMS 0.002252 s
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Fig. 10. Velocity field obtained after the inversion of the travel times. (a) P-wave velocity model derived by inversion of P-wave arrivals. Vertical
section of the velocity model from OSP21 to OSP25 passing through the borehole SRS. The surface fractures, 5-220 and N-20 faults, are correlated
with low velocity anomalies. The volume of unfractured rock is characterized by a high velocity anomaly dipping from the surface towards the
borehole, and it intersects the well between 220 to 460 m. (b) velocity model obtained after the inversion of the S-wave arrivals. This velocity model
has been calculated as the average of the velocity derived from the S-wave travel time picks of the EW horizontal component recordings and from the
S-wave travel time pick NS horizontal component recordings. Vertical section of the velocity model from OSP21 to OSP25 passing through the
borehole SR5. The main features identified in the P-wave tomograms (a), 5-220 and N-20 faults even the volume of unfractured rock, are also

observed in the S-wave results.

0.25. Poisson’s ratio is used to overcome the non-
uniqueness of the interpretation of P-wave velocity in
terms of rock types (Christensen and Fountain, 1975).
For common unaltered and unfractured rock types the
Poisson’s ratio varies from, approximately, 0.10 to 0.35
(Ji et al.,, 2002). This variation is related to the
composition (density, quartz content...) of the rock.
Changes in porosity and fluid content will mainly affect

S-wave velocities, thus, fracturing affects this physical
property. Therefore, variations in ¢ when dealing with a
single lithology and/or rock type (granite in this study)
are indicative of variations in the degree of fracturing
(Jones and Holliger, 1997; Goff and Holliger, 1999;
Marti et al., 2002b). In consequence, the Poisson’s ratio
images will differentiate between fractured and unfrac-
tured volumes of granite (Figs. 2 and 10).
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5. Discussion and implications

The information provided by the logs constitutes key
constraints for physically reasonable interpretation of
the seismic velocity models derived by the tomographic
inversion. The available data, in particular the Vp and
Vs velocity depth functions derived from the sonics can
be directly compared with the Vp and Vs velocities
determined by the tomography along the borehole.
Nevertheless, the scale of the resolution on both data
sets is considerably different. While the logging tool
provides a very dense data set, less than meter scale, the
tomograms provide velocities every 10 m. The variable
sampling of the different techniques makes it difficult to
compare and validate all the results obtained in the
experiment. For this reason, the sonic and fracture index
logs, with a sample rate of 0.20 m, were averaged in
order to display a degree of detail comparable with the
tomographic images. A relatively narrow, 3 m, sliding
window was used for averaging as we wanted to
preserve the small scale characteristics of the logs.

The Vp and Vs velocities derived from the sonic logs,
the Poison’s ratio estimated from them and the FI depth
function were compared with the Vp and Vs velocities
obtained by the tomographic inversions (Fig. 11). The Vp
tomographically derived velocity depth function follows
the overall behavior of the Vp derived from the sonic logs.
The log velocities from the top of the borehole to 100 m
depth feature low values with a minimum located between
50 and 70 m approximately (Fig. 11). This coincides with
high values for the FI log which is indicative of fractured
areas. The Vp tomographic velocity follows this pattern
more smoothly. The tomographic velocity increases at,
approximately, 130—170 m depth, indicating a decrease in
the degree of fracturing, which is consistent with the Vp
log and the FI (Fig. 11). Again, a fracture is indicated by
the tomographic Vp between 190 and 240 m depth. This
fracture has been described in the core report, and it is also
consistent with the FI data. The Vp tomographic velocity
reaches values above 5500 m/s, suggesting that from 240
down to the base of the borehole (500 m) granitic rock is
fairly fresh and lacks prominent fracturing, except at
approximately, 440 m depth, where the Vp decreases
(Fig. 11). The core report describes an ankerite dyke at this
depth.

The relatively low values for the sonic Vp suggest a
fracture zone at, approximately, 300 m depth, which is
also apparent in the FI data, and it is not imaged by the
tomographic Vp. The seismic data has not been able to
image this fracture, probably because it is very thin for
the frequency content of the seismic signal to be able to
resolve it and the fractured volume is very limited.

From the S-wave velocity model calculated from the
horizontal component travel time picks, an S-wave
velocity depth function can be derived. In average terms,
the velocity depth function provides a low frequency
equivalent of Vs log. Up to 140 m depth the velocity depth
function displays relatively low velocity values (below
3000 m/s), the minimum value is located at approximately
100 m depth (2700 m/s) (Fig. 11). A change in the velocity
gradient is identified at 200 m depth, the velocity starts
increasing more rapidly. The S-wave velocity depth
function increases up to a maximum at 250 m depth
3200 m/s (Fig. 11). The sampled fracture zone 5-220
located at 220 m depth is only suggested by the change in
the velocity gradient. At 320 m depth the velocity function
shows a minimum that coincides with the mapped fracture
5-320 (Fig. 11). Beneath this fracture zone the S-wave
velocities increase. This increase is most probably due to
the decrease in fracturing as suggested by the FI and the
interpretation of the P-wave tomographic images. The
base of the borehole features also a decrease in the S-wave
velocities, probably as a result of the influence of fracture
zone 5-460, located at 460 m depth (Fig. 11).

While, logs provide information on the physical
properties at a very high depth resolution only on a
vertical one dimension, P- and S-waves’ tomography
provides the physical properties on a three dimensional
volume, the resolution scale depends on the acquisition
design, but it is usually on the order of meters.
Tomographic P- and S-wave velocity—depth functions
can be correlated with the sonic and FI logs. They are low
pass filtered versions of the logs.

The sonic logs (Vp and Vs), the Poisson’s ratio and the
fracture index provide the key for a physically reasonable
interpretation of the velocity anomalies determined by the
seismic tomography (Nur, 1971; Berge et al., 1992;
Mukerji and Mavko, 1994; Marti et al., 2002a). A direct
correlation can be established between areas with a high
porosity (Poisson’s ratio, o >0.25) and high fracture index
with low velocity anomalies. On the other hand, the
Poisson’s ratio decreases to 0<0.25 in the unfractured
parts of the granite (Carmichael, 1982), as well as the
fracture index, while the seismic velocities feature high
value anomalies.

6. Summary and conclusions

Three-dimensional P- and S-wave velocity models
were calculated by the inversion of travel time picks of
first arrivals of P- and S-waves of offset and azimuth
variable seismic profiles (OVSP) acquired in a 500 m
deep vertical borehole drilled in a granitic pluton. The
resolution study indicated that the resulting tomographic
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model was the optimum that could be achieved by this
data set. The uniqueness of the solution was assured
because it had non-dependency of the initial model and
the added errors in the travel time picks led to the same
final model. The surface outcrop of the granitic pluton in
the surroundings of the borehole was map in detail by
surface geology, and the borehole was surveyed by a
number of geophysical techniques, sonic and fracture
index logs, borehole televiewer among others. These
additional data provide solid constraints for the
interpretation of the tomographic images. Low P- and
S-wave velocity anomalies identified in the tomographic
images correlate with fractures sampled in the cores.
These fractures are characterized by relatively low
values for the sonic P- and S-wave velocities, and high
values for o. The three-dimensional tomographic
images reveal low velocity anomalies which are
consistent with fractured and altered zones mapped at
surface or sampled by the borehole cores. The three-
dimensional maps of the distribution of P- and S-wave
reveal the internal distribution of fractured, altered
volumes and the unaltered, unfractured ones. The
former features relatively high values of Poisson’s
ratio (0>0.25) and the latter relatively features low
values (0 <0.25). This correlation can be done because
in volumes consistent of a single rock the variations of
o are related to pore space, fracturing and fluid content.
A detailed characterization of the physical properties of
a granitic pluton, including a three dimensional
reconstruction of the fractures network and its surround-
ing are obtained by high resolution seismic tomography
of P- and S-waves.
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