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Abstract
To produce a resolved and reliable image, the crosshole tomographic method requires
that the positions of the sources and receivers are determined very accurately and in
practice, keeping the positioning errors to the level required by the tomographic method
may prove to be a difficult task. The method presented here attempts to reconciliate the
level of accuracy attainable by standard positioning techniques with the needs of the
tomographic method. With certain constraints applied, distance residuals can be
generated while performing tomographic inversions, which residuals can be used to
reposition the borehole probes. The example given has been taken from a trial survey
performed at the Fraser Mine, Ontario, during year 2000. A non-calibrated trial run was
used for the example, as a means to evaluate the potential of the error recovery
procedure. This study demonstrates that positioning errors can be evaluated and removed
while processing the tomographic data, without increasing the overhead cost and without
the need of repeating problematic measurements.
Introduction
The seismic tomographic method uses elastic waves to derive spatial distributions of the
seismic velocities within a rock volume from the travel times measured on the boundary
of the volume. With crosshole tomography, access to the region of interest is gained
through boreholes, seismic signals being generated in one borehole and received in
another. This makes the solution of the tomographic problem dependent on how
accurately the coordinates of the boreholes and the position of the instruments along the
boreholes can be determined.
To produce a resolved and reliable image, the crosshole tomographic method requires
that the positions of the sources and receivers are determined with an accuracy of
fractions of a meter at depths that may exceed 1 km. In this case, even very small errors
in the starting direction of the boreholes and incremental errors while logging the
boreholes, accumulate with the increasing depth and may cause the velocity distribution
derived by tomography to display false target features where there is none. Positioning
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errors can also appear along the boreholes, e.g. due to the elongation of the cables under
the gravitational pull, or due to ice or mud on the wheel of a depth counter.
In practice, keeping the positioning errors to the level required by the tomographic
method may prove to be a difficult task and high quality data have often to be discarded
because of a geometrical bias. This is also bound to have economical consequences, as
the geometrical bias becomes noticeable only while processing the data, usually after the
field measurements had been completed.
The method presented here attempts to reconciliate the level of accuracy attainable by
standard positioning techniques with the needs of the tomographic method.

Computing Borehole Deviations from the Crosshole Data
While velocity distributions are generated by tomographic inversion, time residuals are
also computed for each source-receiver pair. The time residuals can be converted to
distance residuals, with certain constraints applied. Therefore, the boreholes can be
“moved” to positions indicated, e.g. by a least squares fitting procedure.
The positioning errors are modeled as a series of geometrical transforms, which can be
related to the common causes of a geometrical bias:
- translations of one borehole with respect to the other, accounting e.g. for erroneous
collar elevations,
- rotation of the boreholes with respect to the collar positions, accounting for errors in
determining the starting directions of the boreholes,
- stretch along the boreholes, accounting for cable stretch and depth encoder
decalibration,
- borehole bending, accounting for errors generated by incremental position loggers.
Corrections are simultaneously computed for all, or a significant subset of the transforms
listed above.

Crosshole Seismic Tomography at the Fraser Mine
The example given here has been taken from a trial survey performed at the Fraser Mine,
Ontario, during year 2000. The objective of the survey has been to determine how
efficiently seismic tomography can be used to delineate zones of lower seismic velocity,
which could be associated with sulfide mineralizations.
The survey was conducted in AQ (48mm) boreholes to a maximum depth of 195m and
the distance between the boreholes varied between 30m and 70m. In order to decrease the
data acquisition time, the survey was carried out by measuring five relatively sparse
layouts, which, when superposed, produced a dense and even coverage. Layout no. 1 was
measured by moving the source downwards at 1m intervals, while the 24 receivers,

spaced at 5 m, were kept still. With layouts no. 2 to 5, the source was moved up and
down four times at 5 m intervals, the receivers being lowered 1m for each source run.
Layout no.1 was measured twice, as a trial run at the beginning of the survey and as a
normal calibrated run at the end of the survey. The purpose of the trial run was to check
the smooth running of the instruments in the boreholes and as a means to evaluate the
level of the signal versus the environmental noise. The probes got stuck many times on
the way down and had repeatedly to be pulled and released, which was bound to produce
positioning errors. The expected errors include spurious shifts of the instrument positions
along both holes, and a ‘stretch’ along the source hole, due to mud on the depth encoder.
For the example given below, the trial run was used instead of the calibrated run as a
means to evaluate the potential of the error recovery procedure. However, cumulative
errors of a comparable magnitude can also appear with calibrated surveys, when the
depth approaches or exceeds 1 km.
P-wave velocities along source-receiver trajectories with various angles are displayed in
Figure 1. The upper and the lower graphs were computed with raw and corrected
coordinates, respectively. It can be seen that the no calibrated Layout no. 1 (shown as
yellow dots) and the group of the other four layouts (shown as red dots) form different
patterns before correction but overlay closely after the corrections have been applied.

Figure 1. P-wave velocity distributions, determined with raw (top) and corrected
(bottom) coordinates. The red subset corresponds to Layouts 2, 3, 4 and 5 and the yellow
one to Layout 1. The graphs display velocity (m/s) vs. ray angle (deg).
The reduction of the systematic variation of the velocity with the direction has been taken
as a measure of the success of the correction procedure. However, a velocity variation

with the direction of propagation can be, in principle, also caused by genuine anisotropy.
Clearly, the difference between the characteristics of the two clouds from Figure 2 cannot
be explained by anisotropy, but the existence of a genuinely anisotropic component
cannot be automatically ruled out when performing the positioning corrections.
Anisotropy can be caused e.g. by the effect of the stress on micro cracks. In a rock volume
with randomly oriented microfractures, the fractures perpendicular to the main stress
direction will tend to close, while the fractures parallel with the stress direction will tend to
open. This would result in a direction dependency of the average stiffness and,
consequently, in a variation of the seismic velocities with the direction of propagation. In the
plane of the tomographic section, the behavior of fractured rock under stress would be
‘transversely isotropic’ with the axis of maximum velocity oriented along the projection of
the main stress. The theory of transverse isotropy provides a generic relation between the Pwave and the S-wave anisotropic patterns, including the splitting of the S-wave arrivals,
corresponding to different velocities for the SV (vertical S) and SH (horizontal S) wave
fields. Inversion trials assuming a transversely isotropic model were performed
simultaneously for both P- and S-waves on each of the two trends from Figure 1.
However, a good fit could not be obtained within the constraints of the transverse
isotropy theory, which confirmed the probable causes of the directional velocity variation
to be the positioning errors.
Figure 2 displays the P-wave velocity tomographic reconstruction without any coordinate
correction applied. Two types of artifacts are visible. The red dots appearing near the
source borehole at the left and the step-like features along the receiver borehole at the
right are due to the offset of the depth encoder during the measuring of the trial layout.
The accumulations of low velocity artifacts near the top and the bottom of the section are
deemed to be the result of cable slack.

Figure 2. Crosshole P-wave velocity
tomogram, obtained without applying
positioning corrections.

Positioning corrections were computed iteratively, by using the velocity model obtained
in the previous step, until the geometry became stable. The corrections for the first
iteration were computed assuming a constant velocity. The computations were done
simultaneously for P- and S-waves, and separately for the five layouts. Significant errors
of borehole orientation were not found but, as expected, fairly large differences were
noticed in the positions along the holes between the non-calibrated Layout no. 1 and the
rest of calibrated layouts. The computed deviations for the shift and the stretch along the
source and the receiver boreholes are presented in Table 1. One can note the consistency
of correction estimates for the calibrated Layouts 2, 3, 4 and 5.
Layout 1

translation along source borehole
stretch along source borehole
translation along receiver borehole

(m)
(mm/m)
(m)

-3.80
21.0
0.50

Layouts 2 – 5
-0.03…0.03
-0. 3 …0. 2
-0.1…0.1

Table 1. The positioning corrections estimated for all five layouts of the crosshole
section. The values express the correction amounts, in (m) for translations and in (mm/m)
for stretches relative to depth.
The P and S velocity tomograms, after correcting for positioning errors are presented in
Figure 3.

Figure 3. Estimated P-wave (left) and S-wave (right) velocity tomograms, computed with
positioning constraints.

Conclusions
In the context of the specific application described here, seismic tomography has proved
that it could delineate reliably and efficiently rock features associated with increased
mineralization and tomographic surveys can contribute to the decrease of the mining
costs. For example, the drilling costs can be reduced by 50% or more by using routinely
crosshole tomography.
The cost of data acquisition and processing are nowadays small compared with the cost
of extensive drilling. However, additional costs may appear from the need of re-logging
the boreholes with increased care and from the overhead time spent to interpret data with
a biased geometry. In special cases, problematic measurements have to be repeated,
adding to the overhead cost.
Computational procedures for positioning error recovery are therefore needed for two
main reasons:
• because deep crosshole tomographic surveys require a level of accuracy difficult
or to attain by standard position logging methods, without an increased cost,
• because, in spite of careful preparations, moving the probes up and down slim and
sometimes partially obturated boreholes in a normal mining environment may
cause uncontrollable positioning errors, which often remain undetected until after
the completion of the field survey and can invalidate the whole tomographic
exercise.
This study has demonstrated that positioning errors can be evaluated and removed while
processing the tomographic data, without increasing the overhead cost and without the
need of repeating problematic measurements.
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