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Figure 7. Results of ray-based tomographic inversion of a cross-hole georadar data set recorded at the
Boise Hydrogeophysical Research Site (BHRS): (a) velocity distribution and (b) attenuation distribution.
Poorly resolved regions (i.e., those with poor ray coverage) are blanked out. The groundwater table is at a

depth of 2.96 m.

potential benefits of “reducing” the rather complex tomo-
graphic images to a limited number of clusters. Although
the absolute values of the inverted parameters can only be
regarded as approximations, the multivariate grouping pro-
cess enables us to identify major trends in the petrophysical
properties.

4. Field Data Example

[25] We now apply our new procedure to a cross-hole
georadar data set collected at the Boise Hydrogeophysical
Research Site (BHRS) near Boise, Idaho. This research site
was established to develop and calibrate hydrogeological
and geophysical methods for determining the 3-D distribu-
tion of hydraulic parameters in unconsolidated heteroge-
neous alluvial deposits [Barrash and Knoll, 1998; Clement
et al., 1999]. The subsurface at this site is characterized by
an approximately 20-m-thick alluvial layer consisting pre-
dominantly of gravel and sand with minimal fractions of silt
and clay. Underneath is a >3 m thick layer of red clay. At
the time of the measurements (October 1998), the water
table was at depth of 2.96 m.

[26] The cross-hole georadar data set was acquired using
two near-vertical boreholes C5 and C6, which have a
diameter of 10.2 cm and are approximately 8.5 m apart

(Figure 7). Although the borehole georadar antennas were
reported to have a nominal frequency of 250 MHz, we
found that the observed data had a dominant frequency
below 100 MHz. The primary reason for this is that the
nominal antenna frequency refers to its performance in free-
space, whereas the low velocities of the water in the
borehole and the surrounding water-saturated sediments
make the antenna “electrically longer” and thus reduce its
resonance frequency. Several surface walk-away measure-
ments were used to determine a correction for time-zero and
observe possible time drifts during the survey. Care was
taken that the antennas were moved quite slowly through
the borehole with respect to the recording time of an
individual data trace in order to avoid data smearing. The
fact that the diameter of the antennas (~5 cm) is not much
smaller than that of the boreholes causes the antennas to be
naturally centralized, which should ensure stable coupling
conditions for the antennas to the borehole and surrounding
medium. The experimental setup consisted of 77 transmitter
stations and 40 receiver stations spaced at 0.2 and 0.4 m
intervals, respectively. From the resultant 3080 traces, 2064
could be employed for the combined tomographic imaging
process. Preprocessing of the data included removal of the
DC component and application of a 0—250 MHz zero-phase
low-pass filter.

Figure 6. Comparison of the actual input parameters of the outcrop-based model (Figure 3) with the corresponding
estimates obtained from the tomographic inversion of the synthetic crosshole georadar survey (Figures 4 and 5). The
diagrams in the left column show comparisons of mean values (centers of vertical bars) and standard deviations (lengths of
vertical bars) of (a) porosity, (b) relative permittivity, and (c) electric resistivity for the clustered section (Figure 5d). The
right column shows cross plots of (d) porosity, (e) relative permittivity, and (f) electric resistivity based on the original input
model (Figure 3) and the unclustered tomographic sections (Figures 5a and 5b).
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Figure 8. (a) Contoured histographic plot (19 x 19 bins considered) illustrating trends in the velocity-

attenuation relationship. (b) Cross plot of velocity versus attenuation. Crosses delineate cluster centers
(mean values), with their dimensions equal to the respective standard deviations. (c) Results of cluster
analysis of the BHRS cross-hole georadar tomograms visualized as spatial distributions of cluster
membership between boreholes C5 and C6. In Figures 8c and 8d, numbers and colors refer to specific

clusters.

[27] The resulting tomographic images are shown in
Figure 7. Both the velocity and attenuation tomograms are
distinguished by predominantly subhorizontal structures,
which is consistent with stratigraphic layering in the gravel
and sand deposits at the BHRS [Barrash and Clemo, 2002].
Except for the strong bimodal distribution of values cen-
tered about a horizontal line at 11.8 m depth, there does not
seem to be a clear and/or systematic relationship between
the velocity and attenuation tomograms.

[28] Figure 8a shows a contoured histographic plot of the
estimated velocities and attenuations. Given that this plot
is characterized by three distinct and clearly separated
maxima, we choose a three-cluster solution for further
analysis (Figure 8b). Cluster 1 is characterized by higher
velocities and lower attenuations than clusters 2 and 3.
Clusters 2 and 3 are distinguished from each other only by
their velocities. The resulting spatial distribution of clusters

in the tomographic plane is shown in Figure 8c. Although
the characterization of the subsurface has been reduced to
only three petrophysical parameter groupings, the clustered
section retains the major structural features of the original
tomograms (Figure 7).

[29] As for the synthetic examples, we proceed by deriv-
ing estimates of the relative permittivities, resistivities and
porosities of the clustered units using equations (1), (2) and
(4), respectively. We use Topp’s equation (4) to estimate the
porosity distribution. The reason for this choice is that the
relative dielectric permittivity of the dry matrix, which is a
key parameter of the mixing model (3), is not explicitly
known. We then compare the clustered porosities and
resistivities along the boreholes to corresponding logging
data and to the corresponding tomographically inferred
material properties representing the tomographic values
(Figure 9 and Table 2) close to the boreholes. In so doing,
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Figure 9. Comparison of logging data (blue lines, lower horizontal axis) with corresponding clustered
tomographic (red lines, upper horizontal axis) and unclustered tomographic (gray lines, upper
horizontal axis) parameter estimates along the boreholes: (a) neutron porosity log versus clustered and
unclustered tomographic porosities for borehole C5, (b) neutron porosity log versus clustered and
unclustered tomographic porosities for borehole C6, and (c) capacitive resistivity log versus clustered
and unclustered tomographic resistivity for borehole C6. In Figure 9c, note the different scaling of the
lower and upper horizontal axes for the log data and the clustered parameter estimates, respectively. In
Figure 9c the dashed blue line represents mean logging resistivity values for the two major resistivity

zones visible in the clustered model.

it is necessary to emphasize that the clustered parameter
estimates are based on spatially averaged information that is
representative of the entire probed region, whereas the
logging data reflect the in situ variations of these parameters
in the immediate vicinity of the boreholes. Moreover, we
have to consider limited resolution in the plotted tomo-
graphically inferred material properties in Figure 9 because
the resolution of cross-hole tomographic images is inher-
ently limited in the vertical direction and poorly constrained
near the boreholes [Menke, 1984b].

[30] Figures 9a and 9b compare the porosities estimated
for the clustered units with the tomographically inferred
porosity estimates and the neutron log porosities along
boreholes C5 and C6 [Barrash and Clemo, 2002], respec-
tively. The continuous porosity profiles estimated from the
velocity tomogram as well as the corresponding clustered
version faithfully reproduce the overall pattern and the
larger-scale trend delineated by the neutron porosity logs.
In particular, most high-porosity zones present in the
porosity logs are also present as high-porosity zones in

the clustered porosity section (see also Table 2). The
clustered tomographic image thus confirms and extends
the hydrological zonation proposed by Barrash and Clemo
[2002], which was largely based on 1-D evidence from log
data.

[31] In addition to the neutron porosity logs, capacitive
resistivity logging data [Mwenifumbo and Bristow, 1999]
are available for borehole C6. To date, accurate calibration
of this logging tool is not available for unconsolidated
coarse alluvial sediments, such as those at the BHRS, but
there is high confidence with regard to the relative changes
in the logging data from C6 (C. J. Mwenifumbo, personal
communication). In Figure 9¢ we compare these data to
the resistivity estimates along borehole C6 extracted from
the attenuation tomogram and from our clustered model
(Figure 8c). As with the porosity estimates, the tomographic
resistivity profile reliably captures the major trends in the
logging data. The clustered resistivities are characterized by
a relatively high-resistivity unit down to a depth of about
11 m, and a lower-resistivity unit below. Although the

11 of 14



Wo01519

Table 2. Statistics for the Clustered Model for the BHRS Field
Data Set, for the Corresponding Unclustered Tomographic Data
Close to the Boreholes Within the Clustered Units and for the
Logging Data Within the Clustered Units®

Cluster 1 Cluster 2 Cluster 3
Clustered Tomographic Data
[ 0.220 + 0.008 0.256 + 0.007 0.234 + 0.007
p 301.4 +433 192.09 £+ 19.9 189.99 + 22.6

Unclustered Tomographic Data Along Boreholes

[ 0.217 £0.010 0.253 + 0.008 0.233 + 0.007

P 285.8 +48.9 185.5 +32.1 199.2 + 17.8
Logging Data

P 0.211 + 0.042 0.257 + 0.049 0.226 + 0.073

1419.26 £ 151.1 1349.8 + 184.8 1397.9 + 129.6

=i

See Figure 9. The values denote estimated means + standard deviations.
Please note that the resistivity values from the logging data are subject to an
unknown bias and hence can only be assessed in terms of the relative
variations.

resistivity log exhibits much more small-scale structural
complexity, its large-scale pattern (plotted means for the
major units in Figure 9c¢) is consistent with the results of the
cluster analysis (see also Table 2). For all these compar-
isons, it should be again noted that the resolution of cross-
hole tomographic images is inherently limited along the
boreholes, that porosity logs may be affected by distortions
in the vicinity of the boreholes due to the drilling process,
and that the spatial resolution of the two methods (i.c.,
logging and cross-hole tomography) differs roughly by one
order-of-magnitude.

[32] As a final check on the validity of our approach, we
compare an observed radar section with corresponding
synthetic radar sections based on the original tomograms and
based on the corresponding clustered section (Figures 10a—
10c). On the basis of averaged spectral analyses of the
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observed cross-hole georadar data, the dominant frequency
of the source wavelet is set to 70 MHz, which yields a
dominant wavelength of about 1 m. The grid spacing is
8 cm. A 9-m-wide diffusive buffer zone is added to the
top, bottom and right model edges in order to avoid
artificial reflections from the boundaries of the computa-
tional domain. The resulting synthetic georadar sections
reproduce the detailed character of the direct transmitted
wave in the observed data. Moreover, the synthetic section
determined from the model defined by the original tomo-
grams also reproduces the overall character of reflected
and scattered secondary arrivals present in the observed
data (Figures 10a and 10b). We conclude that the tomo-
graphic images are realistic representations of the subsur-
face structure and that the dominant features of this
structure are adequately captured by the corresponding
clustered sections.

5. Conclusions

[33] We have explored the potential of applying cluster
analysis to cross-hole georadar velocity and attenuation
tomograms as a means to define hydrological zones
within unconsolidated alluvial aquifers. Synthetic studies
illustrate that, even for complex models, the major
lithological and petrophysical trends can be resolved by
ray-based tomographic inversion of cross-hole georadar
travel times and amplitudes. There can, however, be
significant discrepancies between absolute values of the
inverted petrophysical parameters and the model parame-
ters. These discrepancies are particularly pronounced for
petrophysical parameters based on the attenuation esti-
mates. This shortcoming largely reflects the inherent
limitations of ray-based tomographic methods and could
be alleviated through the development and application of
full-waveform inversion algorithms.

14 18 6 10 14 18
Depth [m]

Figure 10. Comparison of observed and simulated cross-hole georadar data gathers at the BHRS.
(a) Observed data gather after minor processing, (b) synthetic data gather based on the inverted velocity
and attenuation tomograms (Figure 7), and (c) synthetic data gather based on the clustered model
(Figure 9). Each gather is scaled with a separate time-dependent scaling function to preserve relative
amplitude changes. For all gathers the fixed antenna is located at a depth of 14.66 m.
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[34] Cluster analysis proved to be a powerful postpro-
cessing tool for correlating and integrating the generally
complex relationships between the tomographically deter-
mined velocity and attenuation structures. The technique is
suitable for detecting and quantifying common trends in
velocity and attenuation tomograms by grouping the tomo-
graphic information into a limited number of characteristic
parameter combinations. On the basis of our synthetic
studies, we found that the clustered sections adequately
outline the pertinent features of the input models and allow
for more meaningful petrophysical parameter estimates
compared to estimates based on the un-clustered tomo-
graphic parameter fields. We conclude that cluster analysis
helps to determine the pertinent trends and groupings in a
multivariate geophysical data set based on objective criteria.

[35] Ourapproach was successfully applied to a cross-hole
georadar data set collected in a well-studied alluvial aquifer.
Porosities and resistivities inferred from the clustered tomo-
grams were compared to corresponding borehole log data.
We found that the clustered porosity section predicted the
overall zonation delineated by the neutron porosity log. In
particular, it located most high-porosity zones present in the
log data. Furthermore, we found reasonable agreement
between the clustered resistivities along one borehole and
the large-scale trend of capacitive resistivity logging.

[36] On the basis of the results of this study, we suggest
that a combination of clustered georadar tomographic sec-
tions and corresponding logging data may be used to
develop site-specific hydrological models. This could, for
example, be achieved by assigning pertinent parameters
obtained from porosity logs (e.g., mean values, standard
deviations and correlation lengths) to the corresponding
units in the clustered tomographic section. This approach
could be extended to establish relationships between the
clustered tomographic sections and estimates of hydraulic
conductivity obtained, for example, from flowmeter logs or
grain size analyses.
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