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a b s t r a c t
The integration of geophysical data into the subsurface characterization problem has been shown in many
cases to signiﬁcantly improve hydrological knowledge by providing information at spatial scales and locations
that is unattainable using conventional hydrological measurement techniques. In particular, crosshole
ground-penetrating radar (GPR) tomography has shown much promise in hydrology because of its ability to
provide highly detailed images of subsurface radar wave velocity, which is strongly linked to soil water
content. Here, we develop and demonstrate a procedure for inverting together multiple crosshole GPR data
sets in order to characterize the spatial distribution of radar wave velocity below the water table at the Boise
Hydrogeophysical Research Site (BHRS) near Boise, Idaho, USA. Speciﬁcally, we jointly invert 31 intersecting
crosshole GPR proﬁles to obtain a highly resolved and consistent radar velocity model along the various
proﬁle directions. The model is found to be strongly correlated with complementary neutron porosity-log
data and is further corroborated by larger-scale structural information at the BHRS. This work is an important
prerequisite to using crosshole GPR data together with existing hydrological measurements for improved
groundwater ﬂow and contaminant transport modeling.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Knowledge regarding spatial heterogeneity in hydrological properties is required for effective modeling of subsurface contaminant
transport (e.g., Gelhar, 1993; Hubbard and Rubin, 2005). To this end,
geophysical methods offer much potential because they provide a scale
of spatial resolution and degree of subsurface coverage not available
with traditional hydrological measurement techniques such as borehole
log and core analyses and pumping and tracer tests (e.g., Hubbard et al.,
2001; Hyndman and Gorelick, 1996). Initially, the use of geophysical
methods in hydrology was geared towards the qualitative delineation of
larger-scale subsurface features such as facies boundaries and unconformities (e.g., Beres and Haeni, 1991; Keller and Frischknecht, 1966).
More recently, however, the goal has been to extract detailed
quantitative information regarding the spatial distribution of hydrological properties from these data (e.g., Chen et al., 2001; Dafﬂon et al.,
2009; Harp et al., 2008; Hyndman et al., 2000; Kowalsky et al., 2005;
Linde et al., 2006b; Tronicke et al., 2004). Such information has the
potential to greatly improve hydrological models and thus predictions
of groundwater ﬂow and contaminant transport (e.g., Dafﬂon et al.,
2010; Hubbard et al., 2001; Hyndman and Gorelick, 1996; McKenna and
Poeter, 1995; Scheibe and Chien, 2003).
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Two of the most important hydrological parameters controlling ﬂow
and transport in the subsurface are the hydraulic conductivity and the
porosity. Although the spatial distribution of hydraulic conductivity
remains generally much more difﬁcult to estimate than that of porosity,
both parameters are often seen to exhibit a signiﬁcant degree of
similarity with regard to their spatial variability and/or spatial
correlation. For example, a large number of studies have shown that,
for the sand- and gravel-type unconsolidated sediments commonly
seen in near-surface studies, changes in the porosity are often linked to
corresponding changes in the hydraulic conductivity and can play an
important role in transport behavior (e.g., Chen et al., 2001; Hu et al.,
2009; Hubbard et al., 2001; Kowalsky et al., 2005; Linde et al., 2006b;
Scheibe and Chien, 2003). In this regard, a number of geophysical
measurements are sensitive to the subsurface porosity distribution. In
particular, crosshole ground-penetrating radar (GPR) tomography is of
much interest because of its ability to provide images of porosity in
saturated environments with unsurpassed spatial resolution. This is
possible because of the strong relationship that exists between radar
wave velocity and soil water content.
In recent years, a wide variety of approaches have been developed to
generate crosshole GPR tomograms (e.g., Ernst et al., 2007; Giroux et al.,
2007; Gloaguen et al., 2007; Hansen and Mosegaard, 2008; Irving et al.,
2007; Johnson et al., 2007; Paasche and Tronicke, 2007). Each of these
approaches differs in the way that the crosshole data are modeled and/
or inverted, and has advantages and limitations depending on the data
quality, nature of the subsurface environment, and particular objectives
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of the study. In each case, however, and in the vast majority of crosshole
GPR studies to date, research efforts have focused on the inversion of
data from a single well-to-well proﬁle, and on getting the maximum
amount of information along that single proﬁle. This is despite the fact
that, at an increasing number of hydrological ﬁeld sites, crosshole GPR
data are collected between multiple pairs of boreholes where the
proﬁles intersect and/or overlap. Indeed, although a number of previous
studies have investigated the joint inversion of multiple collocated data
sets acquired using different geophysical methods (e.g., Gallardo and
Meju, 2004; Kowalsky et al., 2005; Linde et al., 2006a), little work has
been done regarding the joint inversion of several intersecting crosshole
data sets acquired using the same geophysical technique. Given that
such inversions have the potential to provide models of the subsurface
with excellent spatial resolution and coverage that can be highly
valuable for the 3-D estimation or simulation of hydrological properties,
this is a topic that warrants further investigation.
In this paper, we develop and demonstrate a robust procedure for
jointly inverting 31 intersecting crosshole GPR data sets that were
collected between 1998 and 2000 at the Boise Hydrogeophysical
Research Site (BHRS) near Boise, Idaho, USA. The goal of our work is
to obtain a single, high-resolution, subsurface velocity model for the site
that honors all of the available data and is internally consistent. This is an
important step towards 3-D hydrological characterization and modeling
at the BHRS, which are primary long-term objectives. Because of the
large amount of data involved and the signiﬁcant variability in their
quality due to surveys being performed by multiple researchers under
different conditions and over many years, development of the inversion
strategy posed many challenges. We begin by presenting some general
information about the BHRS and the crosshole GPR data that were
acquired there. We then describe the developed joint inversion
methodology and show its application to the BHRS proﬁles. The ﬁnal
velocity model obtained is evaluated through comparison with
porosity-log measurements and other available structural information.
Lastly, we assess the advantages and limitations of jointly inverting
different numbers of crosshole GPR proﬁles with regard to the quality
and coherency of the results.

2. BHRS ﬁeld site and measurements
The BHRS is a hydrological and geophysical ﬁeld research site located
near Boise, Idaho, USA. The subsurface at the site is characterized by an
approximately 20-m-thick layer of sediments consisting of coarse,
unconsolidated, ﬂuvial deposits (Barrash and Clemo, 2002) with
minimal fractions of silt and clay, which is underlain by a layer of red
clay. A total of 18 wells have been emplaced at the site, all of which were
carefully completed in order to minimize the disturbance of the
surrounding formation. The wells were cased with 4-inch PVC well
screen. The well ﬁeld consists of 13 wells in a central area (~20 m in
diameter) and ﬁve boundary wells at 10 to 35 m from this central area.
Fig. 1 shows the conﬁguration of the central area wells. The center well
(A1) is surrounded by two concentric rings of 6 wells (B1–B6 and C1–
C6). The distances between the different well pairs vary between 2.6 and
8.6 m. The depths of the wells are between 18.2 and 20 m below the land
surface which is situated between 849.32 and 849.64 masl.
Key information regarding the hydrogeological structure at the BHRS
has been obtained from neutron porosity-log data that were collected
every 0.06 m in each of the boreholes in Fig. 1 (Barrash and Clemo,
2002). The porosity values were obtained from the measured count rate
through a petrophysical transform (Hearst and Nelson, 1985) that was
calibrated using porosity measurements in similar environments
(Barrash and Clemo, 2002). Based on the neutron porosity logs, Barrash
and Clemo (2002) have identiﬁed 5 units and their geostatistical
behaviors at the BHRS. Four of these ﬁve units (i.e., Units 1–4) have been
deﬁned in the depth interval discussed in this paper. More recently,
electrical capacitive conductivity measurements have identiﬁed a

Fig. 1. Detailed map of the central area wells at the BHRS with lines to indicate where
crosshole GPR data have been acquired. For the joint inversion, all of the proﬁles except the
ones in gray were considered. The various colors represent the proﬁles shown in Figs. 5a
(orange), b (red), c (violet), 6a (green), and b (blue).

Subunit 2b, which is present in all of the wells shown in Fig. 1 except
B1, B3, C1 and C2 (Mwenifumbo et al., 2009).
A total of 38 crosshole GPR data sets were acquired from 1998 to
2000 at the BHRS (Fig. 1). The GPR data were collected using a Mala
Ramac GPR system with antennas having a nominal center frequency in
air of 250 MHz. All of the data sets were acquired using the same survey
parameters, but several were gathered in two or more sessions. For the
joint inversion presented in the next section, we considered all of the
available data with the exception of measurements involving wells C4
and C5, most of which were found to be of notably poor quality. This
means that 31 crosshole data sets were considered. To conduct each GPR
survey, a walkaway test was ﬁrst performed by ﬁring the antennas in air
to determine the system sampling frequency and transmitter ﬁre time.
Common-receiver gathers were then collected. To do this, the receiver
antenna was lowered every 0.2 m in one well and the transmitter
antenna was ﬁred approximately every 0.05 m in the other well.
Because such non-symmetrical data acquisition can result in undesirable variable resolution in the resulting tomograms, we considered
every fourth trace to achieve a common depth-sampling interval in the
transmitter and receiver boreholes of approximately 0.2 m. In addition,
we consider only those traces where both the transmitter and receiver
antenna elements were submerged entirely below the water table,
which was located between 1.5 and 2.5 m depth during the times of data
acquisition. The antenna positions were corrected to account for
borehole deviations based on magnetic deviation logging tool measurements conducted in early 2010.
3. Inversion methodology
To develop a single, consistent model of GPR velocity at the BHRS, our
general strategy is to invert together the data from the 31 intersecting
crosshole GPR proﬁles shown in Fig. 1, while maintaining every data set
in its original 2-D coordinate system. Having consistency in the
estimated velocity values where the proﬁles intersect is critically
important and must be enforced in the inversion procedure. We
perform the tomography within a ray-based traveltime inversion
framework because it has been proven to be robust, computationally
efﬁcient, and ﬂexible for handling large amounts of data of varying
quality. Although signiﬁcant developments have been made recently
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with respect to full-waveform inversion of crosshole GPR data (e.g.,
Ernst et al., 2007), this method is still very much in the research stage
and is far too computationally burdensome for the task considered here.
Also note that we have purposely chosen a “multi-directional 2-D”
rather than fully 3-D inversion approach for our work. This avoids the
estimation of GPR velocities at locations in the subsurface where we
have very few data. In the fully 3-D problem, the presence of many
poorly constrained model cells means that the tomographic system is
extremely ill-posed and thus extensive regularization is required to
obtain a stable solution. This results in overly smooth velocity estimates
in many regions of the subsurface, which does not lend well to
subsequent hydrological characterization and modeling, especially in
the context of solute transport. In contrast, with a multi-directional 2-D
approach, we estimate velocities only where we have data along the
different tomographic proﬁles. The resulting joint 2-D velocity model
can then be used to effectively infer multi-directional geostatistics and
provide soft data for the subsequent conditional simulation of
hydrological properties over the entire 3-D volume.
The ﬁrst step in our inversion approach consists of deﬁning the
geometry for the joint traveltime tomography. To deal with the
differences between the 3-D reality involving deviated boreholes and
the required 2-D tomographic planes, all transmitter and receiver
coordinates, as well as the coordinates of the proﬁle intersections, are
projected into 2-D on a depth-by-depth basis (Fig. 2). The proﬁle
intersection coordinates are ﬁrst obtained at each depth from the
crossing of horizontal straight lines linking the wells. Then the antenna
locations are projected onto a 2-D plane by (i) calculating the horizontal
distance between the transmitter and receiver antennas at every depth,
and (ii) ﬁnding the corresponding coordinates in the 2-D plane based on
the vertical projection of a reference point deﬁned by the horizontal
position of the transmitter antenna at the surface. This approach allows
us to preserve the true horizontal distance between the wells.
Once the 2-D tomographic geometries have been deﬁned, the next
step is to build the joint system of equations that is solved for the
subsurface GPR velocity model. Again, instead of solving for the velocity
values in a set of 3-D voxels, we estimate velocities in a collection of 2-D
cells that are contained within the various tomographic planes. This is
done by considering all of the proﬁles together in a single expanded raybased tomographic system. In other words, the tomographic kernel
matrices and model parameter vectors corresponding to the individual
crosshole GPR proﬁles are merged together and solved as one linear
system. The expanded system is constructed such that common cells are
considered where proﬁles intersect, thereby enforcing consistency in

Fig. 2. Illustration to show the basic concept of inverting together multiple intersecting
crosshole GPR data sets in 2-D. Proﬁle intersections are determined in 3-D on a depth-bydepth basis, projected onto the 2-D tomographic planes, and then set as common cells in
the inversion procedure.

307

the velocity values at those locations. The model regularization matrix is
also constructed to enforce continuity between intersecting cells and
their surroundings.
Based on extensive testing, we invert for four additional correction
parameters for each proﬁle when performing the joint inversion of the
BHRS data sets. Three of these parameters follow the work of Irving et al.
(2007), who demonstrated the beneﬁts of inverting for additional
corrections in crosshole GPR tomography to account for possible errors
in the survey geometry and traveltimes, along with the nature of the
antennas. Detailed information about these corrections can be found in
their paper. The ﬁrst correction we consider is related to the observation
that, when considering the average velocity along a ray versus the
transmitter–receiver angle, the velocity is often smaller at low angles
than at higher ones. Irving et al. (2007) suggest that this results because
ﬁrst-arriving energy does not always travel directly between the
antenna centers, as is normally assumed by crosshole GPR practitioners.
To address this issue, an angle-dependent traveltime correction is
included in the inversion. The second and third corrections that we
consider are related to the fact that, when collecting each crosshole GPR
gather, one antenna is held ﬁxed while the other is lowered down the
borehole. Because of this, the potential exists for many traveltimes to be
affected by a single error in the location of one antenna in its well, or by
differences in the coupling of this antenna with its surroundings. In
addition, slight drifts in the transmitter ﬁre time over the duration of a
crosshole survey can result in static time shifts between different
receiver gathers. To account for these issues, we also include transmitter
and receiver static traveltime correction parameters (e.g., Irving et al.,
2007). Note that the implementation of the receiver static corrections,
although not explicitly stated in Irving et al. (2007), is performed
identically to the transmitter static corrections.
The fourth correction parameter that we consider in our inversion
procedure is based on the observation that, when inverting different
intersecting crosshole GPR data sets independently, the resulting
velocity models often show an overall approximately constant offset
in terms of their numerical values, even though the general agreement
in terms of structure between the velocity models may be high. Fig. 3a
illustrates this important issue by showing the velocity obtained along
borehole B2 from the independent inversion of various proﬁles
involving this borehole. Notice how the different velocity curves show
the same general trend, which is in good agreement with the trend of
the borehole porosity log, but they appear to be shifted from each other
by approximately constant factors. When the shifts are removed
(Fig. 3b), the true similarity between the curves can be seen. We
believe that these shifts in average velocity between independently
inverted proﬁles are principally caused by uncertainty regarding the
calculated GPR system sampling frequency. At the BHRS, this parameter
and the transmitter ﬁre time were determined for every data set by
ﬁring the antennas in air in a walkaway survey using a calibrated survey
tape, and then picking the resulting data and performing linear
regression. The system sampling frequency, which corresponds to the
slope of the regression line, controls the “time scaling” of all of the
acquired traces in a data set and is subject to some uncertainty. An error
in this parameter, although not having a signiﬁcant effect on the imaging
of subsurface heterogeneity, will produce an error in all of the measured
traveltimes that is proportional to their magnitude. In turn, these
traveltime errors will result in an approximately constant shift in the
ﬁnal slowness model obtained. Although not a critical issue for the
independent inversion of different proﬁles, the effect of slight velocity
discrepancies between different data sets becomes signiﬁcant when
multiple proﬁles are inverted together as they represent inconsistencies
between the various sources of information. As a result, we allow our
inversion procedure to estimate a traveltime scaling correction
parameter for each crosshole data set. In other words, in addition to
the corrections noted above, we invert for a percentage factor that is
applied to all of the traveltimes from a single proﬁle to effectively
reverse the effects of an error in the system sampling frequency. In this
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multi-directional 2-D velocity model that is consistent with all of the
measured traveltimes from each proﬁle.
With Eq. (1) we implicitly assume that the measured crosshole GPR
traveltimes, once they have been suitably corrected for incompatibilities
between high- and low-angle data, errors in transmitter ﬁre time and
borehole-location measurements, and velocity discrepancies related to
the system sampling frequency, can be adequately reproduced by the
subsurface slowness model. In other words, the corrections adjust the
observed traveltimes based on the transmitter–receiver angle, antenna
locations, and proﬁle being inverted, with the goal of reducing artifacts
in the output velocity model that would otherwise be created by
correlated errors related to these phenomena. Note that if such errors
are not present in the data, we have found that estimation of the
traveltime correction parameters does not inﬂuence signiﬁcantly the
results obtained. In a large number of tests, we have also found that
inverting the tomographic system in Eq. (1) is reasonably robust
because of the added corrections and the multiple data sets considered.
Indeed, enforcing a match between model cells from different proﬁles at
the intersection locations has a signiﬁcant effect on improving stability.
To solve Eq. (1), we use a conjugate-gradient-based least-squares
approach (e.g., Menke, 1984; Scales, 1987; Sen and Stoffa, 1995).
Regularization on the slowness model is imposed using secondderivative smoothness constraints in the x and z directions.
4. Data picking and inversion parameters
Fig. 3. (a) Neutron porosity-log data (black) and collocated tomographic velocities
estimated by independently inverting a number of proﬁles involving well B2. (b) The same
data shown in (a), but after shifting the velocity curves by a constant factor to best
illustrate the similarity to each other and the porosity-log data.

way, the inversion can ﬁnd a single velocity model that is able to
adequately satisfy all of the different data sets.
Considering the above details, the ray-based tomographic system
that we consider in our work can be described by the following matrix
equation, which links perturbations in traveltime to the
corresponding slowness perturbations in the subsurface and correction parameters (e.g., Irving et al., 2007):
2

3
Δs
6 Δp 7
a 7
6
7
Δt = ½L A R T F 6
6 Δpr 7:
4 Δpt 5
Δpf

ð1Þ

Here, Δt and Δs are vectors containing the traveltime and slowness
perturbations, respectively, and L is the ray-based tomographic kernel
matrix whose rows contain the length of each ray in every model cell.
Vector Δpa contains the values for the angle-dependent traveltime
correction curve at a set of reference angles, and the rows of matrix A
contain linear interpolation weights to obtain, from these values, the
traveltime correction for each ray. Vectors Δpr and Δpt contain the
receiver and transmitter position traveltime corrections, respectively
(i.e., a static correction for each receiver and transmitter location), and
the corresponding matrices R and T select, for each ray, the appropriate
values. Finally, vector Δpf contains for each crosshole data set the system
sampling frequency correction parameter (i.e., a percentage adjustment
of the traveltimes), and the corresponding matrix F contains, for each
ray, the traveltime. It is important to note that Eq. (1) is simply a
standard ray-based tomographic system linking changes in model
slowness to traveltime perturbations, that has been augmented to allow
for estimation of the additional traveltime correction parameters. In
other words, the correction parameters are added to the solution vector
and are estimated during the inversion along with the slowness in each
model cell. Also remember that all of the available crosshole GPR data
sets are considered together in Eq. (1), such that we estimate a single

The traveltimes of the direct transmitted waveﬁeld for each
crosshole GPR data set collected at the BHRS were determined using a
semi-automated picking procedure. Speciﬁcally, we used the crosscorrelation-based approach developed by Irving et al. (2007) for
transmitter–receiver angles greater than 30°, and standard thresholdbased picking for lower angles. During subsequent quality control, a
small number of traveltimes were re-picked manually. All of the traces
having transmitter–receiver angles ranging from −45 to 45° from the
horizontal were included in our analysis. This was decided based on
observations of the general quality of the data and the reliability of the
picks. The number of traces per crosshole data set ranged from 1888 to
4089, with an average of 3260 traces. The data covered a depth range
between 3.5 and 18.5 m.
In the joint proﬁle inversion, model cells were prescribed a size of
0.2 × 0.2 m. Inverting all of the proﬁles together meant that we solved
for the slowness in 58751 cells. The starting model for the ray-based
inversion was 1-D and was obtained by taking the mean of all of the
calculated 1-D velocity models generated by inverting each data set
independently. In this way, the starting model was the same for all of the
proﬁles, which ensured starting lateral continuity around the intersection cells. In the inversion, every proﬁle intersection was considered to
be 0.6 m thick (i.e., 3 cells wide). This choice was based on resolution
considerations; that is, taking into account the regularization imposed
on the inversion procedure in order to ensure numerical stability, and
the inherent physical resolution limits imposed by the dominant
wavelength of the GPR data combined with the ray-based “inﬁnite
frequency” approach for modeling the ﬁrst-arrival traveltimes. Regularization coefﬁcients were carefully chosen based on the observed
tradeoff between data ﬁt and model structure.
5. Results
5.1. Joint inversion of all 31 crosshole data sets
Fig. 4 shows a 3-D view of the GPR velocity model obtained by
inverting together the 31 intersecting data sets from the BHRS using the
previously described methodology. It is clear that continuity between
the intersecting tomograms has been successfully enforced. The model
can be seen to contain a number of large, laterally continuous features
having smaller scale internal variations. The general architecture of the
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Fig. 4. 3-D view of the joint velocity tomogram obtained by inverting together the 31 crosshole GPR data sets at the BHRS. For better consideration of intersecting proﬁles around the
central area, proﬁles B5–B6, B5–B4, and B4–C3 are not displayed. The main lithological units that have been identiﬁed at the BHRS in this depth interval (Units 1, 2a, 2b, 3, and 4) are
indicated on the right-hand side of the model.

model is largely in accordance with the principal sedimentary units at
the BHRS and their statistical characteristics, as described for example in
Barrash and Clemo (2002). In particular, the main unit boundaries
observed in previous studies (Barrash and Clemo, 2002; Mwenifumbo
et al., 2009) are found at similar depths in the tomographic model:
around 834 m for the Unit 1–2a boundary; around 838 m for the Unit
2a–2b boundary; between 838 m and 840 m for the Unit 2b–3
boundary; and around 843.5 m for the Unit 3–4 boundary. Although
Unit 2b does not exist everywhere at the BHRS, where it does exist its
boundary with Unit 3 is the most difﬁcult to observe in the tomograms.
Unlike the neutron porosity logs, velocities for Unit 2b show more
similarity to Unit 3 than to Unit 2a. Nevertheless, some light variation in
velocity in Fig. 4 still allows us to recognize Unit 2b from Unit 3, which
demonstrates that even small velocity differences can be relevant for
geological classiﬁcation. Looking at the various units imaged in Fig. 4, we
also see that some of them show relatively low internal variability
(e.g., Units 1 and 3), whereas others exhibit numerous smaller scale
variations (e.g., Units 2 and 4). This is also in agreement with the
geostatistical work of Barrash and Clemo (2002), who found that the
variance in porosity in Units 2 and 4 is more than two times larger than
that in Units 1 and 3.
To consider the above results in more detail, in Fig. 5 we show three
multi-well tomographic proﬁles between boreholes C1 and C3 that were
extracted from the joint velocity tomogram in Fig. 4: C1–B2–B3–C3, C1–
A1–C3, and C1–B1–B4–C3. The obtained GPR velocities along wells C1,

C3, and A1 are also compared to neutron porosity-log data collected in
these wells. Similar comparisons along wells B1, B2, B3 and B4 can be
found in Fig. 6. Notice in Fig. 5 that some geological structures can be
seen to extend through several proﬁles while others are shorter than
the covered lateral distance of one proﬁle. Continuity is also visible
with regard to the variability across the various tomographic proﬁles.
All of the tomograms again show features that are realistic and
consistent with existing structural information at the BHRS and
previous observations (Barrash and Clemo, 2002; Bradford et al.,
2009; Mwenifumbo et al., 2009), and thus the inversion approach
appears to perform well. In addition, note the generally good
correlation between velocity and the neutron porosity-log data. The
correlation coefﬁcient in well C1 has a value of −0.79, and similar trends
can be seen in wells C3 and A1, with values of −0.74 and −0.54,
respectively. A smaller correlation coefﬁcient is most likely related to
the different way that the GPR and neutron porosity logs image Unit
2b between 838 and 840 m. Indeed, omitting this depth interval
increases the correlation coefﬁcients in wells C3 and A1 to −0.82 and
−0.66, respectively.
In Fig. 6, we show two other multi-well tomographic proﬁles that
were extracted from the joint velocity tomogram in Fig. 4. In this case,
the proﬁles link the B wells and circle around borehole A1: B1–B3–B5–
B1 and B2–B4–B6–B2. Again, the GPR velocity at the borehole locations
is compared to neutron porosity-log data. Compared to Fig. 5, more
proﬁles intersect each tomogram in this ﬁgure. We see that even in the
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Fig. 5. Selection of velocity proﬁles from Fig. 4 linking wells C1 and C3 (see also Fig. 1): (a) C1–B2–B3–C3, (b) C1–A1–C3, and (c) C1–B1–B4–C3. Intersections with proﬁles shown in this
ﬁgure (color) and other proﬁles (gray) are delineated. The correlation between velocity (red) and neutron porosity-log data (blue) is shown for wells C1, C3 and A1. See Fig. 6 for the
velocity-porosity comparison along wells B1, B2, B3, and B4.
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Fig. 6. Selection of velocity proﬁles from Fig. 4 linking the B wells and circling well A1 (see also Fig. 1): (a) B1–B3–B5–B1, and (b) B2–B4–B6–B2. Intersections with proﬁles shown in this
ﬁgure (color) and other proﬁles (gray) are delineated. The correlation between velocity (red) and neutron porosity-log data (blue) at the borehole locations is shown.

case where a large number of intersections are present in a small area,
the continuity between the tomograms is successfully enforced. Note
that to achieve such consistency, the incorporation of the previously
mentioned system sampling frequency correction parameter in the
inversion strategy was crucial. Indeed, the percentage time shifts
estimated by the inversion to correct for errors in the sampling
frequency were signiﬁcant and ranged between −4.32% and 12.74%,
with a mean of 2.13% and a standard deviation of 3.5%.

As in Fig. 5, the tomograms in Fig. 6 also appear quite realistic and are
in general agreement with other data at the BHRS. The correlation
coefﬁcients between porosity and velocity (with the inclusion of
Unit 2b) range from −0.32 to −0.79, with an average of −0.57. This
supports what we observe visually: that the large-scale trends in the
neutron porosity logs are imaged by the crosshole GPR data. However a
few exceptions and limitations exist. First, the worst correlation
coefﬁcient (−0.32) is observed along well B1 due to the very different
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Fig. 7. Velocity tomograms for proﬁles A1–C1 and A1–B2 that were obtained by inverting together (a) 31 and (b) 7 crosshole GPR data sets, and (c) independently inverted.
Intersections with proﬁles shown in this ﬁgure (color) and other proﬁles (gray) are delineated. The correlation between velocity (red) and neutron porosity-log data (blue) at the
borehole locations is shown. Note that the velocity and porosity data along well A1 are shown twice because different velocity data are obtained when the proﬁles are inverted
independently.
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behavior of velocity and porosity between 839 and 843 m. Although it is
not clear why this occurs, the neutron porosity log shows at this
particular location something very different from all of the other wells,
and thus it cannot be excluded that these data may contain an error.
Secondly, we see a difference in imaging Unit 2b between the velocity
and porosity log data along well B6 that is similar to what we observed
along wells A1 and C3 in Fig. 5. Although the true petrophysical nature of
Unit 2b is still the subject of investigation, this difference could arise
from the presence of thin, high-porosity zones that the GPR technique
failed to resolve. Finally, from Figs. 5 and 6, it is clear that the multidirectional velocity tomogram allows us to image smaller-scale
variations that are seen in the neutron porosity logs, although the
shape and the amplitude of these variations are often not well
reproduced (see also Allumbaugh et al., 2002; Clement and Barrash,
2006). The main reason for this is the support volume of the
measurements; the GPR data have a more limited spatial resolution
and are clearly not able to image small-scale heterogeneity around the
borehole compared to the neutron porosity measurements. As a result,
the use of a site-speciﬁc ﬁeld relationship between velocity and porosity
will be generally more appropriate than the application of a given
laboratory-based petrophysical transform. This is consistent with
previous ﬁndings from a numerical study where we showed the
importance and potential of rescaling velocity tomography through an
appropriate ﬁeld relationship for hydrological predictions (Dafﬂon et al.,
2010).

313

Considering the above points, let us attempt to get a feeling for the
accuracy of the various tomographic inversion results shown in Fig. 7
through comparison of the velocities obtained along the boreholes with
porosity-log measurements made in wells A1, C1, and B2. For the A1–C1
proﬁle, the correlation coefﬁcient between velocity and porosity along
wells A1 and C1 can be seen to be higher when inverting all 31 data sets
together than when the proﬁle is inverted independently. Conversely,
for the A1–B2 proﬁle, the correlation coefﬁcient along both wells is seen
to be lower when inverting the 31 data sets compared to independent
inversion. Similarly, we see that there is no consistent trend in the
degree of correlation between velocity and porosity in the case where
seven data sets were used for the joint inversion, compared to using all
31 proﬁles together and inverting independently. These results are
representative of our ﬁndings with the joint inversion methodology, and
they demonstrate that inverting more proﬁles together may allow in
some cases a better ﬁt to complementary site data, but in other cases not.
In this regard, there are many reasons for a better or worse ﬁt to the
porosity logs, including the quality and coherency of the considered
data, the nature of the proﬁle intersections, the corresponding survey
geometries, and the type of subsurface heterogeneity. The important
point is that, in all instances, the correlation between velocity along the
boreholes and the neutron porosity logs is reasonably high. In other
words, inverting all 31 proﬁles together not only provides a reasonable
looking velocity model that is consistent with all of the available
traveltime data, but it also provides on average no worse ﬁt to the
neutron porosity-log data than inversions using fewer numbers of
proﬁles.

5.2. Resolution of the resulting velocity model
6. Conclusions
We now investigate the issue of resolution when performing the
joint proﬁle inversion, and in particular how the number of data sets
employed, their quality, and their consistency can affect the ﬁnal results
obtained. Fig. 7 compares two proﬁles (A1–C1 and A1–B2) that were
extracted from the joint tomograms obtained using all 31 (Fig. 7a) and
then a selected seven (Fig. 7b) of the BHRS crosshole GPR data sets, along
with the independent inversion results for these two proﬁles (Fig. 7c).
The seven data sets that were inverted together for Fig. 7b were A1–C1,
A1–B2, B1–B2, B2–B6, B1–B3, B2–B4 and C1–B2. These were among the
best quality of those that were collected at the BHRS. For the
independent inversions, the approach described by Irving et al. (2007)
was employed. Note that there is a difference in appearance between
Fig. 10d of Irving et al. (2007) and Fig. 7c of this paper, both of which
correspond to the same A1–B2 proﬁle and data. This difference results
primarily from the use of a different color scale between the ﬁgures, but
also because more recent and more accurate deviation logs were used in
our analysis.
Comparing Fig. 7a, b and c, we see that jointly inverting all 31 GPR
data sets tends to yield a “smoother” velocity model than when only the
seven proﬁles were considered, or when the proﬁles were inverted
independently. Indeed, there appears to be a tradeoff between the
number of data sets employed in the inversion procedure and the
resolution of small-scale structure in the output tomogram. The reason
for this is related to the agreement between the various sources of data
used for the tomography. When a large number of proﬁles are inverted
together, there is greater potential for inconsistency between the
traveltime data with respect to what they tell us about the subsurface.
Although our use of the traveltime correction parameters attempts to
reduce as much as possible the effects of such inconsistencies in the
inversion, in general this means that a smoother velocity tomogram will
be required to ﬁt the data in a geologically reasonable way. Note,
however, that this additional smoothing when inverting larger numbers
of proﬁles is not necessarily a negative aspect of the joint inversion
procedure. That is, by using more data and by enforcing consistency
along the various proﬁle intersections, we are likely to reduce artifacts
that are caused by the ﬁtting of data errors when smaller numbers of
proﬁles are inverted.

Inverting together multiple intersecting crosshole GPR data sets can
provide key constraints for the 3-D quantitative characterization of
porosity, and lithological and hydrological properties related to porosity,
in saturated sediments. Here, our objective was to develop a robust
procedure for jointly inverting 31 intersecting crosshole GPR proﬁles
collected at the BHRS, with the end goal of having a single realistic radar
velocity model that can be used in subsequent hydrological investigations. The developed approach, which consists of maintaining each data
set in its original 2-D coordinate system and inverting for velocity only
along the various tomographic planes, has beneﬁts compared to fully 3D inversion in that model parameters are only estimated in regions of
the subsurface where we have data. This means that the inverse
problem is well behaved and does not require extensive regularization
to obtain a stable result, which in turn means that the ﬁnal tomogram is
better suited to hydrological characterization and modeling. We also
saw that the inversion approach presented in this paper is robust,
ﬂexible, and able to handle many data sets of different quality through
the incorporation of various traveltime correction parameters.
The results in this paper are part of an increasing number of recent
studies that investigate the degree of correlation between geophysically
inverted parameters and hydrological and geological data at the ﬁeld
scale. In this regard, the multi-directional velocity model that we
obtained at the BHRS was found to contain realistic features that are
corroborated by other sources of structural information. The model
allows us to: (1) recognize and trace the contacts between major
stratigraphic units at the site; (2) delineate Subunit 2b, which exhibits
anomalous behavior in both the electrical conductivity and dielectric
permittivity that is not dominated by the water-saturated porosity; and
(3) conﬁrm variability differences within and between units including
the recognition of smaller-scale subfacies structures. Further, the joint
velocity tomogram we have obtained shows signiﬁcant correlation with
neutron porosity-log data from the BHRS. With regard to this last point,
several issues remain to be explored in future work. First, the correlation
between velocity and porosity for Subunit 2b is low for reasons that are
not well understood. Secondly, the spatial resolution of the ﬁnal GPR
velocity model depends on many factors, including the number, quality,
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and consistency of the various proﬁles involved, and thus case-speciﬁc
relationships between velocity and porosity should be considered for
subsequent hydrological characterization. Finally, the smoothness in the
tomographic velocity model implies uncertainty in the location of unit
boundaries at the BHRS. These uncertainties should be incorporated into
future hydrological work.
This research represents an important step forwards in characterizing the 3-D spatial distribution of hydrological parameters in saturated
heterogeneous aquifers. As mentioned, our goal is to now use the
obtained GPR velocity model as part of a detailed hydrological
characterization effort at the BHRS. Using directional geostatistics
inferred from the joint tomogram and the velocity model as soft data,
a fully 3-D conditional simulation of hydrological properties will be
performed for use in subsequent ﬂow and transport modeling. The
hydrological beneﬁts of including the geophysical data will then be
evaluated by comparing the obtained predictions with hydrological test
results at the BHRS.
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