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SUMMARY

Spatially highly resolved mapping of aquifer heterogeneities is critical for the accurate prediction of
groundwater flow and contaminant transport. Here, we demonstrate the value of using full-waveform
inversion of crosshole ground penetrating radar (GPR) data for aquifer characterization. We analyze field
data from the Krauthausen test site, where crosshole GPR data were acquired along a transect of 20 m
length and 10 m depth. Densely spaced cone penetration tests (CPT), located close to the GPR transect,
were used to validate and interpret the tomographic images obtained from GPR. A strong correlation
was observed between CPT porosity logs and porosity estimates derived from GPR using the Complex
Refractive Index Model (CRIM). A less pronounced correlation was observed between electrical conduc-
tivity data derived from GPR and CPT. Cluster analysis of the GPR data defined three different subsurface
facies, which were found to correspond to sediments with different grain size and porosity. In conclusion,
our study suggests that full-waveform inversion of crosshole GPR data followed by cluster analysis is an
applicable approach to identify hydrogeological facies in alluvial aquifers and to map their architecture
and connectivity. Such facies maps provide valuable information about the subsurface heterogeneity
and can be used to construct geologically realistic subsurface models for numerical flow and transport

Cone penetration tests prediction.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Reliable prediction of groundwater flow and solute transport is
needed for environmental engineering tasks such as the definition
of protection zones for drinking water wells or the development of
efficient remediation strategies at contaminated sites. However,
predicting subsurface flow and transport is challenging due to
the complex heterogeneity found in most geologic media.
Physical and chemical properties in the subsurface vary over
orders of magnitude and their spatial variability exerts a primary
control on groundwater flow and solute migration (e.g. Dagan,
1989). Sedimentary deposits, which commonly represent soils
and aquifers, are often composed of several distinct units or facies,
separated by recognizable boundaries at which subsurface proper-
ties such as grain size or hydraulic conductivity may abruptly
change (Miall, 1985; Fogg, 1986; Koltermann and Gorelick,
1996). This has motivated the conceptualization of heterogeneous
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sedimentary aquifers as assemblages of distinct (hydro-)lithologi-
cal facies with less variability within than between facies
(Anderson, 1989; Webb and Anderson, 1996; Barrash and Clemo,
2002; Riva et al., 2006; Bayer et al., 2011).

Field and modeling studies have highlighted the influence of
facies architecture and geometry on flow and transport processes
(Zheng and Gorelick, 2003; Feyen and Caers, 2006; Ronayne
et al.,, 2008; Zheng et al., 2011; Haendel and Dietrich, 2012). In par-
ticular, the spatial connectivity of facies appears to be of substan-
tial importance, because connected structures of high permeability
act as preferential flow paths and lead to increased water fluxes
and increased transport velocities, while connected structures of
low permeability act as flow barriers and lead to decreased water
fluxes and decreased transport velocities (Zinn and Harvey, 2003;
Knudby and Carrera, 2006; Huysmans and Dassargues, 2009;
Bianchi et al., 2011; Renard and Allard, 2013). Hence, reliable pre-
diction of flow and transport in the subsurface critically depends
on a detailed characterization of the spatial distribution of subsur-
face facies.
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Unfortunately, a detailed characterization of the subsurface is
difficult to obtain in practice because the subsurface is not easily
accessible through measurements. Conventional subsurface
characterization techniques tend to rely on pumping tests or bore-
hole based geophysical or lithological logs. Pumping tests yield
appropriate upscaled properties with regard to flow but suffer
from a limited spatial resolution of local properties, which are
needed for proper transport prediction. Borehole logs provide
detailed information about the vertical distribution of local proper-
ties but are inherently one-dimensional in nature. Any inference
based on one-dimensional vertical profiles, will be blind to the lat-
eral distribution of subsurface properties, and thus, the intercon-
nectivity of facies. Outcrop analyses can be applied to map the
distribution of facies on outcrop walls, which provides valuable
information about the lateral connection of facies (Huysmans
et al,, 2008; Huysmans and Dassargues, 2009; Bayer et al., 2011;
Comunian et al., 2011). However, the characteristics derived from
an outcrop are not necessarily valid for the specific conditions at
locations some distance away from the outcrop.

In contrast, minimally invasive tomographic geophysical imag-
ing methods such as crosshole ground penetrating radar (GPR) can
be used to map the spatial distribution of subsurface properties on
full cross-sections directly at the location of interest. The two-di-
mensionality of the tomographic images provides the opportunity
to characterize the lateral distribution of structures and to evaluate
their architecture and connectivity. Traditional tomographic inver-
sion of GPR data is carried out using ray-based techniques (Holliger
et al., 2001; Maurer and Musil, 2004). Because ray-based methods
consider only the first arrival times and the first-cycle amplitudes
they exploit only a limited amount of the information contained in
the full recorded waveform. As a consequence, the spatial res-
olution of such methods is limited, and only relatively smooth
images of the subsurface can be obtained (Belina et al., 2009;
Klotzsche et al., 2010). In contrast, full-waveform inversion tech-
niques make use of the full recorded waveform, which includes
information beyond the first arrival times and first-cycle ampli-
tudes. As a consequence, full-waveform inversion techniques are
capable to resolve subsurface properties with higher spatial res-
olution and yield tomographic images with a significantly
improved level of detail (Ernst et al., 2007b; Meles et al., 2010;
Yang et al., 2013; Klotzsche et al., 2013, 2014).

Recent studies showed the potential of GPR full-waveform
tomography for hydrogeological application by comparing GPR
results with independent measurements of porosity (Yang et al.,
2013; Klotzsche et al, 2013) and hydraulic conductivity
(Klotzsche et al., 2013). Within the scope of hydrogeological site
characterization the strength of full-waveform GPR tomography
lies in its potential to bridge the gap in terms of resolution and cov-
erage that exists among traditional hydrogeological methods such
as small-scale core analyses and large-scale pumping tests.
However, this advantage comes along with difficulties regarding
the hydrogeological interpretation because GPR returns the electri-
cal properties which are only indirectly related to hydrogeological
parameters such as porosity or hydraulic conductivity. Without
information about the site-specific relationship between electrical
and hydrogeological properties, the use of GPR for hydrogeological
site characterization can therefore be limited. Another difficulty, in
field applications, is to evaluate the reliability of the obtained
tomographic images, because in the absence of secondary informa-
tion it is difficult to validate if the structures seen in the tomo-
graphic images represent real subsurface structures and not
inversion artifacts.

In the present study we show the value of applying full-wave-
form GPR tomography in combination with complementary
investigation tools to hydrogeologically characterize a site. We
analyze field data from the Krauthausen test site, where GPR data

were recently acquired along several cross-borehole planes.
Because the Krauthausen test site has been intensively investi-
gated in previous studies (e.g. Vereecken et al., 2000; Tillmann
et al., 2008), we are able to confront the GPR results with densely
spaced secondary data from cone penetration tests (CPT), grain size
analyses and flowmeter measurements which allow detailed val-
idation and interpretation of the tomographic images obtained
from GPR. In detail, our approach consists of the following steps:
Firstly, a GPR full-waveform inversion is applied to infer the sub-
surface permittivity and electrical conductivity distribution along
a vertical aquifer cross-section of approximately 20 m length and
10 m depth. Results are validated by comparison with co-located
CPT porosity and electrical conductivity logs. Secondly, a cluster
analysis is conducted to partition the obtained GPR tomographic
images into clusters. In this way, different lithological facies such
as sand and gravel that differ in their permittivity and electrical
conductivity signatures can be distinguished. The outcome of the
cluster analysis is a cross-sectional map showing the spatial dis-
tribution of different facies in the aquifer. We discuss the reliability
of the facies classification by comparing the distribution of facies
obtained from GPR with the distribution of facies obtained
independently from CPT. Finally, we use the combined information
from GPR, CPT, grain size analyses and flowmeter measurements to
develop a hydrogeological interpretation of the obtained facies and
to characterize them in terms of grain size, porosity and hydraulic
conductivity.

2. Material and methods
2.1. Study site

The Krauthausen test site, set up by the research center Jiilich in
1993, is located approximately 10 km northwest of the city of
Diiren, Germany, in the southern part of the Lower Rhine
Embayment. A detailed description of the test site is given by
Vereecken et al. (2000). In the last decades, several laboratory
and field techniques have been applied at Krauthausen with the
goal to study the spatial distribution of aquifer parameters and
its effect on solute migration. These techniques include laboratory
characterization of sediment samples (Doring, 1997), field pump-
ing and flowmeter tests (Li et al., 2007, 2008) tracer experiments
(Vereecken et al., 2000; Vanderborght and Vereecken, 2001), geo-
physical imaging methods (Kemna et al., 2002; Miiller et al.,
2010; Oberrohrmann et al., 2013), and cone penetration tests
(Tillmann et al., 2008). Due to the extensive set of subsurface infor-
mation retrieved in previous studies, Krauthausen provides excel-
lent opportunities to test and validate novel aquifer exploration
techniques.

The present study focuses on the uppermost aquifer in the cen-
tral part of the test site where a series of closely spaced boreholes
and cone penetration tests were available (Fig. 1). The unconfined
aquifer is approximately 10 m thick and composed of alluvial ter-
race sediments, which were deposited by a local braided river sys-
tem of the river Rur on top of older Rhine and Maas sediments
(Englert, 2003). According to Doring (1997) and Tillmann et al.
(2008) the uppermost aquifer can be broadly divided into three
layers (Fig. 2a): A bottom layer composed of sandy to gravely grain
size, which extends from 6 to 11.5 m depth and is characterized by
varying sand to gravel ratio; a well sorted sand layer extending
from 4 to 6 m depth; and a poorly sorted gravel layer extending
from 1 to 4 m depth. The base of the aquifer is formed by thin lay-
ers of clay and sand, at approximately 12 m depth. On top of the
aquifer, a loamy soil layer has developed. The groundwater level
shows seasonal variations from 1 to 3 m depth. The aquifer sedi-
ments are characterized by an average clay content of 2%
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Fig. 1. Map of the Krauthausen test site with the location of boreholes (open circles) and cone penetration tests (asterixes). The black solid line in the close-up (right) shows
the location of five adjacent cross-borehole GPR planes acquired in the central part of the test site. Selected cone penetration tests located close to the GPR transect are labeled

with italic numbers.
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Fig. 2. (a) Generalized cross-section of the uppermost aquifer after Doring (1997) and Tillmann et al. (2008). (b) Schematic sketch of the crosshole GPR acquisition setup used

in the present study. For clarity, the setup is shown for a vertical extension of 2 m only.

(Déring, 1997) and by a mean total porosity of 26% (Vereecken
et al., 2000). The mean hydraulic conductivity based on the results
of a large scale pumping test is 3.8 - 1073 m/s (Englert, 2003).

It is important to note that the generalized aquifer cross-section
shown in Fig. 2a represents a simplified conceptual model. Treating
the aquifer as a perfectly stratified medium is an oversimplification
of the aquifer’s true structure (at Krauthausen and elsewhere). For
the true aquifer architecture we expect significant lateral varia-
tions in layer thickness and properties, as well as the existence of
discrete non-layered structures. Characterization thereof is what
the present study focuses on.

2.2. Crosshole ground penetrating radar tomography
2.2.1. Data acquisition

GPR data were acquired along a transect in the central part of
the test site, where six closely spaced boreholes were available

(Fig. 1). In total, the transect covers a lateral distance of 22.7 m
and consists of five adjacent crosshole tomographic planes with
individual borehole separations ranging from 2.6 to 6.2 m. We used
the Sensors and Software pulseEKKO Pro system with 200 MHz
antennas and a semi-reciprocal acquisition setup, with transmitter
and receiver spacing of 0.5 m and 0.1 m, respectively (Fig. 2b). This
setup was recently found to represent a compromise between suf-
ficient ray coverage for high resolution inversion results, on the
one hand, and affordable acquisition time and computational costs,
on the other hand (Klotzsche et al., 2010; Oberr6hrmann et al.,
2013). In order to avoid refracted/reflected radar waves associated
to the groundwater table (Klotzsche et al., 2010, 2012), GPR data
were acquired only within the saturated zone. Measurements were
conducted from 3 m depth, which was around 1 m below the
groundwater table during the measurements, down to approxi-
mately 8-10 m depth, depending on the depth of the boreholes.
Note that the transmitter and receiver positions within the
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boreholes were accurately determined by using a logging tool that
measures the lateral deviation of a borehole from a straight vertical
line. This was necessary to avoid inversion artifacts.

2.2.2. Full-waveform inversion methodology

To infer the subsurface relative dielectric permittivity (&) and
electrical conductivity (¢) from the measured GPR data, we applied
a full-waveform inversion. We used an inversion scheme intro-
duced by Ernst et al. (2007a,b) and further developed by Meles
et al. (2010) and Klotzsche et al. (2010). Here, we describe only
briefly the major steps in the inversion scheme. For a more detailed
description of the inversion procedure and its implementation, the
reader is referred to Meles et al. (2010) and Klotzsche et al. (2010).

The overall goal of the inversion is to find the spatial dis-
tributions of ¢ and ¢ whose simulated radar response best matches
the observed radar data. This is achieved in an iterative approach
using a gradient method to minimize the misfit function

C:”Emud*EObS”z (1)

where E°” is the observed radar data, for all transmitter-receiver
combinations over the total observation time window, and E™°¢ is
the corresponding data predicted by a forward model. Eq. (1) is a
sample-by-sample comparison in which all data points are
weighted equally. In order to enable the use of the forward model,
which is based on a 2D finite difference time domain solution of
Maxwell’s equations, the observed data was converted from 3D to
2D using the approach by Bleistein (1986). Initial estimates for
the distributions of ¢ and ¢ were derived using standard ray-based
travel time and amplitude inversion (Holliger et al., 2001; Maurer
and Musil, 2004). The full-waveform inversion was performed with
the ray-based inversion results as starting models and with an
effective source wavelet obtained through a deconvolution method
(Ernst et al., 2007b). For each iteration of the full-waveform inver-
sion, the wavefield predicted by the forward model is subtracted
from the observed wavefield to calculate the residual wavefield.
Local gradients for the ¢ and ¢ models are computed through a cross
correlation of the back-propagated residual wavefield and the
model-predicted wavefield. The gradient indicates if the model
parameter values should be increased or decreased in order to
reduce the misfit function. In addition, individual step lengths for
¢ and ¢ are determined which indicate the magnitude of the model
updates. The ¢ and ¢ models are then simultaneously updated using
the derived gradients and step lengths (Meles et al., 2010). Except
from a smoothing of the gradient, no regularization is applied.
Note that in order to avoid inversion artifacts close to the boreholes,
model updates are suppressed within the domain closer than 30 cm
to the boreholes. The updated ¢ and ¢ models are used to parame-
trize the forward model in the subsequent iteration step until the
iteration is stopped when the root mean squared (RMS) misfit
between model-predicted and observed data changes less than 1%.

It should be noted that the full-waveform inversion critically
depends on adequate starting models for the ¢ and ¢ distribution.
More precisely, for each transmitter-receiver combination, the
observed data and the model-predicted data (obtained initially
with the starting models) need to show an overlap within half
the dominant wavelength in order to ensure proper convergence
of the full-waveform inversion. If the offset between observed
and modeled data is greater than half the dominant wavelength,
the full-waveform inversion will converge to a local minimum
and give unreliable results (Meles et al., 2011; Klotzsche et al,,
2014). To ensure proper convergence of the full-waveform inver-
sion, we carefully checked the match between observed and ini-
tially model-predicted data, prior to running the full-waveform
inversion.

Another important step in the full-waveform inversion is the
definition of perturbation factors for ¢ and g, which are required
for the computation of the model update step lengths (Meles
et al., 2010). We determined appropriate values for the per-
turbation factors by testing the convergence of the full-waveform
inversion with a range of values prescribed for the perturbation
factors. With appropriate perturbation factors, the full-waveform
inversion converges smoothly toward the optimal solution (maxi-
mal reduction of the RMS misfit), whereas too high or too low per-
turbation factors can be identified by non-smooth convergence
and/or minor reduction of the RMS misfit. Note that the full-wave-
form inversion typically converges to the optimal solution for quite
a range of perturbation factors (i.e. within that range the inversion
results are robust with regard to changes in perturbation factors),
which makes it relatively easy to find appropriate values for the
perturbation factors, in practice.

2.3. Complex Refractive Index Model (CRIM)

Petrophysical relationships can be used to translate electrical
properties obtained from GPR into hydrogeologically more rele-
vant properties such as soil moisture or porosity. Several empirical,
semi-empirical and theoretical relationships have been proposed
in the literature (Topp et al., 1980; Dobson et al., 1985; Linde
et al., 2006; Brovelli and Cassiani, 2008; Steelman and Endres,
2011). Commonly used approaches are so called mixing models,
which are based on the intuitive idea that the bulk permittivity
of a multi-phase medium can be related to the permittivities of
the individual phases. In its general form, the mixing formula for
an n-phase medium is

n
e =Y Ve 2)
i=1

where ¢, is the bulk permittivity of the medium, V; and ¢; are the
volume fraction and the permittivity of the i-th phase, and o
describes the geometrical arrangement of the individual phases
within the medium. For fully saturated porous media, Eq. (2) can
be written as

&y = (1 - )&l + pef 3)

where ¢ is the porosity, and ¢ and & are the permittivities of the
solid grain matrix and of the pore fluid, respectively. The exponent
o has theoretical upper and lower boundaries of 1 and -1,
corresponding to the cases where individual phases are arranged
in layers parallel and perpendicular to the applied electric field,
respectively (Brown, 1956). Birchak et al. (1974) argued that for
an isotropic phase arrangement, o should take a value of 0.5, which
is equivalent to a volumetric average of the complex index of refrac-
tion. With o=0.5, Eq. (2) becomes the Complex Refractive Index
Model (CRIM) (Birchak et al., 1974). Although the CRIM relationship
is based on an oversimplified description of the complexity of natu-
ral porous media (Dobson et al., 1985; Brovelli and Cassiani, 2008),
the CRIM has generally been found to agree well with experimental
data and to produce adequate results for various types of soils (Roth
et al., 1990; Robinson et al., 2003). In the present study, we apply
the CRIM to convert bulk permittivity, obtained from GPR full-
waveform inversion, into porosity, by rearranging Eq. (3) to

_VE-VE
NN @

2.4. Cone penetration tests

A total number of 78 cone penetration tests (CPT) were con-
ducted at Krauthausen and are described in detail by Tillmann
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et al. (2008). The CPT survey focused on the central area of the site,
where CPT were performed with a horizontal sampling interval of
around 1-3 m (Fig. 1). At each CPT location, vertical profiles of
mechanic cone resistance, natural gamma, bulk density and water
content were obtained down to an average depth of approximately
13 m, covering the entire thickness of the uppermost aquifer. For a
limited number of CPT, additional measurements of electrical con-
ductivity and pore water pressure were conducted. Note that the
sleeve friction, a commonly measured CPT parameter, was not
measured in this study. The vertical sampling interval for all mea-
surements was 10 cm. In the present study, we focus on a subset of
13 CPT, which were selected due to their close proximity to the
GPR transect. The exact locations and ID numbers of the selected
CPT are shown in Fig. 1.

2.5. Hydraulic conductivity from flowmeter test and grain size

Flowmeter tests at the Krauthausen site were conducted by
Schneider (1995) and are described by Li et al. (2008). In the field,
a constant pumping rate of Q,=15001/h was applied for a suffi-
ciently long time to establish pseudo steady state conditions in
the vicinity of the borehole. An electromagnetic flowmeter was
used to measure the cumulative vertical flow rate in the borehole
as function of depth. Measurements were conducted every 10 cm,
starting at the deepest and ending at the highest accessible point
within the filtered length of the borehole. If flow toward the bore-
hole is assumed horizontal and there is no ambient flow in the
borehole, then the increase of the cumulative flow rate at incre-
ment i, AQ;, can be used to calculate the hydraulic conductivity
(Javandel and Witherspoon, 1969; Molz et al., 1989).

_AQ;p

Ki=g,az

K (5)

where K; is the horizontal hydraulic conductivity in the aquifer at
increment i, b is the aquifer thickness, Az; is the thickness of the
ith measurement increment, and K is the aquifer’s depth averaged
hydraulic conductivity. Note that we applied Eq. (5) with a constant
increment of Az; =20 cm and with K obtained from a large scale
pumping test conducted in the central part of the test site
(Englert, 2003).

In addition, hydraulic conductivity was estimated from grain
size. For a limited number of boreholes at Krauthausen, sediment
samples were extracted during drilling and the grain size dis-
tribution was determined through sieve analysis (Vereecken
et al., 2000). The grain size data were used to derive hydraulic con-
ductivity estimates based on the empirical relationship given by
Bialas and Kleczkowski (1970)

K = 0.0036d3; (6)

where K is the hydraulic conductivity and d,g is the 20th percentile
of the sediment particle size. According to Bialas and Kleczkowski
(1970), Eq. (6) applies for sediments with a coefficient of unifor-
mity, U, in the range of 0.2 < U< 60, in which U is defined as the
ratio of the 60th and 10th percentile of the particle size. It should
be noted that the indirect method of estimating hydraulic conduc-
tivity based on grain size can be generally expected to be less reli-
able compared to methods that directly measure flow properties
(such as pumping tests or flowmeter tests) because hydraulic con-
ductivity is related to the pore structure rather than simply to the
grain size (Koltermann and Gorelick, 1996).

In the present study we apply Eqgs. (5) and (6) to obtain hydrau-
lic conductivity profiles for borehole B32, which is one of the bore-
holes within the GPR transect (Fig. 1).

2.6. Cluster analysis

The principle of cluster analysis is to partition multivariate data
into relatively homogeneous units by grouping data points based
on their distances in a multi-dimensional parameter space. Data
pre-processing typically involves data normalization (z-score) to
assign similar weights to each measured variable and principal
component analysis to reduce data dimensions which facilitates
cluster analysis and data visualization. Many different clustering
approaches exist (Everitt et al., 2001; MacKay, 2002). Generally,
one can distinguish between hierarchical methods that produce
nested clusters (i.e. clusters are embedded in others) and
partitioning methods that produce a unitary classification into a
pre-defined number of clusters. While partitioning techniques
are known to be computationally more efficient than hierarchical
methods, they require additional user-made specifications such
as the number of clusters or the initial cluster centroid positions
(Everitt et al., 2001).

Moreover, a distinction can be made between crisp and fuzzy
clustering techniques. Crisp methods assign each data point to only
exactly one cluster (i.e. to the most likely one), whereas fuzzy
methods assign each data point a partial membership to all clus-
ters (e.g. Paasche et al., 2010). A commonly applied crisp partition-
ing method is the k-means approach (MacQueen, 1967). The
k-means algorithm partitions data points into a pre-defined num-
ber of clusters by minimizing the sum of distances from each data
point to its cluster centroid over all clusters. Due to its conceptual
simplicity and its computational efficiency, the k-means algorithm
allows rapid classification of large multivariate data sets in a
straight-forward manner. A notable limitation of k-means cluster-
ing is that all clusters are assumed to have the same isotropic vari-
ability (i.e. clusters are assumed to be spherical and of same size).
This can cause problems when applied to data characterized by
clusters with non-spherical shape and/or different size (MacKay,
2002; Rogiers, 2013). For the interpretation of such data sets, more
flexible clustering techniques such as model-based clustering
(Doetsch et al., 2010; Rogiers, 2013) or density-based clustering
(Ester et al., 1996) can be favorable. Despite its limitations, how-
ever, the k-means algorithm has been proven useful to extract
the basic structural information from various types of multivariate
data including airborne geophysical data (Anderson-Mayes, 2002),
grain size data (Riva et al., 2006) and tomographic geophysical data
(Dietrich et al., 1998; Tronicke et al., 2004; Dietrich and Tronicke,
2009).

In the present study, we applied the k-means algorithm to par-
tition the bivariate GPR inversion results (permittivity and electri-
cal conductivity) into clusters. Prior to the cluster analysis,
permittivity and electrical conductivity were z-transformed to
assign similar weights to the two parameters. A critical step in
the cluster analysis is the specification of the number of clusters.
To determine the number of natural clusters in a data set, we
employed the variance ratio criterion (VRC) (Calinski and
Harabasz, 1974; Tronicke et al., 2004; Dietrich and Tronicke,
2009). Application of the VRC involves running the cluster analysis
with different values prescribed for the number of clusters and
calculating

= @)

where SSg is the between cluster sum-of-squares, SSyy, is the within
clusters sum-of-squares, k is the number of clusters and n is the
number of samples. The number of clusters that maximizes the
VRC value is supposed to optimally represent the data (Calinski
and Harabasz, 1974). Because the final partition can be sensitive
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to the randomly selected initial cluster distribution, the code was
run multiple times to ensure stability of the final solution.

In a similar manner, we applied the k-means algorithm to the
multivariate data from 13 CPT profiles located close to the GPR
transect (Fig. 1). As described in Section 2.4, vertical profiles of
cone resistance, gamma ray, bulk density and water content were
measured at each CPT location, whereas electrical conductivity and
pore water pressure were measured only at some CPT locations. To
avoid dealing with incomplete data, we conducted the cluster
analysis by considering only the measurements available for all
CPT (i.e. cone resistance, gamma ray, bulk density, water content).
Prior to the cluster analysis, the CPT data were z-transformed and
converted into principal components. The first three principal com-
ponents were used for the cluster analysis, while the fourth princi-
pal component was dropped because it explained only 5% of the
total variance. The number of clusters was assigned according to
the variance ratio criterion.

3. Results and discussion

3.1. GPR full-waveform inversion results and comparison with CPT
data

A full-waveform inversion was applied to infer the subsurface
permittivity and electrical conductivity along the transect shown
in Fig. 1. The obtained tomographic images are shown in
Figs. 3a and 4a, respectively. Black circles and crosses show the
exact transmitter and receiver positions within the boreholes,

(a) Permittivity

determined by deviation log. Shaded areas depict regions outside
of the tomographic cross-section. It is important to note that each
of the five cross-borehole planes was inverted separately, i.e.
independent from the adjacent planes. Nevertheless, consistent
structures in the permittivity and electrical conductivity dis-
tribution can be observed left and right of the boreholes, which
indicates robust inversion results. Convergence of the full-wave-
form inversion for the individual crosshole planes was reached
after 16 iterations minimum (B62-B30) and 27 iterations maxi-
mum (B31-B62). Compared with the ray-based inversion results,
the full-waveform inversion led to a reduction in RMS misfit of
51% minimum (B48-32) and 62% maximum (B32-B38). The
stability of the final solution was controlled by running the full-
waveform inversion repeatedly with different values prescribed
for the perturbation factors (not shown here). Because we found
the inversion results to be robust over quite a wide range of per-
turbation factors, we can expect that the obtained results are
reliable.

The tomographic images obtained through full-waveform
inversion show a high level of detail and contain spatial structures
at the decimeter scale (Figs. 3a and 4a). Note that similar to the
findings of Klotzsche et al. (2013, 2014) the full-waveform inver-
sion considerably improved the spatial resolution of the initially
derived ray-based inversion results (not shown here). A striking
feature in the GPR images is the strong increase in both the permit-
tivity and the electrical conductivity between 3 and 4 m depth
which indicates a distinct sedimentologic boundary in the aquifer
material at that depth. To validate the reliability of the obtained
GPR results, we compared them with cone penetration test data.
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Fig. 4. (a) Electrical conductivity full-waveform inversion results along the GPR transect. (b-f) Comparison of vertical profiles of electrical conductivity derived from CPT and
GPR. Due to technical problems during the CPT measurements, electrical conductivity logs are available only for CPT 101 and 103. Along CPT 101, the GPR and CPT results can

additionally be compared with ERT results (Miiller et al., 2010).

As can be seen in Fig. 1, five CPT are located directly within the GPR
transect, and thus, can be compared with the GPR results. In the
following, we show a comparison of porosity estimates derived
from GPR and from CPT; and a comparison of electrical conductiv-
ity estimates derived from GPR and from CPT.

3.1.1. Derivation of porosity from GPR and CPT

GPR porosities were derived by converting permittivity inver-
sion results into porosities using the CRIM relation (Eq. (4)). The
CRIM was parametrized with &= 84, which represents the permit-
tivity of water at 10 °C (Eisenberg and Kauzmann, 1969), and with
& =4.5, which represents the solid grain permittivity of quartz
(Carmichael, 1982). Note that the choice of using the permittivity
of quartz for & is based on the results of picnometer measure-
ments, which gave a mean sediment density of 2.65g/cm® at
Krauthausen (Vereecken et al., 2000) which corresponds to the
density of quartz.

CPT porosities were derived from neutron log data. Tillmann
et al. (2008) used a calibration that was performed by Elgoscar
2000 Ltd. in Budapest, Hungary, to relate neutron log data to water
content, which, under saturated conditions and in the absence of
significant amount of clay, represents porosity. We critically
reviewed the calibration used in Tillmann et al. (2008) by compar-
ing porosity data derived from CPT with laboratory porosity mea-
surements. The black solid line in Fig. 5a shows the porosity of
sediment samples extracted from borehole B7, which is located
in the northern part of the test site. The sediment samples were
oven-dried and their porosity was determined by measuring their

weight, volume and dry matrix density in the laboratory (Doring,
1997). The red dashed line shows porosities obtained by applying
the calibration used in Tillmann et al. (2008) to neutron log data
from a CPT located close to borehole B7. Obviously, the CPT porosi-
ties reproduce the trend of the laboratory measurements quite
well, but they show consistently higher absolute values. The blue
dashed line shows the effect of applying a simple constant-shift
correction (correctea = @ — 0.08) to the CPT porosities. Obviously,
this leads to a much better match of the two curves.

Another indication that the calibration used by Tillmann et al.
(2008) yields overestimated porosity values is shown in Fig. 5b.
The cross-plot shows how CPT derived porosities compare with
GPR porosities predicted by the CRIM. The calibration according
to Tillmann et al. (2008) clearly results in distinctly higher porosi-
ties derived from CPT (crosses) compared with the CRIM-predicted
porosities (black solid line). Corrected CPT porosities (filled circles),
however, scatter closely around the CRIM, and thus agree fairly
well with the porosity derived from GPR. Note that changing the
value for ¢ in Eq. (4), would result in a shift of the CRIM curve
along the x-axis in Fig. 5b. A satisfactory fit between the CRIM
curve and the Tillmann et al. (2008) calibrated data could be
obtained by using an &g-value of 1.8 instead of 4.5. This must be
considered, however, to be an unrealistically low value for & at
Krauthausen, because it is known from previous studies that the
aquifer material at Krauthausen basically consists of quartz
(Doring, 1997; Vereecken et al., 2000) and the &s-value of quartz
is 4.5 (Carmichael, 1982). We therefore assume that, for unknown
reasons, the calibration used by Tillmann et al. (2008)
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Fig. 5. (a) Comparison of CPT porosity estimates with laboratory porosity measurements. (b) Cross-plot of co-located GPR and CPT data. The x-axis denotes the permittivity
derived from GPR. The y-axis denotes the porosity derived from CPT. Black solid line shows porosities predicted by the CRIM (Eq. (4)).

overestimated the true sediment porosity. A simple constant-shift
correction (@corrected = @ — 0.08), however, seems to be applicable
to compensate for the overestimation. In the remainder of this
paper, thus, corrected CPT porosities are used.

3.1.2. Quantitative comparison of GPR and CPT results

Figs. 3b-f and 4d and f show porosity and electrical conductiv-
ity profiles derived from GPR and CPT. While the GPR and CPT
porosity profiles match quite well, notable deviations exist
between the GPR and CPT electrical conductivity profiles. To assess
the agreement between GPR and CPT results in a quantitative man-
ner, we calculated correlation coefficients and linear regression
parameters. While the correlation coefficient measures how close
the observed values come to falling on a straight line in a cross-
plot, the slope and intercept of the linear regression allow to assess
the deviations from a 1:1 relationship (e.g. Isaaks and Srivastava,
1990). Results for the porosity and for the electrical conductivity
data are shown in Fig. 6a and b, respectively.

Porosities derived from GPR and CPT show a strong linear
relationship with a linear correlation coefficient of r=0.8.
Moreover, the slope and intercept of the linear regression are close
to 1 and 0, respectively, which means that the data fall close to the
1:1 line.

The picture is different for the electrical conductivity. First, the
correlation between GPR and CPT results is less pronounced
(r=0.67). More importantly, while the slope of the linear regres-
sion is close to 1, the intercept significantly departs from 0. In other
words, the GPR and CPT electrical conductivity profiles agree fairly
well regarding the variations in conductivity, but they show a sta-
tic shift in absolute values. To further investigate the discrepancy
in absolute values, we compare the electrical conductivity obtained
from GPR and CPT additionally with results from Miiller et al.
(2010) who investigated electrical conductivity at Krauthausen
based on cross-borehole electrical resistivity tomography (ERT).
At CPT location 101, co-located electrical conductivity values are
available from CPT, GPR and ERT. The vertical profiles obtained

from the three methods are compared in Fig. 4d. Obviously, the
absolute electrical conductivity values derived from ERT better
match the CPT results than the GPR results. Apart from that, it is
interesting to note that the three methods show considerable dif-
ferences in spatial resolution, i.e. ERT basically misses the small-
scale variability which is most pronounced in the CPT profile and
still clearly visible in the GPR profile.

In the following, we discuss two possible explanations why the
absolute conductivity values derived from GPR are higher than the
absolute values derived from CPT and ERT. One explanation is that
the different absolute values are caused by the inherent differences
of the applied methods: ERT and CPT infer electrical conductivity
on the basis of direct current resistivity measurements, whereas
GPR uses the attenuation of the GPR signal to infer the electrical
conductivity at higher frequencies. The attenuation of a GPR signal
in the subsurface can be affected by (frequency-dependent) atten-
uation effects caused by water relaxation or signal scattering (e.g.
Davis and Annan, 1989). Because these effects cause an attenua-
tion, which acts in addition to the attenuation caused by electrical
conductivity, this could explain the higher absolute conductivities
obtained from GPR.

Another possible explanation is that the higher absolute con-
ductivity values derived from GPR are caused by biased starting
models used in the full-waveform inversion. As described in
Section 2.2.2, we derived starting models for the permittivity and
conductivity by applying a ray-based travel time and amplitude
inversion, prior to the full-waveform inversion. While ray-based
methods generally provide reliable (but smooth) estimates for
the permittivity, estimation of electrical conductivity is less
straightforward and, in particular the absolute values of the electri-
cal conductivity are typically less reliable (Holliger et al., 2001;
Maurer and Musil, 2004). Unfortunately, inaccuracies in the abso-
lute values of the electrical conductivity starting model are propa-
gated into the amplitude of the estimated effective source wavelet
used for the full-waveform inversion because wavelet and electri-
cal conductivity model are coupled (Busch et al., 2012). As a
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consequence, absolute electrical conductivities obtained through
full-waveform inversion would be biased if the absolute values of
the electrical conductivity starting model were biased. As dis-
cussed in detail in Busch et al. (2012), a strategy to overcome this
issue would be to update the wavelet simultaneously together
with the conductivity and permittivity models during the full-
waveform inversion.

Irrespective of the discrepancies in the absolute values, how-
ever, GPR and CPT results agree fairly well regarding the absolute
spatial variations in electrical conductivity (slope of regression line
is close to 1 (a = 0.96), and the correlation coefficient is 0.67). In the
next section, we present the results of the cluster analysis. Because
the cluster analysis interprets the differences in data rather than
their absolute values, this allows us to exploit the electrical con-
ductivity inversion results even if absolute values are uncertain.

3.2. Cluster analysis of GPR and CPT data

The cluster analysis was applied to classify the GPR and CPT
data into clusters, related to sediment facies with different
parameter signatures. Fig. 7a and b shows the clustered GPR and
CPT data. Note that the cluster analysis was conducted indepen-
dently with the GPR and the CPT data set. The number of clusters,
prescribed in accordance to the variance ratio criterion, is three for
the GPR data (Fig. 7¢) and six for the CPT data (Fig. 7d). However, in
the part of the aquifer cross-section where GPR and CPT data over-
lap, a consistent number of three clusters appear in both data sets
and their spatial distribution in the aquifer cross-section shows a
good match (Fig. 8b). As a measure for the consistency between
the spatial distribution of GPR and CPT clusters, we calculated for
each CPT profile the percentage of pixels for which the same clus-
ter ID number was obtained from GPR and from CPT. The results
are listed in Table 1. It is important to note that only five of the
13 CPT profiles are located directly within the GPR transect. The
other eight CPT are located in a lateral distance of 1-1.5 m away
from the GPR transect, which can be expected to lead to differences
between CPT and GPR results. As can be seen in Table 1, the aver-
age agreement between CPT and GPR cluster assignment is indeed
larger for the five CPT located close to the GPR transect (77%), than

for the CPT located farther away from the transect (63%). Overall,
the close agreement of the spatial distribution of GPR and CPT clus-
ters suggests that the cluster analysis, although performed
independently with GPR and CPT data, yet defined the same facies
in the aquifer. This is a promising result because it suggests that
the facies obtained from GPR provide a meaningful classification
of the subsurface, not only with regard to electrical properties
but also with regard to further sediment properties, such as those
measured by CPT.

3.2.1. Reliability of the facies classification obtained through cluster
analysis

Despite the overall consistency of the spatial distribution of GPR
and CPT clusters, there are some locations in the aquifer cross-sec-
tion where the cluster assignment based on GPR and CPT is incon-
sistent. This indicates an uncertainty of the facies classification at
these locations. Fig. 9 shows the facies classification of co-located
GPR and CPT data in a cross-plot of permittivity and electrical con-
ductivity derived from GPR. Only the data along the five CPT pro-
files which are located directly within the GPR transect are used.
For clarity the same color scale was used to represent GPR clusters
and CPT clusters. This means, data points that were assigned the
same cluster ID number based on GPR and based on CPT, have uni-
form color; data points for which the cluster assignment based on
GPR and CPT is inconsistent, are two-colored. The legend in Fig. 9
lists all possible events, sorted by their number of occurrences
(n). In total, there are 244 (i.e. 77%) consistent data points, and
74 (i.e. 23%) inconsistent data points. Interestingly, the inconsis-
tent data points are not evenly distributed in the cross-plot. Only
few inconsistent data points plot in the lower left corner and in
the upper right corner, the majority of inconsistent data points
are scattered around the borders between clusters. This suggests
that there are regions in the permittivity-conductivity parameter
space, where GPR and CPT facies assignment are more reliable;
and there are other regions where GPR and CPT facies assignment
are less reliable. Since the classification of facies based on GPR data
was completely independent from the classification based on CPT
data, inconsistencies in classification can be considered to be
related to uncertainty of classification. We used the match/
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Table 1
Consistency of GPR and CPT cluster assignment along CPT profiles.

CPT Distance to GPR transect (m) Consistent classification

Single profile (%) Averaged (%)

139 0.1 55
100 0.1 89
101 0.2 91 77
102 0.2 74
103 03 73
32 1.3 -
172 1.2 89
120 1.2 57
119 1.5 - 63
133 1.2 64
134 13 56
118 1.1 67
140 1.1 42

" GPR cluster ID number = CPT cluster ID number.

mismatch between the GPR and CPT facies assignment at co-lo-
cated locations as a basis to approximate the reliability of the facies
classification in the entire GPR transect. We defined the ratio R for
a certain parameter vector X in the GPR derived permittivity—con-
ductivity parameter space as:

oIy (X By’
R(X) — nZz:l( _') > (8)

Iy (X-Q))

tently and inconsistently assigned data points for the respective

cluster. For example, if X was assigned to cluster 1, then P would
represent the data points that were consistently assigned to cluster

1 based on GPR and CPT; and Q would represent the data points

that were assigned to cluster 1 only either by GPR or by CPT. Low
values for R indicate high reliability of the facies classification

because X has a permittivity—conductivity signature similar to
those data points where GPR and CPT cluster assignment are consis-
tent; high values for R indicate low reliability of the facies classifi-

cation because X has a permittivity—conductivity signature similar
to those data points where GPR and CPT cluster assignment are
inconsistent. Note that R does not represent the reliability of the
GPR or CPT data themselves. R solely approximates the reliability
of the cluster analysis based classification of the data into facies.
Fig. 10 shows the distribution of R values in the aquifer cross-
section. The R value of a grid cell depends on its relative position,
in the data space, to consistently and inconsistently classified data
points. Sharp contrasts in R thus reflect the situation when spa-
tially close cells differ in permittivity and/or conductivity and thus
plot in data space regions with different densities of consistent/in-
consistent points. As expected, high R values occur prevalently
along the boundaries between facies (compare with Fig. 8b). This
reflects our previous finding that the data points for which GPR
and CPT cluster assignment are inconsistent generally plot close
to the borders between clusters in the parameter space. It is inter-
esting to note, however, that at some locations in the aquifer, facies
boundaries are accompanied by only thin bands of high R values,
while at other locations, facies boundaries are accompanied by
considerably thicker bands of high R values. A thin band of high
R values suggests little uncertainty of the exact location of the
facies boundary; a thick band of high R values suggests larger
uncertainty for the exact location of the facies boundary. We
believe that these differences can be attributed to different types
of sedimentologic boundaries within the aquifer. For instance,
the uppermost facies boundary between 3 and 4 m depth is
characterized by a considerably thin band of high R values
(Fig. 10). At this depth, the grain size distribution in borehole
B32 shows an abrupt change from gravel to underlying sand
(Fig. 8a). This suggests that this boundary represents an

GPR=3 & CPT=3, n=120 (38%)

® GPR=1& CPT=1, n=71 (22%)
GPR=2 & CPT=2, n=53 (17%)

© GPR=1& CPT=3, n=35(11%)
GPR=3 & CPT=2, n=25 (8%)

® GPR=3 & CPT=1, n=13 (4%)
GPR=2 & CPT=3, n=1 (<1%)

e GPR=2 & CPT=1, n=0 (0%)

1 © GPR=18&CPT=2, n=0 (0%)

301 1
E
U) . . o
é 25' . N
P N :
=
g L
3 ° °
5 *oo® e
O 20} ‘.08 * o
—_ ®
8 o .' 8o .6005,
= [ J o .
3 g .°.°‘o °
L [ ] ] .‘
[ J
15F o .' :“ i
[ )
.
[ )
H
10 1
10 15 20

Permittivity (-)

Fig. 9. Cluster assignment of co-located GPR and CPT data. Color of circle edges refer to the cluster assignment based on GPR. Color of circle inner area refer to the cluster
assignment based on CPT. n is the number of occurrences. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)



N. Gueting et al./Journal of Hydrology 524 (2015) 680-695 691

0 CPT cluster = GPR cluster
1 CPT cluster # GPR cluster

CPT: 139 100 101
B48 B32

i

%

- :“-_q ;.

Depth (m)

o © oo N o g b~ W

////

e e =

/5%‘\1“"’. b

]
14l

RN A

.

-

y

b 7717777/

== . ,

—A

|

102 103
§ B62 " B30 101
I
:
i . 10°
I |
H ‘3 R()

0 5 10

15 20

x (m)

Fig. 10. Estimated reliability of the facies classification based on the match/mismatch between GPR and CPT cluster assignment at co-located locations (indicated in white/
black). Low R values suggest high reliability, high R values suggest low reliability (see Eq. (8)).

erosional-surface boundary, where sedimentation was interrupted
by a phase of erosion. At such a boundary, sediment properties can
abruptly change and facies are clearly separated from each other.
Note that a distinct boundary at that depth is also indicated by
the full-waveform inversion results, which show an abrupt
increase in permittivity and electrical conductivity between 3
and 4 m depth (Figs. 3a and 4a).

In contrast, in the lower part of the aquifer cross-section
(7-10 m depth), facies boundaries are generally characterized by rela-
tively thick bands of high R values (Fig. 10). At this depth, the grain size
in B32 shows a gradual increase with increasing depth (Fig. 8a) and
the permittivity and electrical conductivity distributions show
relatively mild variations (Figs. 3a and 4a). Gradual changes in sub-
surface properties can be caused by gradual changes in deposition
conditions or by cyclic deposition patterns, which are commonly
observed in fluvial systems (Miall, 1996). If a sediment is
characterized by gradual changes in properties, however, it is diffi-
cult to define facies and to delineate the boundaries between them.

This highlights an important implication of using crisp cluster-
ing methods (such as k-means) to define subsurface facies. Crisp
cluster algorithms partition each data point to one of the clusters.
More specifically, if a data point plots close to the border between
two clusters in the parameter space, small changes in the parame-
ter signature of this data point will result in the assignment of that
point to either the one or the other cluster. In the presence of
abrupt changes in the subsurface properties, this is not an issue
because there are only few or no data points which lie between
clusters in the parameter space. Such a boundary seems to exist
between 3 and 4 m depth, where the thin band of high R values
suggests that the exact location of the corresponding facies bound-
ary is accurately defined. In contrast, if subsurface properties
change gradually, more data points are characterized by a parame-
ter signature, which plots close to the borders between clusters in
the parameter space. In this case, data points cannot be assigned
unambiguously to either the one or the other cluster and facies
are not clearly separated from each other. This seems to be the rea-
son for an increased uncertainty of the facies classification in the
lower part of the aquifer where thick bands of high R values sug-
gest a larger uncertainty of the exact location of facies boundaries.

In conclusion, our analysis suggests that the simple k-means
approach used in the present study is an applicable tool to

delineate facies boundaries if the subsurface is characterized by
distinct sedimentologic changes. However, if the subsurface is
characterized by rather subtle or gradual sedimentologic changes,
the exact location of facies boundaries obtained from k-means
clustering should be interpreted with caution because the crisp
classification of data points that fall between clusters may be mis-
leading. In such environments, fuzzy clustering approaches, which
yield additional information about the quality and the internal
consistency of the obtained data classification (e.g. Paasche et al.,
2010, 2012) might be beneficial.

3.2.2. Hydrogeological facies interpretation

In this section, we discuss which type of sediment is related to
the different clusters. We first briefly discuss CPT clusters 4-6,
which occur in the unsaturated zone and in the deeper part of
the aquifer where no co-located GPR data exist. Then we focus
on GPR and CPT clusters 1-3, which occur in the central part of
the aquifer cross-section where CPT and GPR data overlap.

At the top of each CPT profile, the CPT clusters 5 and 6 occur
(Fig. 8b). Both clusters are characterized by large natural
gamma values and by low cone resistance values (Fig. 11). This
suggests a soft and clay-rich sediment. Note that CPT cluster 5
occurs again near the bottom of the profiles at approximately
11-12 m depth, where according to Tillmann et al. (2008) the clay
layer at the bottom of the uppermost aquifer is located. We
interpret CPT clusters 5 and 6 as clay-rich sediments which form
the top soil layer and the lower boundary of the uppermost
aquifer. The reason why they are not grouped together in just
one cluster in the cluster analysis seem to be low bulk density
and low water content values in the uppermost dry and less com-
pacted soil decimeters.

In contrast to CPT cluster 5 and 6, the CPT cluster 4 shows large
cone resistance values and small natural gamma values (Fig. 11).
This suggests a hard material such as gravel or gravelly sand with
only small amounts of clay. Note that CPT cluster 4 is separated
from CPT cluster 1 by a near-horizontal boundary at approximately
2.3 m depth (Fig. 8b). The vertical position of that boundary corre-
sponds to the groundwater level during the CPT survey (Tillmann
et al., 2008). This indicates that the two clusters could represent
the same type of material under saturated and under unsaturated
conditions. The CPT data supports this interpretation, because the
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Fig. 11. Characteristic histograms for CPT clusters (left) and GPR clusters (right).

histograms of cone resistance and gamma activity derived for CPT
clusters 1 and 4 look quite similar, while the histograms of
water content and wet bulk density deviate for the two clusters
(Fig. 11).

In the part of the aquifer cross-section where CPT and GPR data
overlap, clusters 1-3 occur in both data sets. Comparison of the
grain size distribution in borehole B32 (Fig. 8a) with the spatial dis-
tribution of GPR and CPT clusters close to this borehole shows that
GPR and CPT cluster 1 occur in those depths where the grain size
analysis shows gravel; GPR and CPT cluster 2 occur in those depths
where the grain size analysis shows sand; and GPR and CPT cluster
3 occur where the grain size analysis shows an intermediate mate-
rial such as a gravelly sand or a sandy gravel. This interpretation is
supported by the histograms of cone resistance data, which show
the largest values for CPT cluster 1, the smallest values for CPT
cluster 2, and intermediate values for CPT cluster 3 (Fig. 11). The
water content histograms, which under saturated conditions can
be expected to represent porosity, suggest a relatively small poros-
ity for CPT cluster 1, a relatively high porosity for CPT cluster 2 and
an intermediate porosity for CPT cluster 3. As expected, the permit-
tivity histograms for GPR clusters 1-3 show the same trend as the
water content histograms for CPT clusters 1-3. Interestingly, also
the electrical conductivity histograms show the same trend as
the water content histograms. This suggests that the differences
in electrical conductivity for GPR clusters 1-3 are mainly caused
by differences in porosity. The reason for the correlation between
porosity and electrical conductivity is probably that there are only
minor changes in clay content in this part of the aquifer, which is
supported by the fact that the histograms of gamma activity only
slightly deviate for CPT clusters 1-3. With the clay content staying
roughly constant, the electrical conductivity derived from GPR is
mainly influenced by the electrical conductivity of groundwater,
and thus, by changes in sediment porosity.

Note that the uniformity coefficient U=d60/d10 (red line in
Fig. 8a) takes relatively high values in those depths where gravel
occurs and relatively low values where sand occurs. This suggests
that the higher porosity of the sand facies compared to the gravel
facies can be explained by the better sorting of the sand facies
compared to the gravel facies.

To evaluate if the facies derived from GPR and CPT provide a
meaningful classification with regard to hydraulic conductivity,
we compare the facies distribution with vertical profiles of hydrau-
lic conductivity derived from a flowmeter test and from grain size
data (Fig. 8a). Given the limited amount of hydraulic conductivity
data, our goal is not to precisely determine quantitative hydraulic
conductivity values for each facies but rather to evaluate if the
derived facies show any correspondence to changes in hydraulic
conductivity. It should be noted that, in principle, the (direct)
flowmeter method can be expected to give more reliable results
than the (indirect) grain size method. However, flowmeter results
critically depend on proper well construction and well develop-
ment and can be biased by ambient flow in the borehole (Molz
et al., 1994).

Overall, flowmeter and grain size based hydraulic conductivity
profiles agree relatively well in the lower part of the aquifer but
depart from each other in the upper part of the profile. The grain
size based hydraulic conductivity profile shows an obvious correla-
tion with the spatial distribution of GPR and CPT clusters. The low-
est values for the hydraulic conductivity are derived between 4 and
6 m depth, which match with the upper and lower boundary of
GPR and CPT cluster 2, respectively. The highest values for the
hydraulic conductivity are obtained at around 3 m depth where
GPR and CPT cluster 1 occur. Intermediate hydraulic conductivity
values are obtained from 6 to 9 m depth where GPR and CPT sug-
gest alternating occurrence of clusters 1 and 3.

The flowmeter based hydraulic conductivity profile generally
shows a comparable trend but it departs from the grain size based
conductivity profile in the upper part of the aquifer. Changes in the
flowmeter based hydraulic conductivities are not as clearly associ-
ated with the cluster boundaries as it is the case for the grain size
based hydraulic conductivities. While the upper boundary of GPR
and CPT cluster 2 (at 4 m depth) can be clearly recognized in the
flowmeter based conductivity profile, the lower boundary at 6 m
depth is only associated with a minor change in hydraulic conduc-
tivity. Moreover the profile between those boundaries (4-6 m
depth) shows strong inhomogeneities. The distinct peak at 5m
depth represents a particularly high hydraulic conductivity value
surrounded by low conductivity values. This suggests a significant
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heterogeneity within cluster 2. It must be noted, however, that the
peak consists of a single value only, and could represent a mea-
surement error. The uppermost layer of GPR and CPT cluster 1 is,
unfortunately, only partly covered by the flowmeter data because
due to the technical setup, the flowmeter measurements could
be conducted only below approximately 3.5 m depth. The hydrau-
lic conductivity of cluster 1 in the uppermost layer can therefore
not be evaluated based on the flowmeter data. It can be recognized,
however, that the flowmeter based hydraulic conductivity profile
shows relatively high values below 6 m depth, where GPR and
CPT cluster 1 and 3 occur, and relatively low values between 4
and 6 m depth, where GPR and CPT cluster 2 occur (except for
the one value peak at 5 m depth).

Putting all information together, the following interpretation
can be derived: GPR and CPT cluster 1 show the distribution of a
moderately-poorly sorted gravel facies, which occurs at the top
of the GPR cross-section in one continuous layer, and close to the
bottom of the GPR cross-section in several isolated patches.
Based on the water content values of CPT cluster 1, the gravel facies
is characterized by a relatively low average porosity of 18% with a
standard deviation of 3%. The CRIM (Eq. (4)) applied to the permit-
tivity data of GPR cluster 1 yields a very similar porosity of 19 + 3%.
Grain size data and flowmeter measurements suggest that the
gravel facies is characterized by a relatively high hydraulic conduc-
tivity. The gravel facies is underlain by a well-sorted sand facies
(GPR and CPT cluster 2) which is characterized by a relatively
high porosity of 29+4% according to CPT water content
values and 30 # 3% according to GPR permittivity data. Grain size
based hydraulic conductivity estimates suggest that the sand
facies is characterized by a relatively low hydraulic conductivity.
Flowmeter measurements suggest that the hydraulic conductivity
of the sand facies is relatively low in average but may include sig-
nificant inhomogeneities. In the left part of the aquifer cross-sec-
tion, the sand forms an approximately 1.5 m thick horizontal
layer. In the right part of the cross-section, this layer decomposes
into disconnected lenses, which are only a few decimeters thick.
The sand facies is underlain or surrounded by a sandy gravel or
gravelly sand facies (GPR and CPT cluster 3) for which CPT and
GPR data give an average porosity of 25+3% and 26 *2%,
respectively.

It is interesting to note that in contrast to full-waveform inver-
sion results at other sites, where a positive correlation between
porosity and hydraulic conductivity was observed (Klotzsche
et al., 2013), here, our results suggest a negative correlation
between porosity and hydraulic conductivity. The reason for this
is probably that the high-porosity sand facies has a relatively nar-
row pore structure, whereas the low-porosity gravel facies has lar-
ger individual pores which compensate for the lower total porosity
and lead to a higher hydraulic conductivity of the gravel facies
compared to the sand facies. This shows that the relationship
between porosity and hydraulic conductivity is site dependent,
and it shows how important it is to combine complementary
investigation tools for aquifer characterization. Based on the GPR
inversion results alone, one would probably have assumed (follow-
ing the findings of Klotzsche et al. (2013)) that the high permittiv-
ity zone represents the highest hydraulic conductivity in the
aquifer. Instead, flowmeter and grain size data revealed that it is
actually the low permittivity zone which can be expected to have
the highest hydraulic conductivity at Krauthausen.

Another point we want to note is that the clustered GPR tran-
sect shows the spatial connectivity of the individual facies. This
makes it possible, for instance, to identify the well connected
gravel layer between 3 and 4 m depth or the disconnected sand
lenses in the right part of the transect (Fig. 8). As mentioned
earlier, identifying connected structures in the subsurface and
mapping their spatial distribution is highly valuable for aquifer

characterization because connected structures can have a substan-
tial impact on flow and transport (e.g. Bianchi et al., 2011; Zheng
et al., 2011). Full-waveform inversion of crosshole GPR data
followed by cluster analysis seems to provide an applicable
approach to characterize the lateral connectivity of subsurface
facies in aquifers, which is difficult to achieve with traditional
aquifer exploration techniques.

4. Conclusions

Crosshole ground penetrating radar (GPR) data, acquired along
a transect of 20 m length and 10 m depth, were used to character-
ize the heterogeneous architecture of an alluvial aquifer. Full-
waveform inversion of the GPR data yielded the spatial distribution
of permittivity and electrical conductivity at the scale of decime-
ters. Comparison of GPR porosity estimates with co-located CPT
porosity logs showed good agreement and gave a linear correlation
coefficient of 0.8 and a regression line close to the 1:1 line.
Comparison of electrical conductivity data derived from GPR and
CPT gave a linear correlation coefficient of 0.67 and a regression
line with a slope close to 1, but with a distinct nonzero intercept,
caused by an offset in the absolute electrical conductivity values
derived from GPR and CPT. The offset could be caused by the inher-
ent differences of the two methods or by biased electrical conduc-
tivity starting models used in the GPR full-waveform inversion.
Irrespective of the discrepancies in absolute values, we found that
GPR and CPT gave relatively consistent results regarding the spatial
variations in electrical conductivity.

Cluster analysis of the bivariate GPR inversion results defined
three different facies in the aquifer cross-section. The number of
facies was confirmed by the results of a cluster analysis conducted
(independently) with multivariate CPT data. Moreover, the spatial
distribution of facies in CPT profiles showed a good match with the
spatial distribution of facies in the GPR transect, which suggests
that GPR and CPT identified the same facies in the subsurface.
Comparison of the facies distribution with co-located profiles from
grain size analyses and flowmeter measurements showed that the
derived facies boundaries correlate with changes in grain size and
porosity, and to a lesser extent with changes in hydraulic
conductivity.

In conclusion, our data suggest that full-waveform inversion of
crosshole GPR data followed by cluster analysis is an applicable
approach to identify hydrogeological facies and to map their
detailed spatial distribution. A particular benefit of using GPR
tomographic data is that it yields information about the subsurface
on full two-dimensional cross-sections, which makes it possible to
assess the spatial connectivity of subsurface structures. Such infor-
mation is highly valuable for constraining the heterogeneity of
stochastic models and can be used to construct geologically realis-
tic aquifer models for numerical flow and transport predictions.
Finally, our work shows the benefit of using complementary
investigation tools for aquifer characterization. While the GPR data
yielded detailed maps of the facies distribution in the aquifer, CPT,
grain size and flowmeter data provided the basis for a hydrogeo-
logical interpretation of the obtained facies maps.
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The authors regret that an error has occurred and the following
corrections need to be recorded regarding the above cited paper. After
reanalysing the crosshole GPR data, we found an error in the automatic
picking routine for estimating the time zero of the GPR data. After
correction, the GPR data was shifted in time affecting the calculated
permittivities ¢, and electrical conductivities o (Original Figs. 3 and 4).
Using the corrected time zero, the permittivity and conductivity results

DOI of original article: https://doi.org/10.1016/j.jhydrol.2015.03.030
* Corresponding author.

of the full-waveform inversion were updated. The comparison between
the original and correct tomograms now show that the permittivity and
electrical conductivity results are approximately 4 higher and 10 mS/m
lower, respectively (see Fig. 1). Using this correction the full-waveform
inversion results are in a better agreement with the CPT data (Fig. 2). It
is Interesting to note that the constant shift of —0.08 that was applied
previously to align the porosity CPT data with the FWI results is not
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Fig. 1. Comparison for the exemplary transect B38-B31 of the original a) permittivity and b) electrical conductivity full-waveform inversion results, and, the
corrected c) permittivity and d) electrical conductivity results using the corrected time zero estimation. Please note the different color scales of the tomograms.

(a) Porosity ()
0.4 T r
Ol New »
CPT100 y
< = CPT101 3
CPT102 .
< 03 CPT103
o CPT139|
& — — fit
5
E 0.2
o
@
=
€
=]
= 04
0.965x + 0,012 (r=0.80)
y= 1175x+0041 (r=0.91)
0
0 U 1 0. 2 0. 3 0.4

¢ derived from CPT (-)

o derived from GPR (mSim)

30

25}

20f

« * CPT101
10} CPT103|]
— — fil
5.
J;._.qi'..| + 10.99 (r=0.67)
y=0545x+6.337 (=0.66)
0 i
0 5 10 15 20 25

(b) Electrical conductivity (o)

Jict New

o derived from CPT (mSim)

30

Fig. 2. Comparison of the old (grey)
and corrected (black) cross-plots be-
tween the FWI results and CPT data.
Cross-plots of a) porosities and b) elec-
trical conductivities derived from CPT
and GPR data. Results based on the
corrected FWI are shown in black for
the exemplary transect B38-B31 for
which co-located porosity and electrical
conductivity data of the CPT 101 exist.
Data based on Gueting et al. (2015)
presented in grey for the a) five and b)
two profiles and corresponding co-lo-
cated CPT porosity and electrical con-
ductivity data, respectively. Regression
lines through all data points are de-
picted in grey and black for old and
corrected data, respectively. The corre-
sponding straight-line equations are
given at the bottom of the cross plot, r is
the correlation coefficient.
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necessary anymore. The porosity values based on the updated FWI re-
sults are now in a very good agreement with the original values of
Tillman et al. (2008) indicated by a correlation coefficient r of 0.91,
which was before 0.80 (Fig. 2a). Furthermore, the updated electrical
conductivity FWI results are closer to the electrical conductivity results

Journal of Hydrology 590 (2020) 125483

based on the CPT data (Fig. 2b). We expect only minor changes in the
results using the cluster analysis to derive the facies of the aquifer in-
dicating that the main conclusions of the paper remain valid. The au-
thors would like to apologise for any inconvenience caused.
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