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1 Introduction

Precise knowledge about the distribution of the hydraulic conductivity K within an aquifer
is essential for any type of groundwater modeling. However, in many sedimentary environ-
ments, small-scale heterogeneities with highly contrasting hydraulic properties are com-
mon, so using averaged K-values derived from sparse borehole data can lead to significant
miss-predictions. Therefore, more sophisticated tools are required that can image K with
a sufficiently high resolution and accuracy.
Among the geophysical methods, induced polarization (IP) is the most promising tool for
K-prediction (e.g., Slater, 2007; Binley & Slater, 2020, for review). Since hydraulic rock
parameters as well as the IP response are governed by similar pore space properties, petro-
physical relations can be derived from laboratory measurements that allow an estimation
of K based on the IP parameters. However, these relations may contain a significant
amount of uncertainty due to the inherent scatter of the approximative equations as well
as the limited applicability of a petrophysical law derived for a specific set of samples to
the actual conditions of the field site.
In contrast, many hydraulic methods (based on different types of pumping tests) exist
that allow deriving the hydraulic parameters more directly and are therefore less of a
subject to uncertainties in K-estimation. Yet, the hydraulic experiments are usually time-
consuming and expensive, so that only sparse data sets are feasible to achieve and the
ability to image small-scale structures is limited. Among this group of methods, hydraulic
tomography (HT) has become a commonly used tool, which is based on a tomographic
cross-borehole setup of pumping tests, similar to seismic cross-well tomography (Yeh &
Liu, 2000).
We have implemented inversion procedures for both cross-borehole IP and HT data that
allow the direct computation of the K-distribution within unconsolidated, fully saturated
sediments. The approaches are tested on a simple synthetic model as well as an aquifer
analog data set by performing synthetic IP and HT experiments, contaminating the data
with Gaussian noise, and subsequently inverting them for K. We compare the results of
the two methods for both test cases and draw conclusions about their advantages and
limitations.
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2 Induced Polarization

The synthetic IP experiments as well as the IP-K inversion are implemented using EEMverter
(Fiandaca et al., 2023), which is an inversion framework for a wide range of geoelectrical
and electromagnetic methods. Since our approach is based on time-domain IP, the data
space comprises the DC data and the IP decay curves for each quadrupole sequence. The
inverse problem is solved based on an iterative Gauss-Newton scheme, where the full-decay
IP forward response is computed according to Fiandaca et al. (2012) and Fiandaca et al.
(2013). We use a re-parameterization of the classical Cole-Cole model space (Fiandaca et
al., 2018) by including two different petrophysical approaches that relate the IP param-
eters to K: (i) a relation found by Weller et al. (2015) based on the formation factor F
and the imaginary part of electrical conductivity σ′′

k =
α

F β (σ′′(1 Hz))γ
(1)

with the empirical parameters α = 1.08 · 10−13, β = 1.12 and γ = 2.27, and (ii) an
approach based on the relaxation time τσ and the diffusion coefficient of the Stern layer
D+ developed by Revil et al. (2012)

k =
τσD+

4F
. (2)

Finally, the conversion from permeability k to hydraulic conductivity K is achieved by

K =
d · g
η
· k ≈ 7.5 · 106 · k, (3)

where d is the density of the pore fluid, g the gravitational acceleration and η the dynamic
viscosity of the pore fluid. As a result, the model space of the inversion consists of the
total DC conductivity σ0, the hydraulic conductivity K, the diffusion coefficient D+, and
the Cole-Cole frequency exponent c. The inversion approach has already been applied
to field data, and the K-estimates are mostly comparable with those derived from grain
size analysis, slug tests, or direct measurements on borehole samples (Martin et al., 2021;
Thalund-Hansen et al., 2023).

3 Hydraulic Tomography

The HT experiments are simulated by using the finite element solver of pyGIMLi (Rücker
et al., 2017), where the governing partial differential equation

Ss
∂h

∂t
−∇ · (K∇h) = 0 (4)

can be implemented, with Ss being the specific storage, K the hydraulic conductivity, and
h the hydraulic head. The injection at the pumping locations is simulated as a Neumann
boundary condition applied to the respective intervals. Pumping experiments using a
Heaviside source are conducted in different depths from top to bottom and the hydraulic
head at the different observation intervals in the neighboring boreholes is observed, so that
the HT data set consists of the pressure response curves for the respective source-receiver
combinations.
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Figure 1: IP and HT inversion results for a purely synthetic model (left part) and the
Bolstern aquifer analog data set (right part).

Subsequently, the travel time inversion approach introduced by Brauchler et al. (2003) is
applied to the data by picking the travel time of the signal at the maximum of its first
derivative and using the 25% early time diagnostics procedure to enhance the sensitivity
for the major flow paths. The hydraulic travel time can hence be written as a line integral
between the source point x1 (where the pumping-induced pressure is generated) and the
receiver point x2 (where the hydraulic head is observed), following the ray path ε:

√
tα,h =

1√
6fα,h

∫ x2

x1

dε√
D(ε)

, (5)

where tα,h is the early time and fα,h is a conversion factor. Therefore, a standard travel
time inversion scheme can be utilized to invert this data set (similar to seismic tomogra-
phy), derive the distribution of diffusivity D, and ultimately of the hydraulic conductivity
K by assuming a constant specific storage Ss.

4 Inversion Results

The two test models as well as the different inversion results are shown in Figure 1. For
both cases, three hypothetical boreholes with 3 m distance are implemented, in which
the IP electrodes are distributed with 25 cm spacing, and HT source- and receiver-points
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with 1 m spacing. Both can be regarded as the smallest feasible spacing for practical
applications.
The first synthetic model (left column of plots) consists of different horizontal layers with
contrasting hydraulic conductivity. The IP inversion result shows the structural infor-
mation correctly but has difficulties resolving the strong contrasts between the different
layers. In particular, for the thin high-K layer at 6 m depth, K is strongly underesti-
mated, although it may serve as a major flow path within the aquifer. This problem is
partly caused by smoothing effects due to regularization, but also a result of the reduced
sensitivity of IP to high-K zones, where polarization is typically weak. In contrast, the
HT inversion result is particularly successful in reproducing the high-K layers due to the
enhanced sensitivity to the major flow paths. However, the low-K layer is not well-defined
in the result and the resolution is generally lower due to the larger spacing of source and
receiver points compared to IP. Also note that the sensitivity of HT is restricted to the
area between the boreholes.
For the second model (right column of plots), data from the Bolstern aquifer analog (Heinz
et al., 2003) were used, that are characterized by an alternation of sandy and clayey layers,
producing strong contrasts in hydraulic conductivity. Note that in this case, a surface
profile was added to the IP electrode sequence. Similar to the first model, the IP results
show the structural features correctly and with high resolution, while the K-estimates
are particularly precise for the less permeable areas. The HT inversion result still shows
the major flow paths of the aquifer correctly, but the ability to retrieve the small-scale
structural information is limited. More details about the results for this model can be
found in Römhild et al. (2022).

5 Conclusions and Outlook

We have shown that both IP and HT experiments can be used for imaging the distribution
of hydraulic conductivity K, when appropriate inversion procedures are applied to the
data. By implementing synthetic experiments for two different models, the complementary
abilities of the methods can be illustrated:

(i) While IP has the highest sensitivity to areas of low K due to typically stronger
polarization effects, HT is most sensitive to the major flow paths, and thus to areas
of high K.

(ii) Since the HT pumping experiments are typically time-consuming, only a limited
number of them is feasible in practice, so that structural information can be retrieved
with lower resolution compared to IP, where smaller electrode spacings are commonly
used in the field.

(iii) The K-estimates derived from IP might include significant uncertainties due to bias
and scatter by the petrophysical relations, while HT experiments test for the hy-
draulic parameters directly.

Consequently, the best results can be expected when both methods are employed at the
same site, so that the data sets can be used simultaneously. In particular, the structural
features of the subsurface may be retrieved by high-resolution IP experiments, while the
reliability of the K-estimates is ensured by hydraulic tests (Römhild et al., 2022). Eventu-
ally, a joint inversion procedure for both data types could be a promising tool for retrieving
highly accurate information about the K-heterogeneities within an aquifer.
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