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Abstract: Groundwater is an important source of drinking water in coastal regions with predomi-
nantly unconsolidated sediments. To protect and manage drinking water extraction wells in these
regions, reliable estimates of groundwater flow velocities around well fields are of paramount impor-
tance. Such measurements help to identify the dynamics of the groundwater flow and its response
to stresses, to optimize water resources management, and to calibrate groundwater flow models.
In this article, we review approaches for measuring the relatively high groundwater flow velocity
measurements near these wells. We discuss and review their potential and limitations for use in
this environment. Environmental tracer measurements are found to be useful for regional scale
estimates of groundwater flow velocities and directions, but their use is limited near drinking water
extraction wells. Surface-based hydrogeophysical measurements can potentially provide insight into
groundwater flow velocity patterns, although the depth is limited in large-scale measurement setups.
Active-heating distributed temperature sensing (AH-DTS) provides direct measurements of in situ
groundwater flow velocities and can monitor fluctuations in the high groundwater flow velocities
near drinking water extraction wells. Combining geoelectrical measurements with AH-DTS shows
the potential to estimate a 3D groundwater flow velocity distribution to fully identify groundwater
flow towards drinking water extraction wells.
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1. Introduction

Globally, groundwater serves as an important source for drinking water, particularly
in coastal regions where unconsolidated sedimentary aquifers occur [1]. Increasing ground-
water extraction and the increasing use of the subsurface, such as aquifer thermal energy
storage [2], result in a higher potential for interference; requiring better identification and
monitoring of groundwater flow to enable the sustainable use of fresh groundwater [3]. To
effectively protect and manage drinking water extraction wells, a sound understanding of
groundwater flow velocity (magnitude and direction) is of paramount importance.

Apart from providing better insight into the groundwater flow dynamics around
drinking water extraction wells, velocity measurements help to determine the origin of the
extracted groundwater or to locate well clogging zones along the well filter. Furthermore,
velocity measurements can be used to better constrain groundwater models, in addition
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to piezometric data. The paucity of hydraulic head measurements and the fact that they
do not directly inform about groundwater flow magnitudes without a detailed characteri-
zation of hydraulic properties (conductivity and storage) generally results in simplified
numerical models that include large-scale homogeneous layers, in which local fine-scaled
heterogeneity is not represented [4]. This may result in groundwater flow velocity estimates
with large uncertainties, especially at the local scale, such as in the vicinity of a drinking
water extraction well field [5]. Efforts to map local heterogeneity on a meter scale are
needed to provide ideal input for detailed hydrogeological modeling near a drinking water
extraction field [5]. The joint use of groundwater head and velocity measurements provides
direct insight into fine-scale heterogeneity, which subsequently allows for better calibration,
making fine-scale modeling possible for analyzing local groundwater flow around drinking
water extraction wells.

Groundwater measurement techniques typically focus on aquifer characteristics (e.g.,
hydraulic conductivity and storage), the potential state of the groundwater system (hy-
draulic head), quality, age, and flow velocities. There are several excellent reviews regarding
available techniques to measure groundwater flow velocities focused on specific types of
measurement or fields of interest. For instance, Kaufman and Orlob [6] and Evans [7] pro-
vide reviews on the use of solute tracers to estimate groundwater flow. More recent reviews
are those by Bethke and Johnson [8] and Chambers et al. [9] on the use of environmental
tracers to estimate groundwater residence time. Cartwright et al. [10] focus on techniques
to asses groundwater recharge, while Anderson [11], and more recently, Kurylyk et al. [12],
advocate and discuss the general application of using heat as a groundwater tracer. Other re-
views relevant to groundwater flow velocity measurements include those by Revil et al. [13]
on the use of geoelectrical methods for the characterization and monitoring of groundwater
flow and by Bense et al. [14] on measuring groundwater temperatures using fiber-optic
cables in groundwater boreholes.

However, there are specific restrictions in the use of the abovementioned techniques
when measuring groundwater flow velocity near drinking water extraction wells. This
calls for a review of the techniques that can operate within these restrictions, as the need
for measuring groundwater flow velocities near drinking water extraction wells is increas-
ing. The main concern of drinking water companies is to protect the water quality of the
groundwater near their wells. Thus, the companies are not willing to use solutes as tracers.
In the Netherlands, for example, the introduction of solutes is even prohibited or limited
by law. Furthermore, the potential of natural tracers is often limited because drinking
water extraction wells are located at sites where groundwater quality has to be as optimal
as possible, meaning the presence of natural tracers is often limited. Here, we provide
a review of field techniques to measure groundwater flow velocity near drinking water
extraction wells located in unconsolidated sedimentary aquifer systems that operate within
these limits. Our review (1) provides an overview of the measurement techniques that can
be applied within the restrictions around drinking water extraction wells, (2) addresses
the specific potential and limitations of these techniques in a well field setup, (3) provides
references to more detailed information on the mentioned techniques, as well as recent
applications, and (4) identifies the unexplored potential of combining measurement tech-
niques. The groundwater flow velocity measurement techniques are classified into tracer
measurements and geophysical measurements.

2. Tracer Measurements

Field experiments using environmental tracers (a natural present or introduced chemi-
cal substance) track the movement of that tracer to estimate groundwater flow and transport
properties of porous media. For contaminant transport, the estimation of sorption and
hydrodynamic dispersion in the subsurface environment using tracers is also of interest [15].
Groundwater flow velocity and direction can also be investigated using tracer experiments.

By following the center of mass of a tracer, the advective velocity can be directly
related to groundwater flow velocities (Darcy velocity: L T-1).
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Various configurations of multi-well tracer measurements are used for simple tracer
measurements (Figure 1a). An injection well is used where tracers are either actively
injected, or allowed to passively enter the groundwater flow path. The time it takes
to travel a certain distance from the injection point to an observation well is used to
calculate the groundwater flow velocity. However, subsurface solute transport is not
only controlled by groundwater flow (advection), but also by mechanical dispersion and
molecular diffusion, as well as by absorption/retardation and decay [16]. In addition,
variable density or dynamic viscosity due to temperature or solute gradients can influence
effective hydraulic conductivity and therefore, groundwater flow. These processes need to
be significantly small, or incorporated into the analyses, to obtain a realistic estimate of the
natural groundwater flow velocity [17,18].

< a. Multiwell tracer test | | _ Tracer <
2 8 concentration | | .2
[ s ©
5 5 5
(=] o (5]
£ = = i=
S S - S e
(] . o - [&) -
time > time —————» time ——»
b. Dilution method Tracer
[ = . [ =
2 8 concentration | | .S
S S [
S = 1=
8 8 8
g s g
o o o o o o
time ——» time ——» time ——— »
< c.Injection-withdraw method|| _ Tracer -
S 2 concentration | | .©
s \ © <
b= = k=3
g 8 g
| = [ = o
Q Q o
o (&) o
time time time

Injection

Figure 1. Basic tracer measurement configurations using multiple wells. Low concentrations of the
tracer are shown in blue and high concentrations in brown/red. (a) Multi-well tracer test. The tracer
is injected into the first well, and the concentration is measured in a second well. (b) Single-well
dilution method. (c) Injection-withdrawal method.

In our review, we distinguish between artificial and environmental tracers and rec-
ognize the specific potential of using temperature as a tracer for use near drinking water
extraction wells. In Appendix A, an overview of the relevant literature regarding tracer
measurement techniques is provided.

2.1. Artifical Tracer Measurements

Artificial tracers are elements such as dyes, radioactive isotopes, or detergents that are
introduced into the environment [19]. Appendix B provides an overview of the relevant
literature regarding commonly used artificial tracers. Artificial tracer measurements can
be translated to groundwater flow velocity magnitude or direction, depending on the
measurement setup. Setups using single or multiple wells, both passively or with active
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pumping and injection, are commonly used techniques. Figure 1 shows typical field setups
for tracer measurements.

The single-well dilution method introduces a tracer into a well, without active pump-
ing, to force the tracer into the well (Figure 1b). The dilution of the tracer in the well itself is
monitored over time, which is related to the natural horizontal groundwater flow [16]. For
the interpretation of the results, the distortion of the flow by the well must be known [20,21].
The dilution method is easy to apply in wells (both cased or uncased). Parts of the well
screen are compartmentalized using packers to perform the test at different depths in order
to obtain vertical profiles of the groundwater flow velocity. The challenge in applying
the dilution method is separating the vertical and horizontal flow components, thereby
identifying sections of vertical flow in the well and excluding them from the calculation
of the horizontal flow [22]. Vertical flow over an aquitard can occur when two filters are
placed in separate aquifers with different hydraulic pressures, resulting in a crossflow
through the well in a vertical direction.

The injection-withdrawal (push—pull) method (Figure 1c) is an active version of the
passive dilution test described above. The tracer is injected using excess pressure in the
wellhead, allowing it to travel out of the well, with the additional influence of the natural
groundwater flow, for a known period of time. After this period, the tracer is recovered by
pumping the well at a constant rate. The shape of the breakthrough curve during recovery
can be related to the groundwater flow velocity [23].

More interpretation methods are developed based on these principles. The finite
volume point dilution method (FVPDM) uses a controlled and continuously injection of the
tracer into a well, and it is further developed to monitor groundwater flux over time [24].
The passive flux meter (PFM) holds the potential for measuring water and contaminant
fluxes [25]. The PFM containing a resident tracer evenly distributed over a sorptive matrix
and is exposed to groundwater flow by its placement into a well. The displacement of
the tracer in the matrix by the passing groundwater can be related to the flow [15]. The
In-Well Point Velocity Probe (IWPVP) is designed is such a way that a measurable velocity
is obtained that can be related to the natural groundwater flow outside of the well. In the
chamber located at the center of the probe, a tracer is released. In detection channels from
this chamber towards the outside of the probe, the tracer concentration is tracked [26].

The use of an artificial tracer for measuring groundwater flow near drinking water
extraction wells is in most cases, not an option. The use of artificial tracers is often restricted
near drinking water extraction wells to protect the quality of the water. One exception is
the use of temperature as a tracer, as it holds no direct risk for the water quality. Even if
restrictions allow for the use of tracers in small concentrations, application in the direct
vicinity of an operating well (within ~20 m distance, depending on the occurring ground-
water flow velocities) can be extremely challenging, especially in regards to multi-well
setups. Moreover, high dilution rates due to the high flow velocities would require the
injection of relatively large quantities of the tracer, as the use of smaller quantities makes
the detection of the tracer challenging.

2.2. Artifical Temperature Tracer Measurements

Introducing heat as a tracer does not significantly affect the groundwater quality
and can therefore be applied without restrictions near drinking water extraction wells.
The application of heat as an artificial tracer entails the capture of induced temperature
differences. A temperature difference is realized by (a) injecting water (Figure 2a) with
a contrasting temperature to that of the surrounding groundwater [27], or (b) by directly
introducing a heat source into a well (using point heaters or cables, Figure 2b) [28,29] or by
placing it directly into the ground [30]. As such, the temperature of the groundwater will be
changed in situ. The advantage of this method is that no influence of the flow is introduced
by adding water. The use of temperature as a tracer is challenging when dealing with
small natural groundwater flow velocities (meter per year). The introduced temperature
difference at injection often rapidly decreases due to the conduction of the heat to the
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subsurface, while viscosity effects possibly induce changes in the heated groundwater
flow [11,31].

Heated water

Figure 2. Types of heat tracer experiments and temperature measurement setups; (a) injection of
water with a different temperature; (b) heating of the groundwater using a heating element in a well or
by using heating wires; (c) measuring groundwater temperature using point sensors; (d) measuring
temperature using fiber-optic cables, either directly placed in the subsurface or placed inside wells.

Groundwater temperature can be measured by lowering a temperature point sensor
into a borehole or observation well, conducting multiple point measurements at different
depths (Figure 2c). To obtain temperature-depth profiles, long sections of well screen in
the observation well are needed. In contrast to point sensor measurements, fiber-optic
cables provide temperature measurements for the complete depth interval simultaneously
for integrated segments along the cable (Figure 2d). Over the past two decades, the
introduction of fiber-optic based temperature measurements has greatly improved the
potential of temperature as a tracer for measuring groundwater flow [32].

Temperature is measured with fiber-optic cables using three methods, i.e., distributed
temperature sensing (DTS), fiber Bragg gratings (FBG), and distributed temperature sensing
based on Rayleigh scattering (DTS-R) [32-34]. The fiber-optic cables are placed inside
boreholes or are installed in direct contact with the subsurface [30].

Distributed Temperature Sensing (DTS)—The most commonly applied fiber-optic
method for groundwater purposes is DTS [14]. Potentially, DTS measurements are capable
of measuring temperature over long stretches of cable (up to 5 km) and high temporal
(<seconds) and spatial (<1 cm) resolutions. The DTS technique measures temperature by
sending a pulse of light through the fiber-optic cable and measuring and analyzing the
attenuation and phase shift of the backscattered light, as shown by Selker et al. [32]. For DTS,
accuracy can be increased by using external calibration baths with fixed and homogeneous
temperature conditions to make it more suitable for groundwater measurements [35-37],
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but its use under field conditions comes with its challenges [35]. Detailed information on
post-processing and calibrating DTS data can be found in Hausner et al. [36].

Fiber Bragg Gratings (FBG)—In the application of FBG, the fiber-optic cable is modified,
introducing FBG sensors along the cable. The FBG sensor is an etch in the glass, causing a
periodic change in the de-refraction index of the fiber [34]. Due to refraction, the FBG sensor
reflects a specific wavelength, called the Bragg wavelength, when exposed to light [38].
The reflected Bragg wavelength shifts based on the strain and temperature at the location
of the FBG sensor. Each grating is considered a point measurement.

Distributed Temperature Sensing based on Rayleigh scattering (DTS-R)—DTS-R uses
a different wavelength band (Rayleigh) of the scattering light to derive both strain and
temperature. With processing and calibration, the temperature can be extracted from
DTS-R data [33]. Both DTS-R and FBG have the potential for high spatial resolutions (mm).
Although such high resolutions are often not needed for field applications, these high
spatial resolutions are beneficial in laboratory experiments.

2.3. Environmental Tracer Measurements

Environmental tracers are substances which are naturally present in the subsurface
environment and which are used to estimate groundwater age, defined as the time since
groundwater recharge [39]. Examples of these are the stable isotopes of hydrogen and
oxygen, as well as different types of radioactive isotopes, such as 14C, or historical tracers
like tritium, used in nuclear bomb testing [40,41]. However, a suitable environmental tracer
will not be available for every hydrogeological setting. Moreover, the small differences in
environmental tracer concentrations, in combination with the relatively high groundwater
flow velocities near drinking water extraction wells, make successful applications difficult.
However, environmental tracers are useful to estimate the natural regional groundwater
flow surrounding the well field (distances larger than 100 m from the well field), but the
influence of the well field on the environmental tracer should be considered beforehand.

Heat as a tracer—Heat is a specifically useful environmental tracer, as temperature
contrasts are always present. A temperature-depth profile at any location can already
hold valuable insights into groundwater and its movement [12,42]. Natural temperature
differences such as seasonal fluctuations near the surface or geothermal heat can be used to
characterize groundwater flow [12,43]. Recently, a clear overview of various techniques
for the estimation of vertical groundwater flow rates from temperature-depth profiles
was provided by Kurylyk et al. [12], addressing both steady-state and transient models.
The model parameters of these models are changed to fit the measured temperature data.
Several computer programs have been developed to solve this inverse problem. Bredehoeft
and Papaopulos [44] presented an analytical solution commonly used for steady-state
models [12]. A program for estimating the groundwater flow using this solution is given
by Kurylyk et al. [45]. Transient approaches are necessary to incorporate changes in ground
surface temperatures. Taniguchi et al. [46] provided a simplified analytical solution in
which the boundary conditions and initial condition are introduced as linear functions [12].
Kurylyk and Macquarrie [47] added an exponential term to the initial condition, and
later, a multistep boundary condition was introduced. Kurylyk and Irvine [48] provided
a Python-based program called FAST (flexible analytical solution using temperature) to
automate the data analysis. Bense et al. [49] show that the analytical solution of FAST,
or numerical solutions, result in better estimates compared to the solution provided by
Taniguchi et al. [46].

3. Hydrogeophysical Measurements

A variety of hydrogeophysical measurements techniques, such as geoelectric, seismic,
electromagnetic, magnetic resonance sounding, and ground penetrating radar measure-
ments, are available to the hydrogeologist [50]. Here, we limit the discussion to three spe-
cific geophysical techniques (direct current electrical resistivity, the self-potential method,
and active heating-distributed temperature sensing) because of their potential to measure
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groundwater flow velocity at the scale and resolution of an extraction well field. Although
electromagnetic measurements provide resistivity profiles, the footprint of the electromag-
netic wave is typically larger than that of the groundwater flow processes that need to be
imaged, making the technique less suitable for this application.

The methods described in this section include two geoelectrical methods, namely the
direct current electrical resistivity (DCR) used in a time-lapse setup, and the self-potential
(SP) method. One of the applications for which geoelectrical methods are commonly
used is the collection of quantitative information and the mapping of hydrogeological
structures and local heterogeneity [51]. However, the same methods are also used to
identify groundwater preferential flow patterns [52,53].

The third geophysical technique for characterizing groundwater flow that we discuss
is active heating distributed temperature sensing (AH-DTS). In this method, a heating
source is combined with the temperature measurement, resulting in a setup specifically
able to measure groundwater flow.

3.1. Types of Geophysical Measurements
3.1.1. Geoelectrical—Direct Current Electrical Resistivity Method (DCR)

The DCR method injects an electrical current into the subsurface using pairs of elec-
trodes placed at the surface or in a borehole. One pair of electrodes is used to create a
DC electrical current, while the resulting potential field is measured using a second pair
of electrodes [54,55]. Modern systems utilize a large number of electrodes, in which by
varying the position and spacing of the injection electrodes, data can be collected which
can be used to obtain a distribution of resistivity in 2D or 3D using numerical inversion
routines (e.g., Richards et al. [56]), a method knows as electrical resistivity tomography
(ERT). The collected data represent an “averaged” resistivity value of the area through
which the current flows, known as apparent resistivity. To recover the spatially variable
“true” resistivity values, the area is discretized into cells using a numerical model with an
inversion algorithm that depends on assumptions made regarding the dimensionality of
the study area in order to model the true resistivity distribution of the ground from the
apparent resistivity data [13]. An overview of the development of DCR methods is given
by Dahlin [54]. A good description of the theory, variation, and arrays regarding DCR
can be found in Seidel and Lange [55]. Loke et al. [57] provide an overview of previous
research using resistivity in different research areas, e.g., mineral exploration, hydrological
environmental research, and engineering.

A water-saturated rock is at least a two-phase composite consisting of a solid mineral
phase and pores, which are saturated by water acting as an electrolyte. ERT inversions
represent the bulk resistivity value, which compensates the matrix resistivity (typically
infinity for most rock types, unless clay is present) and the fluid conductivity. Thus, ERT
has the ability to map subsurface structures, and resistivity values can potentially be
interpreted as quantitative estimates of hydraulic conductivity [58]. ERT in itself will not
provide information about groundwater flow, if fluid conductivity remains constant. If
ERT is measured in a time-lapse setup, temporal changes in resistivity may become visible,
as long as the fluid conductivity changes (for example, tracking a contaminant plume). In
a time-lapse study, changes most likely occur either from the chemistry of the electrolyte
and/or changes in temperature, while the matrix is assumed to remain constant [59]. By
excluding other potential influences on the resistivity, the change over time can be related
to changes in groundwater flow. Hence, a significant change in temperature or the presence
of a tracer influencing the resistivity is needed for clear groundwater flow imaging near
drinking water extraction wells. An overview of more recent applications (after 2013) of
the DCR method in subsurface hydrology can be found in Appendix C, Table A3.

3.1.2. Geoelectrical—Self-Potential (SP) Method

In the self-potential (SP) method, no electrical current is applied, and the differences in
naturally occurring subsurface currents are measured. The potential is measured between
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one fixed electrode and one moving electrode. Often, multiple electrodes are used in moni-
toring setups placed at ground surface level or within boreholes [60]. For SP measurements,
specific non-polarizing electrodes are needed to prevent noise due to the polarization of
the electrode itself. The equipment requires a sensitivity of at least 0.1 mV and a high
input impedance of 10-100 M-Ohm for soils to capture natural variations in potential. The
impedance of the voltmeter needs to be ten times higher than that of the soil to prevent
current leakage in the voltmeter [13].

The self-potential method consists of two major contributors: (a) the streaming current
by the flow of the pore water, and (b) diffusion currents due to gradients in the chemical
potentials of the charge carriers [13,52]. The streaming current is the result of the transport
of excess electrical charges in the pore water, occurring as a result of the negative electrical
charge of the silicate minerals due to chemical reactions when they are in contact with
water. The negative charge of the mineral surface attracts counter-ions and depletes co-ions,
creating a diffuse layer surrounding the mineral that mainly contains positive ions. If some
of the positive ions are sorbed directly to the mineral surface, a second layer between the
electrical diffuse layer and the mineral surface, called the Stern layer, is formed. Both layers
combined are called the electrical double layer. The electrical imbalance due to the existence
of the electrical diffuse layer means that pore water is non-neutral and carries the excess
electrical charge, directly relating this charge to the flow velocity of the pore water [13].
The diffusion current influences the self-potential such that the self-potential signal is also
influenced by the composition of the water and the sediment [52,61].

The self-potential measurements can be converted to useful information using inverse
modeling. Deterministic approaches are most commonly used for inverse modeling. These
approaches aim to find the true resistivity distribution of the ground from the apparent
resistivity data. Inverse modeling starts with a forward modeling to find the apparent
resistivity data for the resistivity distribution by numerically solving the Poisson equation
for the electrical potential. For a more detailed explanation on inverse modeling, we refer
to Aster et al. [62]. Further descriptions of solving the inverse problem can be found in
Jardani et al. [60,63] and Revil et al. [13]. The basic use of the SP method in groundwater re-
search relates self-potential signals to water table levels, but with the increasing possibilities
of using inverse modeling and the evolution of non-polarizing electrodes, the self-potential
measurements are now related to groundwater flow velocity [13]. Typically, the resistivity
structure of the subsurface must be known; thus, it is common to perform ERT and an SP
survey side by side. Once the resistivity structure is known, then it is possible to invert the
SP for groundwater flow velocities (e.g., Richards et al. [56]). An overview of applications
using the SP method regarding groundwater flow can be found in Appendix C, Table A4.

3.1.3. Active Heating Distributed Temperature Sensing (AH-DTS)

In active heating distributed temperature sensing (AH-DTS), a heating element is
combined with measurements along a fiber-optic cable. If the heating element is at a
significant distance (e.g., more than ~a few cm) from the fiber-optic cable, the experiment
is considered to be a tracer experiment and not an AH-DTS setup. Figure 3a shows an
example of a proper AH-DTS cable setup containing two heating wires and two fiber-optic
cables. Heat is generated by applying electrical power to the heating wire. The electrical
resistance of the cable will allow for an even heating of the cable over its length (electrical
resistance heating). The AH-DTS cable is heated for a known duration, and the temperature
is continuously measured. The difference in temperature between the background (initial)
temperature and the maximum temperature during heating (AT) is directly related to the
groundwater flow velocity (Figure 3b,c). AT will decrease by an increasing flow velocity
due to the increasing advection of the heat by the moving groundwater. For low flow
velocities, depending on the time of heating, an equilibrium heated temperature may not
be reached during the time of the experiment. This can be solved by the extrapolation of
the observed data through curve fitting [64].
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Figure 3. Example of an AH-DTS system: (a) cable setup with two fiber-optic cables and two
heating wires placed perpendicular to the flow (blue arrows, left to right); (b) resulting temperature
difference by heating with low flow velocities; (c) resulting temperature difference by heating with
high flow velocities.

Applications of an AH-DTS setup for groundwater flow can be found in Bakx et al. [64],
des Tombe and Bakker [65], and Godinaud et al. [66].

3.2. Typical Field Measurement Setups
3.2.1. Geoelectrical Measurements

To suit the measurement location and the goal, the method, setup, and array of the
geoelectrical measurement need to be selected accordingly. Electrodes can be placed at
the ground surface or placed into boreholes to increase depth resolution. For applications
near drinking water extraction wells, it is important to consider the presence of metal
components in the subsurface, as metal can interfere with the geoelectrical measurements.
Parts of the well could be constructed using metal, or there might be water transport pipes
present. A clear line between the placed electrodes, free of any metal bodies, is needed for
a successful result.

Using different setups, 2D + time or 3D + time (also considered as 4D) images of
the subsurface can be achieved by increasing the number of electrodes used and ex-
tending/changing the setup of the electrodes. An example of a cross-borehole setup
for 2D + time is shown in Figure 4. Using the electrodes placed in a cross-sectional line
along the ground surface, or by using the electrodes from two boreholes (as shown in
Figure 4), a cross-sectional resistivity image can be obtained after inversion. A 3D resistivity
image is obtained by placing the electrodes in a grid across the ground surface, or by using
multiple boreholes and measuring all the different combinations of electrodes. In 3D + time
resistivity imaging, 3D imaging is conducted multiple times during a period of time with
the same setup, thereby including the dimension time in the image, capturing the change
in resistivity over time [57]. The dimension time can be included in the same way for 2D
cross-sectional measurements (Figure 4, T1 and T2), resulting in a change in resistivity over
time (Figure 4, T2-T1).
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Figure 4. ERT cross-borehole 2D setup for tracking tracer movement measured at different times
of resistivity on T = 1 and T = 2, resulting in the change in resistivity T2-T1. The red line shows a
dipole-dipole array, with I being the current electrodes and V the measured voltage gradient. All
combinations of electrodes for the dipole—dipole array are shown as grey lines. The results of all these
combinations can be inversely modeled to the shown resistivity.

Different arrays of electrode setups are used. Dahlin and Zhou [67] defined the
advantages and disadvantages of arrays for a basic setup of 10 electrodes for a 2D resistivity
image by using numerical simulations. Currently, arrays can be optimized for specific
situations and applications. The optimum array setup is related to the type of geoelectrical
measurement. For cross-borehole measurement, different arrays are used, such as dipole—
dipole, bipole-bipole, pole-tripole, and pole-dipole arrays. A more detailed explanation
regarding cross-borehole ERT and array setup can be found in Loke et al. [68] and Zhou
and Greenhalgh [69].

3.2.2. AH-DTS Measurements

A typical AH-DTS setup for measuring groundwater flow around drinking water
extraction wells involves the use of AH-DTS cables vertically placed at different distances
from the extraction well (Figure 5). Both a DTS, unit as well as a power supply, are placed
at the ground surface and connected to the cables. Temperature is measured continuously
by the DTS unit, and heat is applied for a fixed period. The difference AT between the
background temperature and maximum temperature during heating is determined. The
AT varies in relation to the change in velocity over depth and relative distance to the
extraction well.

The installation of fiber-optic cables to measure natural groundwater flow is challeng-
ing, as direct contact with the aquifer sediments is needed. Placing fiber-optic cables in
boreholes and refilling them with similar sediments is often the only solution. Clay sealings
can be applied at the correct depths to prevent leaking through the filled borehole between
separate aquifers. Good logging of sedimental layering during drilling is crucial for proper
refilling, and during filling, additional time is required for the settling of the sediment.
When sediment material and measurement depth allow, placement through the direct push
technique (e.g., cone penetration), as suggested by Bakker et al. [30], can provide a solution.
However, the direct push technique can create the smearing of sediment by the drive point,
effecting the vertical sediment distribution directly around the placed cable.
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Extraction

Figure 5. Typical AH-DTS setup near an extraction well. An AH-DTS cable is placed at different
distances from the extraction well, and AT as a result of heating the cable is measured along the
cables. The measurements show the difference in flow velocity over depth, as well as the increasing
velocities nearing the extraction well. The difference in flow velocity (left to right) is depicted by blue
arrows with different thicknesses.

3.3. Relating Geophysical Measurement to Groundwater Flow Velocities
3.3.1. Geoelectrical Measurements

Changes of resistivity over time measured using DCR or self-potential can be related
to groundwater flow velocity, using temperature as an tracer. A time-lapse inversion of the
geoelectrical data is needed, which adds the time dimension to the model discretization [70].
Algorithms for these inversions differ based on the geoelectrical measurement technique
(DCR and SP), the measurement setup, and the arrays used. An overview and basic
description of inverse modeling for DCR and SP is provided by Revil et al. [13]. For a basic
understanding of solving the inverse problem, the reader is referred to Aster et al. [62].

When data is collected over sequential time-steps, (4D) ERT allows for the imaging of
dynamic hydrogeologic effects such as changes in temperature (as a result of groundwater
flow). There are several inversion strategies regarding how to handle the time component
in the data and how to reduce the non-uniqueness (e.g., Hayley et al. [71]; Karaoulis
etal. [72]; Kim et al. [73]; Loke et al. [68]), specifically, near extraction wells, a time-lapse
ERT recording well on/well off and injection procedures results in changing electrical
resistivity over time.

A change in electrical conductivity can be expected after a change in temperature as
a result of the reduction in fluid viscosity and an increase in grain surface ionic mobility
with an increasing temperature [74,75]. For temperatures up to 25 °C, an increase in the
electrical conductivity by approximately 1.8-2.2% per °C is cited [74,76,77].
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The change in the electrical tomograph resulting from the ERT can be physically
interpreted by temperature by using a petrophysical transformation, as presented by
Hermans et al. [75]:

Tb2
52 T
T = T, —T, T 1
‘Tbl( ! ”f> + M + s @)

where T is the temperature, 03,1 and oy, (S m~ 1) are the measured bulk electrical conductiv-
ities, Ty the initial temperature, T, % is the reference temperature, often taken as 25 °C, and
mTer (°C~1) is the change in electrical conductivity per °C. However, alternative methods
to interpret temperature from electrical conductivity can be found. Ma et al. [76] provide a
comparison of several temperature correction models.

Several field applications show the use of 4D ERT, with heat as an geophysical tracer,
as a successful method for understanding groundwater flow [78-80]. Additional relevant
literature on the inverse modeling of geoelectrical measurements regarding groundwater
flow velocity is provided in Appendix C, Table A5.

3.3.2. AH-DTS Measurements

The AH-DTS measurements can be translated into groundwater flow velocities by
solving the heat flow equation, including both the conduction of the heat (through wa-
ter, fiber-optic cable material, and sediment) and the convection by the movement of
groundwater [11]:

of _, 0’T 0T oT 9T\  Q
PoCo o7 = Keff @‘FW — PwCw %g‘f’%@ T 2

In Equation (2) p, denotes the bulk density (kg mm~—2) and c;, the bulk specific heat
capacity (J kg~! °C~1) for the saturated sediment, and p,, denotes the bulk density (kg m~3)
and ¢y, the bulk specific heat capacity for water. T denotes the temperature (°C), t is time
(seconds), and k. is the effective thermal conductivity of water and solids, (W m-1°C1).
The components of the specific discharge vector are denoted by g, and gy,.

To solve the heat equation, the thermal properties of all mediums (e.g., water, fiber-
optic cable materials, and sediment) need to be included. For a setup with the heating cable
separated at a fixed distance from the fiber-optic cable, a solution for the heat equation pro-
viding groundwater flow velocities applied in an open borehole is given by Read et al. [81].
Bakx et al. [64] present a variation of this equation by calculating the groundwater flow ve-
locity using an AH-DTS setup, with the heating cable directly attached to the fiber-optic ca-
ble placed in direct contact with the aquifer. Other variations are given by Bakker et al. [30],
des Tombe and Bakker [65], and del Val et al. [82].

4. Discussion
4.1. Considerations for Measuring Groundwater Flow Velocities near Drinking Water
Extraction Wells

Opportunities for groundwater flow velocity measurement near drinking water extrac-
tion wells are limited due to restrictions for the protection of the water quality, but also due
to the relative high flow velocities that are found close to the wells. In previous sections, we
discussed the measurement techniques that are applicable near drinking water extraction
wells which circumvent these restrictions. Figure 6 provides the main considerations for
choosing and designing the best setup for measuring groundwater flow velocities near
drinking water extraction wells.

When considering the distance to the extraction well, the use of artificial tracers is
limited to larger distances from the well to protect the water quality. The required distance
is related to the tracer used and the local legislation, but will normally be in the order of up
to 1 km. Therefore, artificial tracer measurements are best used to estimate the regional flow
around a well field using observation wells. If the use of artificial tracers is considered and
allowed near drinking water extraction wells, for experiments within a 10 m radius of the
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well, high dilution rates should be expected due to the relatively high groundwater flow
velocities making detecting of the tracer challenging. The spatial resolution and depth of
application of artificial tracer measurements is directly related to the availability (or budget)
and locations of the observation wells. Multi-well measurements can take hours up to days
to complete, and traditional single-well measurements also can take hours to complete;
however, newly developed techniques, such as the use of the In-Well Point Velocity Probe
(IWPVP), can be considered for monitoring groundwater flow changes over time [26].
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Figure 6. Potential of measurement techniques near drinking water extraction wells showing:
(a) spatial resolution; (b) time resolution; (c) effective range from the extraction well; (d) top view of
the potential measurement setups for the different measurement techniques; (e) depth of application.

Environmental tracers can provide valuable insight into regional flow. Flow estimation
is the most accurate when analyzing a stable situation so that aspects influencing the tracer
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can be identified. Near drinking water extraction wells, flow is more dynamic, making
successful analyses challenging. Spatial resolution and the depth of the measurements are
related to the availability of (or budget for) observations wells. Even though measurements
(e.g., temperature using DTS) can be obtained in a short period of time (s), they can provide
information on the average groundwater flow [12]. Due to the development of techniques
for measuring temperature in a detailed and cost-efficient manner (e.g., DTS), temperature
is the preferred choice over chemicals as a tracer.

Geoelectrical measurements are promising for mapping groundwater flow distribu-
tions (Figure 4). They can map groundwater flow near the extraction well in detail, or
provide insight regarding the flow towards the extraction well on a larger scale. Mean-
while, different measurement setups which are also related to the well depth are needed.
Detailed information can be obtained directly adjacent to the well by placing electrodes for
measuring groundwater flow in boreholes at the depth of the well screen. Mapping the
flow from ground surface levels provides a broader perspective around the well, but the
depth of investigation is limited to at most 40 to 50 m, due to the decreasing resolution.
The spatial resolution of the geoelectrical measurements is related to the relative distance
between the electrodes. The typical resolutions used are in the range of 0.1 to 5 m. When
the electrodes are placed at ground surface level, the resolution will decrease with depth.
With increasing depth, a longer array of electrodes is needed. Setting up a geoelectrical
mapping of a larger area can be time consuming. Time resolution is dependent on the
number of electrodes placed in the grid, and it can take several minutes (single array) up to
over an hour (large setup) to measure the potential between all electrodes. For dedicated
setups (e.g., setups placed in boreholes), automation can be used to collect measurements
at set time intervals. Using time-lapse measurements, changes in resistivity can also be
mapped and related to groundwater flow. While measurements at ground surface level
can be executed at relative low cost (setup and electrodes can also be used for other project
afterwards), installing a dedicated system in boreholes is costly, as the placed electrodes
cannot be reused for other projects.

AH-DTS measurements can provide direct measurements of groundwater flow veloci-
ties near drinking water extraction wells, specifically in the high flow area within 10 m of
the well (Figure 5). The spatial resolution of a measurement setup is related to the number
of cables placed and the relative distance between the cables. Along the fiber-optic cable,
sampling intervals of up to 12.9 cm are possible when using DTS. Smaller intervals can be
reached when using FBG or R-DTS. Time resolution depends on the required/optimum
heating time of the cable, which in recent setups, was set to approximately 1 to 2 h [65].
Further research on the interpretation of AH-DTS is needed to reduce the heating time,
i.e., by relating the steepness of the heating curve to the groundwater flow velocity. The
accuracy of AH-DTS makes its application for detecting temporal changes in more natural
low groundwater flow velocities challenging. The costly installation of AH-DTS cables
directly into the subsurface should be considered with care. Further development of the
technique for accurate measurements placed within observation wells will increase the
potential for measuring regional groundwater flow. Although placement costs (e.g., drilling
costs) can be high for installing AH-DTS, the fiber-optic cables themselves are relatively
inexpensive. When higher resolutions with FBG or DTS-R are considered, one should
budget the relatively higher costs of these cables, as they must be designed and constructed
specifically for the experiment.

In addition to measuring groundwater flow velocity directly, insights and develop-
ments in measuring and understanding hydraulic properties of sediments further improves
the understanding of groundwater flow in drinking water extraction well fields. An exam-
ple is the research and modeling regarding groundwater flow in faulted rock masses [83].

4.2. Potential for Measuring Groundwater Flow near Drinking Water Extraction Wells

The combination of measurement techniques is instrumental in estimating fine-scale
groundwater flow velocities around drinking water extraction wells. Other groundwater
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measurement related studies show this potential. For instance, a combination of DCR, in-
duced polarization, and fiber-optic DTS has already been applied to study the groundwater—
surface water interaction [84]. Geoelectrical data were used to estimate lithological varia-
tions, while DTS data was used to locate the exchange of groundwater and surface water
at a 1 m resolution and 5 min sampling. Hermans et al. [80] compared the potential for
temperature monitoring of DTS and cross-borehole ERT, showing an error between 10-20%
using the ERT, and determined a threshold of 1.2 °C. However, to our knowledge, there is
no combination of these geophysical methods to estimate groundwater flow velocities. In
Table 1, a selection of case studies showing the potential of the measurement techniques to
estimate temperature and groundwater flow velocity is provided.

Table 1. Case studies using the ERT, SP, or AH-DTS technique for temperature tracing in groundwater
or measuring groundwater flow directly, providing some successful examples and showing the
spatial /temporal resolution, accuracy, and the range of the measured groundwater flow velocities for
these studies.

Technique Parameter Spatial Resolution Tempm"al Accuracy/Range of Reference
Resolution Measurements
. 0.25m x 0.25m . 10-20% error and
Temperature tracing (inversion) 45 min 1.2 °C threshold Hermans et al. [80]
ERT Temperature tracing 3m 35 to 120 min RESIS’EIVIi}i;/oaI'IatIOI’IS Robert et al. [78]
Groundwater 0.05 m 5% velocity /
flow velocity * (experiment setup) N/A 2.5-11.6 m/day Chen etal. [53]
Groundwater flow Not specified / .
velocity 1m N/A 0.4-0.47 m/day Jardani et al. [60]
Groundwater Not specified /
sp flow velocity 15m N/A 0.25-2.5 m/day Tkard et al. [85]
Groundwater . RMSE 1.2%/ . _
flow velocity Not mentioned N/A 0.02-0.12 m/d Richards et al. [56]
Water flow . Not specified /
in borchole 0.29 m 5 min 0-0.6 m/day Read et al. [81]
Not specified /
*3%
AH-DTS Groundwater flow 2m 1 day relative flow Selker and selker [86]
Groundwater flow 1m 15h R? is 0.85/0-9 m/day Bakx et al. [64]

velocity *

* Experimental setup was used on these case studies (on a laboratory scale); ** case study in a 600 m borehole
determining variation of groundwater flow over depth.

This potential is shown conceptually in Figure 7, proposing how AH-DTS would
combine with DCR time-lapse measurements. Time-lapse DCR measurements are used to
highlight areas of large changes in resistivity as an indication of preferential groundwater
flow paths. The AH-DTS measurements within this measured field provide groundwater
flow velocities at several locations and over the depth, if cables are placed vertically. Both
results can be combined to arrive at 3D estimates of the groundwater flow velocities around
the extraction well. As an alternative to DCR time-lapse measurements, SP measurements,
also capable of showing preferential flow, can be used in combination with AH-DTS.
The application of these combined measurement setups as monitoring systems holds the
potential to measure small-scale changes in groundwater flow velocities over time, for
instance, in response to groundwater depletion or well clogging, which may be used to
guide interventions to avoid these occurrences.
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Extraction well

Figure 7. Potential result of combining ERT time-lapse and AH-DTS measurements to understand
the groundwater flow around an extraction well. Areas with large fluctuation in resistivity are shown
(blue/orange color in background) in combination with the measured groundwater flow velocity
using AH-DTS.

5. Conclusions

We reviewed techniques suitable for measuring groundwater flow velocities in un-
consolidated sediments near drinking water extraction wells. We evaluated tracer-based
methods, geoelectrical methods (ERT and SP), and active heating-distributed temperature
sensing (AH-DTS).

The use of tracer measurements is a reliable method to estimate groundwater flow
velocities at the regional scale. However, its use close to drinking water extraction wells
is more limited due to imposed restrictions around drinking water facilities and the high
dilution rates that result from the high flow velocities around wells. Temperature is a
reliable tracer that holds no direct risk for impacting water quality.

Geoelectrical measurements (e.g., ERT or SP) can be used to estimate and map varia-
tions in subsurface structures, hydraulic conductivity, and preferential flow paths. Time-
lapse measurements can show changes in groundwater flow when a tracer (e.g., temper-
ature) that provides a contrast in electrical resistivity is used, which can then be used to
estimate flow velocities. If electrodes/receivers are placed at the surface only, the resolution
of the measurements decreases with depth. Cross-borehole measurements using multiple
electrodes and receivers with depth can also provide high-resolution results at greater
depths. Geoelectrical measurements can be used near drinking water extraction wells, but
the influence of metal present within the well or supply pipelines must be considered.



Water 2023, 15, 2167

17 of 26

Active heating-distributed temperature sensing (AH-DTS) measurements can be used
to estimate groundwater flow velocity over long stretches of cable at high spatial resolution.
Using fiber Bragg grating and DTS-R (Rayleigh-based DTS) instead of DTS, in combination
with an active heating element, make it possible to perform groundwater flow velocity mea-
surements, even up to mm scale resolution. These types of measurements are suitable for
laboratory environments, where they can be used to provide new insights into the effect of
small-scale heterogeneity on groundwater flow. For field applications, an AH-DTS is more
cost efficient than FBG or DTS-R. For measuring the relative high flow velocities directly
adjacent to the drinking water extraction well, AH-DTS is the most promising method.

Combining geophysical measurement techniques can provide additional insight into
groundwater flow around drinking water extraction wells. A measurement setup is pre-
sented in which time-lapse ERT is used to map detailed groundwater flow patterns in the
subsurface around the extraction well. AH-DTS measurements near the extraction well
provide detailed groundwater flow velocity data. A 3D groundwater flow velocity image
can potentially be obtained by interpolation of the combined data.
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Appendix A

Table Al. Literature overview on tracer measurement techniques.

Tracer Setup Highlight References
. Calculating groundwater flow from point dilution tracer measurements [20,87]

Point Using d t in dilution t t [22]
dilution method sing dye as a tracer in dilution tracer measurements

Evaluating LNAPL flux using dilution tracer measurements [88]

Single-well Calculating groundwater flow from single-well tracer techniques [23]

pulse technique Improved packer probe for small-scale heterogeneity [89]

Basics of passive multi-well tracer measurements [16]

Description of active multi-well tracer measurements [90]

Multi-well/dipole Dipole tracer test in a single borehole for aquifer characterization [91]

tracer tests Using a line source and multiple wells to estimate flow rate and direction [92]

Dipole tracer test for heterogeneous porous formations [93]

Characterizing the effect of flow configuration on thermal recovery by single-well thermal tracer test [94]

Overview of solutions to estimate groundwater flow based on temperature-depth profiles [12]

Temperature Comparing analytical and numerical solutions for estimating groundwater flow based on [49]
depth profiles temperature-depth profiles

Example of an analytical solution for estimating groundwater flow based on temperature-depth profiles [48]

Using DTS cables to monitor the movement of heat to estimate groundwater flow [30]

Heat tracing Thermal plume tracing in boreholes for groundwater flow velocity measurement [28]

Heat tracing using FBG to determine groundwater flow [95]

Combinations

Comparison of techniques for low groundwater velocities [96]



www.wetsus.eu

Water 2023, 15, 2167 18 of 26
Appendix B
Table A2. Overview of relevant literature on tracer types.
Tracer Type Highlight Reference
Review of tracers for understanding groundwater recharge [10]
Review of anthropogenic gases as environmental tracers of groundwater [9]
residence time
Overviews Overview of modeling methods for environmental tracers in groundwater [97]
Overview of tracer techniques in hydrology [7]
Evaluation of groundwater tracers [6]
Overview of tracer techniques for NAPL source zone characterization [98]
Dye tracing was used to estimate groundwater flow direction in [99]
Karst terrane
Dyes Analysis of twelve dyes regarding health and environmental risk, [100]
recommending save concentration rates and exposure times
Using dyes as a tracer for vadose zone hydrology [27]
Evaluation of denitrification in groundwater using multiple isotope tracers [101]
Groundwater age and groundwater age dating [8]
Estimation of groundwater recharge using a stable isotope as an artificial [102]
tracer in a soil environment
Isotopes Limitations of environmental tracer for estimating groundwater age [103]
Hydrological processes at the soil-vegetation—atmosphere interface with [104]
water stable isotopes
Behavior of tritium in freshwater lens groundwater systems [41]
Cobalt-60 complexes as tracers for groundwater [105]
Large scale tracer experiment on the role of the spatial variability of the [106]
hydraulic conductivity on dispersion
Chemical Groundwater flow velocity estimated based on contact resistance during a [107]
saltwater tracer experiment
Measuring groundwater flow velocity within a gravel bed using [108]
electrolyte tracers
Defining young and old groundwater using geochemical tracers [39]
Review and basics of heat as a tracer in groundwater [11]
Using geothermal heat as a tracer for large-scale groundwater flow
. . e [43]
velocities and determining permeability fields
The limitations of using heat as a groundwater tracer to define [109]
aquifer properties
Temperature Heat as a tracer in near surface sediments [110]
Design concepts for tracer tomography with heat as a tracer [111]
Tracing groundwater fluxes from temperature profiles [12]
Thermal dilution experiments using DTS for groundwater flow and [112]
thermal properties in low-permeable fractured rock
Comparison of bromide and heat tracers for aquifer characterization [113]
Combinations Comparison of heat and solute tracers in heterogeneous aquifers [114]
Review of the use of environmental tracers in arid-zone hydrology [115]
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Appendix C

Table A3. Overview of recent applications of the DCR method related to groundwater.

Field Highlight Reference
Characterization of vadose zone dynamics [116]
Comparison of DTS ERT and tracer measurements for quantifying [117]
Groundwater surface groundwater surface water interaction
water interaction Estimating the spatial distribution of hydraulic conductivity in a riverbed [118]
Mixing of groundwater and surface water during high flow and base [119]
flow conditions
Evaluating recharge and saltwater intrusion [120]
Salinity Aquifer salinity changes in response to tide and storm surges [121]
Saline water interface [122]
Characterization of contamination plumes using 2D and 3D
[123]
DCR tomography
Contaminants or remediation Exploration of the potential of 4D time-lapse ERT for monitoring
L [124]
DNAPLs source zone remediation
DCR and SP for characterization of contamination [125]
Time-lapse ERT to characterize the spatial process of reactive transport [126]
Soil moisture under unsaturated conditions
Heterogeneity of soil moisture [127]
Combined time and space constraints for 4D time-lapse ERT inversion [70]
Inverse modeling Joint inversion for cross-hole datasets [128]
Improving modeling of measurement errors [129]
Monitoring groundwater drawdown and rebound using time-lapse ERT [130]
Temperature monitoring during a heat tracer experiment usin;
Groundwater flow cross—bo};ehole ERT measur%ments%:ombined with ]§TS measuren?ents [80]
Estimating groundwater flow velocity [53]
Permanent monitoring of water circulation in clayey landslides [131]
Estimating hydraulic conductivity [132]
Subsurface characterization for groundwater resources [133]
Monitoring of active layer dynamics using DCR and induced [134]
Subsurface characterization polarization (IP)
Mapping of subsurface of alluvial fans combining DCR and [135]
induced polarization -
Mapping geological structures by combining DCR and IP [136]
Review on using DCR to detect and monitor water inrush in tunnels and [137]
coal mines -
Groundwater in faults and Geophysical groundwater exploration in arid regions using [138]
water-bearing structures DCR measurements -
Combining DCR, induced polarization, and SP to locate flow
[139]
through faults
An improved method to estimate depth of investigation in DCR [140]
Other Seepage through an earthfill dam using DCR and SP [85]
Optimized arrays for 2D cross-borehole measurements [68]
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Table A4. Overview of relevant applications of the SP method regarding groundwater flow.

Field Highlight References

Application of SP to hydrological problems [52]

Determining spatial variation of the groundwater table using [63]

SP measurements

Interpreting the distribution of the groundwater flow velocity using SP [60]
Combination of DCR and SP to investigate and characterize seepage

Groundwater flow beneath an earthen dam [85,141]
Determining permeability of seepage flow paths in dams using SP [142]
Combining DCR and SP to identify flow paths [143]
Combining time-lapse ERT and SP to monitor groundwater flow [144]
Combining DCR and SP for surface-groundwater exchange [145]
Quantifying thermal upwelling water using SP measurements [56]
Thermal research Review on SP as a tool to asses groundwater flow in hydrothermal systems [146]
Combining DCR, SP, and seismic measurements to map the source location [139]

and transporting faults of a thermal hot spring

Table A5. Literature on inverse modeling of geoelectrical measurements regarding groundwater
flow velocity.

Measurement Technique Setup Model Result, Relevance References

The shape of the groundwater table in an

unconfined aquifer 631

SP 2D, ground surface

Joint inversion of temperature and

2D, ground surface (SP), self-potential algorithm [147]

SP, temperature

borehole (temp) estimating permeability
Sp 2D, ground surface Measuring streaming potential related to [148]
groundwater flow
DCR 4D time-lapse ERT inversion allov.vmg time and space to be [70,72]
part of the inverse modeling
sp Laboratory Modeling the spectral IP response to [149]

water-saturated sands

SP, hydraulic head pumping

Joint inversion of hydraulic head and
self-potential data of harmonic pumping [150]
tests, hydraulic conductivity

2D/3D, ground surface, and
point locations

DCR 2D, cross-borehole Groundwater level, geological boundaries [129]

3D joint inversion for seawater

DCR 3D, ground surface intrusion models

[151]
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