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Abstract In the summer of 201 5, a series of thermal tracer tests were conducted at the Widen field site
in northeast Switzerland to validate travel time-based thermal tracer tomography for reconstruction of
aquifer heterogeneity. Repeated thermal tracer tests and distributed temperature observations were used
to obtain a multisource/multireceiver tomographic experimental setup. After creating forced hydraulic
gradient conditions, heated water was injected as a pulse temperature signal via a double-packer system.
With this solution, long temperature recovery periods were not required between the repeated injections at
the expense of smaller observed temperatures. The recorded temperature breakthrough curves delivered a
tomographic travel time data set that was inverted assuming advection-dominated condition. The obtained
hydraulic conductivity tomogram for a small aquifer profile is validated with the results of the findings from
previous field investigations at the same site. The reconstructed profile confirms the presence of a thin sand
layer with low permeability and reveals a previously unknown low-permeable zone close to the bottom of
the aquifer. The inverted hydraulic conductivity values also correspond with those from previous tracer
tests. Thus, the results of this study demonstrate the potential of thermal tracer tomography for resolving
structures and transport characteristics of heterogeneous aquifers.

1. Introduction

Conventional single tracer tests in groundwater are integrative field investigation methods. They allow
estimating average flow and transport properties of an aquifer volume [Yeh and Zhu, 2007]. In contrast, geo-
physical imaging can capture subsurface heterogeneity by providing the distribution of electric conductivi-
ties, radar, or seismic velocities. However, it is difficult to relate such geophysical parameters to hydraulic
properties without additional hydraulic measurements [Linde et al., 2006]. The rationale of tracer tomogra-
phy is to combine tracer techniques with imaging methods. Tracers are injected in order to derive direct
estimates of flow and transport parameters. Spatial heterogeneity of these parameters is resolved by apply-
ing multiple tracers in a tomographic setup similar to geophysical measurements. Here multiple different
tracer injection points (sources) and multiple observation points (receivers) are used to capture the tracer
breakthroughs at different locations and to delineate preferential pathways. Sources and receivers can be
represented by different injection and observation wells, or, for vertical reconstruction of aquifer heteroge-
neity, they are situated at different levels in wells.

Hydraulic tomography is based on a similar principle by using the propagation of pressure signals gener-
ated by short-term pumping or slug tests [Butler et al., 1999]. As these tests can be performed with similar
instrumentation as for classic hydraulic testing, hydraulic tomography is well explored today [Vasco et al.,
2000; Brauchler et al., 2003, 2013b; Cardiff et al., 2009; lllman et al., 2009; Berg and lllman, 2011; Hu et al.,
2015]. Using tracers instead of hydraulic signals offers new opportunities, because tracer tests can identify
directly preferential transport pathways, and they can be combined with hydraulic tomography in joint
inversion procedures. Furthermore, the use of different types of tracers with different transport properties
can reveal additional characteristics of the subsurface such as heterogeneity of matrix exchange surface or
localization of nonaqueous phase liquids [Feehley et al., 2000; Yeh and Zhu, 2007; Zhu et al., 2009; lllman
et al, 2010; Wagner et al., 2014].

Inversion algorithms from seismic tomography can be directly used to interpret tracer tomography data
sets [Vasco and Datta-Gupta, 1999]. Tracer tomography is capable of characterizing porous [Jiménez et al.,
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2016] and fractured media [Vasco and Finsterle, 2004; Brauchler et al., 2013a]. Datta-Gupta et al. [2002], Yeh
and Zhu [2007], Zhu et al. [2009], and lliman et al. [2010] have demonstrated its suitability for identifying dif-
ferent liquid phases (such as dense nonaqueous phase liquids) in an aquifer. Field applications with multiple
tracers are scarce, yet one has been presented by Jiménez et al. [2016] using different dye tracers and a
pilot-point-based inversion procedure to reconstruct an aquifer profile. This lack of field tests may be due to
the demanding experimental design and instrumentation, the need for in situ tracer monitoring or repeated
multilevel sampling, and the time and cost for carrying out a full experiment. Therefore, tracers are more
commonly applied to validate or complement other hydrogeological or hydrogeophysical field tests
[Sharmeen et al., 2012; Dorn et al., 2013; Jiménez et al., 2015; Sanchez-Le6n et al., 2016].

In recent years, heat as an actively injected tracer has raised increasing attention [Anderson, 2005; Saar,
2011; Rau et al., 2014]. Irvine et al. [2013] pointed out that using heat over solute tracers provides better
approximation of groundwater velocity at the expense of detecting heterogeneities. In comparison to the
transport of solute tracers, conductive heat transport into the aquifer matrix can play a substantial role. This
slows down the tracer transport [Shook, 2001] and the tracer signals are more attenuated since a large part
of the injected energy is used to heat up the aquifer matrix. Due to the high diffusivity in comparison to sol-
ute tracers and the potential influence of background temperature perturbations, heat is not considered an
ideal tracer [Xue et al., 1990; Irvine et al., 2013; Xie et al., 2015]. Aside from this, physical parameters such as
hydraulic conductivity, K, are dependent on temperature. Water density and viscosity changes as tempera-
ture increases, and density driven flow is induced. Still, heat has some appealing features that make it favor-
able in many tracer applications, especially for tomography.

First, available temperature monitoring techniques can measure the evolution of temperature in situ and
real time, at high accuracy and at low cost. Multilevel observations are obtained by using multiple tempera-
ture sensors with fixed locations in the borehole or by using a distributed temperature measurements sys-
tem (DTS). DTSs use fiber optic cables for observations providing high spatial resolution [Bense et al., 2016].
Temperature sensors are easier to use, cheaper and the better choices when point measurements are suffi-
cient [Benz et al.,, 2015; Doro et al., 2015]. Second, natural background temperature variations are often
small, much smaller than changes induced by tracer tests. If necessary, background temperature trends can
be filtered out using preliminary baseline measurements or frequency filtering. It is even possible to exploit
the natural temperature differences inside the aquifer for investigations. This approach is especially suitable
in fractured media where abrupt temperature changes can be caused by modifying the existing flow condi-
tions. This technique has been used for fracture detection and characterization by Klepikova et al. [2014].
Third, despite the strong influence of heat diffusion and density effects, thermal tracer testing in heteroge-
neous formations allows for the delineation of preferential pathways, where heat transport is dominated by
advection [Irvine et al., 2013; Wagner et al., 2014; Djibrilla Saley et al., 2016]. In our earlier theoretical study
[Somogyvari et al., 2016], we have shown that by using a travel time-based inversion technique, the influ-
ence of density changes, viscosity variations, and diffusion effects is minimized and a wide application win-
dow for thermal tracer tomography is available.

Thermal tracer techniques can be categorized by the heat tracer source used. In the literature, four main
source signal types are found, which create different response signals at an observation point (Figure 1).
The most common source type is the step injection. Here the temperature at the injection point follows a
Heaviside-signal shape (Figure 1a). This continuous thermal tracer injection can be realized by using a natu-
ral source with small temperature difference, for example water from another aquifer or an adjacent surface
water body. Here periodically changing temperature may be used for injection. In this case, the phase shift
between the injected and observed signal can be investigated (Figure 1c) [Keys and Brown, 1978]. A more
common approach is to use an on-site heating device to produce warm water continuously [Molz et al.,
1981; Palmer et al., 1992; Vandenbohede et al., 2011; Irvine et al., 2013; Wildemeersch et al., 2014; Colombani
et al., 2015; Doro et al.,, 2015; Cherubini et al., 2017], because temperature changes can be self-defined and
higher (Figure 1a). Although observations from step injection signals are easier to detect, their technical
implementation with active heating devices is difficult. Maintaining a constant temperature injection signal
for a long period requires a large amount of energy and reliable operation of the heating system. An alter-
native is heating up a small volume of water, which is then injected as a Dirac pulse signal [Wagner et al.,
2014; Djibrilla Saley et al., 2016] (Figure 1b). Pulse signals are standard in solute or particle tracer tests where
a limited amount of tracer solution is available or needed. For thermal tracer tests, it is important that the
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a)A b) N injection volume and the temperature differ-
o o ence of the introduced water are sufficient
g g V\ to achieve detectable temperature changes
g g in the observation well. Another option of
E R E’ N generating temperature anomalies is in situ

time g time ” heating with a submersible heat source (e.g.,
€) A d)A heating cable) [Bakker et al, 2015; Coleman

g fs: et al, 2015; Seibertz et al., 2016]. Here electrical
g?\/ g energy is directly converted to heat in situ
g \/ g'f with a conductive source (Figure 1d). No fluid
© > © > injection is required for this variant if there is

time time natural groundwater flow. However, the

) amount of energy introduced by heating is
Figure 1. Different injected thermal tracer signals and observed o gy y . 9
responses. Red curves: injection signals, green curves: observed response limited and the generated temperature signal

signals. (a) Heaviside signal with continuous thermal tracer injection, will be relatively smooth, making it difficult
(b) pulse injection, (c) injection of natural water with periodic temperature for instance. to calculate tracer travel times
changes, and (d) in situ conductive heat source. ori » 10 calcula a avelt .

Field applications of heat signals in tomo-
graphic arrangement are scarce. Doro et al. [2015] focused on the design issues of thermal tracer tomogra-
phy and reported a tomographic measurement campaign. However, no detailed aquifer characterization
has been done using the collected data. Among the procedures available for tomographic inversion, geo-
statistical and travel time methods have been suggested. The procedure by Schwede et al. [2014] assumes
that the spatial distribution of log-K follows a random space function with known correlation. Also, the defi-
nition of midrange clusters is recommended because the inversion is computationally intensive. Alterna-
tively, computationally efficient travel time-based inversion has been suggested by Somogyvari et al. [2016].
Travel time-based tomographic inversion methods exploit the similarities between the propagation of
tracer fronts and seismic pressure waves [Vasco and Datta-Gupta, 1999; Brauchler et al.,, 2013a]. Available
solvers yield the distribution of the mean tracer velocities, which can then be converted to a K distribution.
The potential and limitations of thermal tracer tomography were shown by means of two-dimensional (2-D)
and three-dimensional (3-D) synthetic examples [Somogyvari et al., 2016].

The objective of this study is to further develop the travel time-based thermal tracer tomography concept
presented in Somogyvari et al. [2016] and to validate it under field conditions. In the following, the theoreti-
cal background is provided first. Also, we present findings from preliminary field testing, which were used
to prepare the setup of the full experiment. Based on this, a new thermal tracer tomography design is pre-
sented using pulse injections to minimize the temperature recovery times in the aquifer between sequential
injections. The inversion methodology, originally developed for continuous thermal tracer injections, is
adjusted to the use of pulse signals. We conclude with the results from field application and inverted K-pro-
files, which are compared to findings from earlier investigations at the site.

2. Methodology

2.1. Travel Time-Based Tomography

While heat diffusion obscures the contribution of advective transport in case of small flow velocities, it may be
neglected in regimes with fast groundwater flow. Assuming that heat transport is dominated by advection, the
properties of thermal transport can be related to the hydraulic properties of the aquifer. In this case, the travel
times of thermal tracers can be directly linked to hydraulic conductivity, K [Somogyvari et al,, 2016]. The propaga-
tion of a thermal tracer front between two points can be described by modifying the original line integral formu-
lation of Vasco and Datta-Gupta [1999] for tracer tomography by introducing the thermal retardation factor (R).

tds T e0s)
tee (X)) = Jvn(S) - JR K(s)i(s) ds M

Here ti(x;) is the travel time of the thermal tracer at the receiver (x,), x; is the location of the heat source, ¢
is aquifer porosity, and i is the local hydraulic gradient. Equation (1) is known as the travel time equation (or
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eikonal equation) of the thermal front between the source and receiver. The thermal retardation factor, R,
describes the lag in the travel time of heat relative to a nonretarded solute. It depends on the aquifer poros-
ity as well as on the heat capacities of the water and the aquifer matrix (R=Cy,/(¢Cy)). While the values of
K of porous aquifers typically span orders of magnitude, variability in porosity, thermal retardation, and
hydraulic gradient are commonly much smaller. Thus, the tracer travel time is most sensitive to an unknown
distribution of K, and the other variables of equation (1), ¢, R, and i are approximated by constant values. As
these parameters span a small range of values, these approximations only introduce small errors into the
results [Somogyvari et al., 2016].

The line integral of equation (1) describes the relationship of the travel time to the velocity distribution
along one transport trajectory. In a tomographic setup, multiple transport pathways dissect the aquifer. The
velocity distribution of the investigated volume determines the tracer travel times. The set of travel time
line integrals form the inverse problem. Inverting all the travel time equations together, this velocity distri-
bution can be calculated. As the same formulation is used to describe the propagation of seismic signals or
electromagnetic waves in geophysical tomography, standard inversion methods are available to estimate
the velocity field. In this study, the SIRT algorithm is deployed to invert the travel times of the heat tracer,
implemented in the software GeoTOM3D [Jackson and Tweeton, 1996]. The SIRT algorithm calculates the
transport trajectories over a velocity grid and iteratively updates the values of the grid cells until the simu-
lated and observed travel times match. As a result, the mean tracer velocity distribution (velocity tomo-
gram) is obtained, which can then be converted to a K-field (K-tomogram) according to equation (1).
Instead of solving the problem over a regular grid, the staggered grid method is applied in this study
[Vesnaver and Bohm, 2000] in line with related travel time-based hydraulic tomography applications
[Jiménez et al.,, 2013; Hu et al., 2015; Somogyvari et al., 2016]. The inverse problem is solved over multiple
coarse grids, shifted horizontally and vertically. This reduces the bias of the inversion caused by the relation
of the source-receiver locations to the grid geometry. The final tomogram is computed as the average of all
grids, with a final resolution equal to the used displacements. The main advantage of this method is that it
provides higher-resolution tomogram without compromising the stability of the inversion.

As the inversion only uses information from the transport pathways, the quality of the tomogram is variable
in space. The reliability of the different parts of the tomogram is assessed by calculating the null-space
energy map [Brauchler et al., 2013a, 2013b; Jiménez et al., 2013; Somogyvari et al, 2016]. The null-space
energy map is computed by singular value decomposition (SVD) of the tomographic matrix, which contains
the length of each inverted transport trajectory in each grid cell. The null-space energy map values range
between 0 and 1, whereas higher null-space means less reliable pixels. The null-space energy map is used
to mask out nonreliable pixels from the result, especially zones which are not reached by the inverted tracer
trajectories.

2.2. Breakthrough Time Calculation

The travel time-based thermal tracer tomography inversion presented in Somogyvari et al. [2016] uses con-
tinuous thermal tracer injections for source signals. It was shown that it is advantageous to use earlier diag-
nostic times of breakthroughs to reduce experimental times and distortions caused by thermal diffusion.
The breakthrough times were assigned to the time when the first temporal derivative of the temperature
peaked at the observation point. By this, the tomographic approach revealed to be especially suitable to
reconstruct highly conductive zones in an aquifer, and applicable in a broad range of geological and techni-
cal conditions. This was synthetized in the form of an application window in our numerical study [Somo-
gyvari et al., 2016].

For this study, pulse injection signals were chosen due to practical reasons and after preliminary field test-
ing. This requires a different approach for breakthrough time calculation. When pulse injection is used, the
travel time of the thermal tracer is the time when the temperature at the observation point peaks. Since
heat is a relatively slow tracer [Shook, 2001], this time can be late—requiring long observation times, which
may be prohibitive for tomographic setups with multiple sequential applications. The derivative of tempera-
ture peaks much earlier, and relating the derivative peak to the travel time could help to reduce the
required experimental times. The corresponding procedure is developed in the following.

The thermal response of a thermal pulse (instantaneous heat injection) in an advective-diffusive and one-
dimensional (1-D) environment can be analytically formulated as
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Qin* - tz
T 0= 2 b &P <_ (X4Dut) ) @

This equation is modified following the available solution for solute tracers [Evans, 1983]. This 1-D approxi-
mation is valid in the close vicinity of the observation point. Q;,*= % represents the heat source term, that
is, the amount of heat injected over a unit volume V,, given the local heat capacity C. D is the thermal diffu-

sivity. The first temporal derivative reads as

dT(x,t) Qin*exp <— LZS:) )(u2t2+4Dt—x2) s
dt 16nDt?

The thermal breakthrough time is defined as the time when the temperature peaks:

dT(x,t)

=0 4

dr (4)
while the “breakthrough time” of the derivative curve is
d’T(x,t)

B vt B =0 5

e (5)

The second derivative of the temperature (equation (2)) reads as

&T(x, 1) Qin"exp (— %) (32D?t2+8Du?t> —16Dtx? +u*t* — 20 t2x% +x*)
a2 64nD3t5 (6)

The analytical solutions of equations (4) and (5) are complex, making it difficult to use in any further deduc-
tion. However, by neglecting the terms with higher order velocities (because groundwater flow is slow), the
solutions can be simplified to

X
t(T 70)7—4D (7)
by 23 —/2x?

Relating the breakthrough time to the peak time of the derivative with a transformation factor () is a tech-
nique used earlier for step signals in Somogyvari et al. [2016] and Brauchler et al. [2003]. The transformation
gives the relation between the breakthrough time, tgr and the derivative time, tpr:

tgr =atpr 9)

Hence, the travel time of the thermal tracer can be expressed as a fraction of the time of the derivative
peak, with a transformation factor computed as

t(T"=0 1

L= 1 o

t(T'=0) V2
Note that this expression is only valid with the strong assumption that the seepage velocity is small. Aside
from this, t=0 should be the time when the temperature starts to increase at the observation point similar
to the early time diagnostics method in Somogyvari et al. [2016]. The transformation procedure is illustrated
in Figure 2a.

To validate this methodology, temperature breakthrough curves (BTCs) recorded in the subsequent field
experiment are analyzed ex ante. The observed breakthrough times are compared with the simulated ones
from the derivative peak (according to equations (9) and (10)), as shown in Figure 2b. The derivative-based
breakthrough times are always larger than the observed breakthrough times, which is problematic espe-
cially at smaller travel times. This limits the reliability of the inversion method. To overcome this, the
derivative-based breakthrough times are only used to complement the data set, when a thermal tracer test
is terminated before the full BTC is captured. However, when the complete one was recorded, the measured
peak breakthrough time was chosen. It is also possible that in the worst case, no temperature response is
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Figure 2. Breakthrough time calculation from temperature derivatives. (a) Methodology of calculation. o is the transformation factor, tpris
the peak time of the derivative temperature (T), and tgris the breakthrough time of the temperature (7). (b) Comparison of the real break-
through times versus the simulated ones using full recorded temperature breakthrough curves.

recorded at all, and thus no breakthrough time can be determined. However, this observation is also worth-
while, indicating limited connectivity between source and receiver or low-K zones in the aquifer. As travel
time inversion formally only use breakthrough times as input parameters, such source-receiver combina-
tions are included here by assigning virtual travel times. These virtual travel times are calculated assuming a
straight transport trajectory between source and receiver and taking the lowest value of K estimated based
on equation (1). The lowest K value is calculated from the largest registered travel time of the thermal tracer.
With this extension of the data set, a better reconstruction of the aquifer is expected, but with the added
risk of wrong low-K values in the tomogram.

3. Field Site and Test Design

3.1. Widen Field Site

The Widen field site is situated in the valley of the Thur River, in northeast Switzerland close to the city of
Zurich (Figure 3). The field site was initiated in the summer of 2008. It has been investigated in several field
campaigns [Doetsch et al., 2010; Coscia et al., 2011; Jiménez et al., 2016; Deuber et al., 2017] and used for edu-
cation at ETH Zurich.

The site hosts a shallow aquifer domi-
mizsin Tz T rizss T30 nated by the Thurtalschotter formation, a
PO2 P03 P04 7 m thick fluvial gravel layer (Figure 4).
Below the aquifer bottom at around
10 m depth, low-permeable lacustrine
PO5 P06 c2z PO7 P08 sediments are found, while the aquifer is
covered with around 3 m thick alluvial
sand sediments. The depth of the aquifer
P09 P10 c3 P11 B2 bottom is variable within the field site as

ig iy g

e

° o ® wmc4_ &
£ o oMC -2 a consequence of fluvial erosion during
f MC3 M.Ci? Well type R deposition (e.g, between wells P11 and
L ]
° @ L : MC1). The aquifer is connected to the
P12 P13 B3|e Multichamber well . -
; River Thur, and strong precipitation
* 2" borehole :
P14 } events cause changes in the water table.
- e 4.5" borehole Normally, the water table is in the gravel
£ £ formation yielding unconfined condi-
e nas ey s e tions. During flood events, the aquifer
Figure 3. Well configuration at the Widen field site; the location in Switzerland is becomes semiconfined as the ground_
highlighted in the map at the lower left. water reaches the overlying sand. The
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Figure 4. Summary of geological knowledge on the aquifer at the Widen site prior to the thermal tracer tomography experiment. (a) Resis-
tivity discontinuities in the aquifer bordering a high permeability layer, suggested by hydraulic tests and ERT measurements [Doetsch et al.,
2010; Coscia et al., 2011]. (b) Sand lens known from core logs and slug tests [Jimenez et al., 2016]. (c) Sand layer (or lens) located by solute
tracer tomography experiment [Jiménez et al., 2016]. (d) Trace map of reconstructed profile.

384

general groundwater flow direction is NE-SW, but deviations of up to 45° were experienced in different experiments
revealing dynamic hydraulic conditions in the aquifer.

In the heterogeneous Thurtalschotter, sand lenses were found in core logs and by slug tests (Figure 4).
Jiménez et al. [2016] identified the presence of a thin but extensive sand lens at 390 m level. The exact
extent of this sand lens is unknown, but its presence was measured in wells P11 and P13 by slug tests. Geo-
physical investigations (cross-well ERT) showed that the central zone of the aquifer body between 388 and
390 m has higher electric resistivity than the formation above and below This suggests that the central
zone of the Thurtalschotter formation has higher gravel content associated with higher-K. Multilevel slug
tests showed a wider zone of high-K between 387 and 390 m, and another high-K zone above the 390 m
low-K layer [Jimenez et al., 2016].

The Widen site hosts 22 investigation wells in total (Figure 3). Eighteen boreholes are aligned roughly as
points of a rectangular grid (PO1-P14, B2, B3, C2, and C3). The boreholes penetrate down to the aquifer
base and they are screened through the whole aquifer body. Four of the wells (MC1-MC4) are equipped
with multichamber casings (Continuous Multichannel Tubing (CMT)) [Einarson and Cherry, 20021, which facil-
itate multilevel sampling. Each multichamber well has seven separate tubes inside, screened at seven differ-
ent depth levels with 10 cm long screens. These wells were used for temperature measurements by
installing sensors in each chamber.

3.2. Preliminary Testing

In the summer of 2014, a series of active thermal tracer tests were conducted at the Widen site, to test the
continuous injection thermal tracer tomography design under field conditions [Schweingruber et al., 2015].
A high performance diesel fueled water heater was used to produce 60°C water at a flow rate of 0.2 L/s. To
minimize temperature variations, the heated water was mixed with cold water in a 120 L volume tank,
finally providing a flow rate of 1 L/s at 30°C. We were able to operate this injection system for 60 h, with
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variations less than 3°C in the injection temperatures. However, the experiment required constant operation
of the heater, which was out of service several times. These short interruptions in the continuous injection
caused significant distortions in the recorded BTCs. The heating also required a large amount of fuel to
operate, making the experiment expensive. Doro et al. [2015] used a double-packer system to vertically iso-
late the injection interval of the warm water. Additionally, above and below the injection interval, water at
ambient temperature was injected. The additional injections focused the warm water to propagate horizon-
tally in a similar way as laterologs focus the electric currents in borehole geophysics. The setup we used
was simpler. The warm water was injected in well P13 (Figure 3) via a double-packer system without any
focusing of the heat plume as suggested by Doro et al. [2015]. The injection is switched to cold injection
with an estimated rate of 1 L/s after all warm water has been injected. To increase the hydraulic gradient,
water extracted from well C2 was reinjected in well P14 with a rate of 3 L/s, generating forced gradient con-
ditions. Temperature differences of over 10°C were observed in the closest observation borehole (MC3) at
1.5 m distance. Other boreholes have showed no or very weak responses, although sensors were capable to
detect temperature changes below 0.05°C. This was the effect of the strong natural background flow, which
was diverting the heat plume from the observation wells. Measurements after the injection experiment
showed that close to the injection well the recovery back to the ambient temperature was very slow. This
made it impossible to repeat the thermal tracer test on a subsequent day due to the disturbed initial ther-
mal conditions in the aquifer.

Among the main findings of the preliminary test were that very small temperature changes are measure-
able in the low-noise subsurface environment. The high experimental costs, the huge risk of technical mal-
functions, and the long recovery time motivated us to consider an alternative heat injection procedure. This
is explained in the following description of the full-scale tomographic experiment.

3.3. Experimental Setup of Thermal Tracer Tomography

With the experience from the preliminary testing campaign, the tomographic experiment conducted in the
summer of 2015 was carefully aligned with the natural groundwater flow direction, and a pulse-type injec-
tion signal was employed. Pulse injection is advantageous, because less energy is required for heating than
for continuous injection and the aquifer temperature can recover faster. These aspects are especially
appealing for tomography, when multiple heat tracer tests are needed, but at the expense of less pro-
nounced signals. Consequently, only a short profile of the aquifer is chosen for the test (P11-MC1, Figure 4).
Figure 5 illustrates the experimental configuration. Two Grundfos JP Hydrojet surface pumps were used to
maintain the forced gradient flow field in parallel with the ambient groundwater flow. The water extracted
from well P12 at a rate of 0.4 L/s was discharged to the river, while the water extracted from P14 was rein-
jected to P11 at 0.7 L/s. Pumping
was performed over the full well
screen. The reinjection scheme
represents a doublet-like setup,
which adequately controlled the
flow velocity and direction close
to the heat injection well (P11).
The pumps were started hours
before the heat injection in order
to reach quasi steady state condi-
tions. By injecting heat via a
double-packer system with a
screen length of 20 cm, local
point injection configuration was
\ \ approximated.

0.4l/s

Heating pool

( |
{ MC1
P12 MG3 MC2

To minimize the costs of the

P14

Figure 5. Experimental design of tomographic thermal tracer test: the water for injection
is heated up by the sun in an inflatable swimming pool. The ambient groundwater flow is
enhanced through a forced gradient setup. The temperature changes are monitored in
four multichamber wells, with 1 m vertical resolution.

experiment, water which was
taken from well P14 was warmed
in three small inflatable swim-
ming pools by direct sunlight
[see also Wagner et al, 2014].
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During the sunny summer days of

Table 1. Details of the Different Thermal Tracer Injections of the Main Experiment R
the experiment, 300 L of water

Start of Experiment Injection Injection o .
Experiment Duration (h) Temperature (°C) Level (m)? were heated up to 30°C in 3-4 h
H 0,
Injection 1 13.07.2015 16:06 6 30 380,075 from the ambient 15°C ground-
Injection 2 14.07.2015 13:17 32 387.3 water temperature. Before injec-

tion, the water was mixed in a
fourth larger swimming pool, and
directly injected to P11 over a
period of approximately 10 min.
Compared with the duration of hours for the full experiment, this short time interval was approximated as an
instantaneous pulse injection. As the injection was performed without any pumping, the injection rate was
reduced during warm water injection. This disturbed slightly the flow field for a short period, but it recovered
immediately after switching back to cold injection. The tomographic experiment consisted of four individual
thermal tracer tests performed in four different injection intervals. The different injection settings of all succes-
sive thermal tracer tests during the tomographic experiment are summarized in Table 1. However, the given
volumes of water were estimated and were not used for any further analysis.

7
Injection 3 15.07.2015 13:01 3 32 390.075
Injection 4 15.07.2015 16:06 2 31 391.075

?Center of isolated interval.

Although the 15°C temperature difference at injection is over the 8°C limit of buoyancy driven flow given
by Schincariol and Schwartz [1990], it is expected that the water cools down very quickly close to the
injection point due to mixing and diffusion. The tomographic inversion is demonstrated to work at higher
temperature differences with much higher injected volumes [Somogyvari et al., 2016]. The latter theoreti-
cal study, however, focused on continuous heat injection, and thus the obtained findings cannot be trans-
ferred to the heat-pulse application of this work. The estimated thermal Peclét number of the high-K
zones of the aquifer is in the range of Pe = 10-100, which denotes that the thermal transport is domi-
nated by advection.

Campbell Scientific 108 temperature sensors with negative temperature coefficients were utilized for tem-
perature measurements. The absolute accuracy of these sensors is smaller than 0.1°C, while temperature
changes of 0.01°C were the smallest registered. Note that for travel time-based thermal tracer tomography,
the absolute accuracy of sensors is not crucial, as breakthrough times are calculated from relative tempera-
ture changes (see Figure 2a). In total, 28 temperature sensors were used, 26 installed in the multichamber
wells (7-7 in MC1 and MC3, 6-6 in MC2 and MC4), and 2 additional ones monitored the air and the injection
temperature. The temperature measurements were collected and recorded with a Campbell Scientific
CR3000 datalogger, with 0.1 Hz sampling rate.

Four thermal tracer tests were conducted over three consecutive days to have minimal changes in the
ambient hydraulic conditions. On the first 2 days, one thermal tracer test was executed per day and on the
third day, two were performed. The overnight pauses were enough for complete thermal recovery of the
aquifer. After the shorter pause of 3 h between the two injections on the last day, increased temperatures
were measured, but the thermal breakthroughs could still be measured.

4, Results

4.1. Observations and Data Processing

The temperature observations of the four injection experiments delivered 104 BTCs in total. The BTCs are
treated with a low-pass zero-phase filter [Oppenheim and Lim, 1981] to remove high frequency noise from
the data. Such short time variations are related to instrument noise. A general feature of thermal tracer tests
is that the recorded temperature curves can be well filtered. Natural background temperature trends have
much lower frequencies, and disturbances from measurement noise have much higher frequencies than
the tracer test signal.

Travel time-based thermal tracer tomography does not use absolute temperature values for the inversion,
but rather the travel times are calculated from the relative temperature changes. These time-dependent
changes are normalized by the injection temperature, AT*, and shown in Figure 6 for the different injections
observed in MCT. In Figures 6b and 6c, the observed temperature responses are not in the same depths as
the injections. This is a first indication of inclined preferential flow paths in the Thurtalschotter.
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Figure 6. Normalized relative temperature changes (AT*) observed in MC1 borehole after heat tracer injections in four different depths.
The temperature differences are normalized by the average injection temperature (20°C). The red arrows mark the depths of injections
(sources).

Eleven BTCs were recorded during the tomographic experiment (supporting information Figures S1-S3).
Three additional travel times were calculated from temperature derivatives to complement the data set
(equation (9)). For the 14 source-receiver combinations without any breakthrough, virtual travel times were
estimated from the source-receiver distance. Without these virtual travel times, the reconstruction of low-K
aquifer zones would be limited. In total, 28 travel times were used as an input for the inversion. The col-
lected BTCs are sufficient to reconstruct the 2-D profile between well P11 and MC1. Further information col-
lected from the other multichamber wells could be used in additional experiments for a more extensive 3D
reconstruction.

4.2, Parametrization of Inversion Procedure

An average hydraulic gradient of i = 0.005 dipping SW is calculated from head measurements of the four
different tests. Further parameter values of the aquifer are taken from the literature and previous investiga-
tions at the site. The volumetric heat capacity of water is C,, = 4.18 X 10° J/m? K. The rock matrix is consid-
ered saturated gravel with a heat capacity of C,,=2.2 X 10° J/m> K [Stauffer et al, 2013]. An effective
porosity value of ¢ = 0.25 is assigned [Jimenez et al., 2016].

The maximum allowed tracer velocity is constrained in the tomographic solver to keep the inverted tracer
velocity values within a realistic range [Somogyvari et al., 2016]. This is especially important for the edges of
the inverse model, where due to data sparsity, the method could generate extreme values. The maximum
allowed velocity of the inversion is set to 0.0023 m/s. This value is equivalent to K=55 X 10”2 m/s (see
equation (1)), given the values for I, R, and ¢. To calculate virtual travel times, a value of K =6 X 10" *m/sis
selected based on the largest detected travel times.

The cell size of the solution grids is defined as 1 m X 1 m. The optimal grid resolution for tomographic
inversion has the same number of cells as the number of the inverted travel times [Vesnaver and Bohm,
2000]. Here 30 cells were fit to 28 BTCs. Inversion on higher-resolution grids would lead to instable results
due to the ill-posed inverse problem [Aster et al., 2013].

Four times staggering is used, shifted to both vertical and horizontal directions. Accordingly, the problem
was solved on 16 different grids in total. The cell size of the final fine resolution grid is 0.25 m X 0.25 m. The
required computational time on an office computer was less than 3 min for the complete tomographic
inversion (Intel® Core™ i7-4770 CPU 4 X 3.40 GHz).
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Figure 7. Results of the inversion. (a) Reconstructed hydraulic conductivity tomogram. Red circles are the point injections (sources) at P11 and green circles are the sensor locations

(receivers) at MC1. (b) Null-space energy map.

4.3. Inversion Results

The results of the inversion are presented in Figure 7. The reconstructed K values in the tomogram shown
in Figure 7a are mostly above 1072 m/s, with no pixel below 10”* m/s. In the tomogram, a low-K layer
embedded between two higher-K zones forms a layered sedimentary aquifer structure above 387 m. A
sharp boundary at 390.5 m separates this low-K zone from the most permeable structure above. In contrast,
the high permeability layer at 388 m shows smooth boundaries. It is not horizontal, but it shows a slight dip
toward P11. A zone with very low-K values is visible at the bottom right side of the profile below 387 m.
Beneath this low-K zone, a slight increase of K is found. This barely visible permeable structure provides the
connection between the deepest injection and upper observation points, where breakthrough was
detected (see Figure 6b). The bottom left side of the tomogram exhibits high-K values. The thermal Péclet
number even at the lowest inverted K values is still above 1, meaning that advection is the dominant trans-
port process in every part of the aquifer.

Unreliable parts of the tomogram are masked out based on the null-space energy map. The null-space
energy map in Figure 7b is calculated from the inverted transport pathways. Therefore, it reveals which
parts of the profile were accessed by the thermal tracer. The low-K zone at 386 m for example exhibits a
higher null-space compared to adjacent layers above and below, indicating that fewer transport pathways
exist in this zone. Compared to other studies [Jiménez et al., 2013; Somogyvari et al., 2016], a null-space
energy value of 50% was selected as a threshold for reliable pixels. This value is much lower than previous
studies (where e.g., 90% was suggested) because the inversion used fewer BTCs and coarser grid resolution.
The reliability of the pixels changes gradually toward the edges of the tomogram. This makes it difficult to
find a suitable null-space limit value compared to synthetic studies where this transition was sharper.

To validate the tomogram, first the reconstructed K values from well P11 are compared with multilevel slug
test results from multiple wells nearby (Figure 8a). The slug tests were performed with 0.3 m spatial resolu-
tion over a screen length of 0.3 m (without overlapping intervals) [Jimenez et al.,, 2016]. The derived profiles
show similar vertical trends, but with different local features. While the slug test profiles show sudden
changes between the tested intervals, the vertical changes in the tomogram are smooth. All profiles reach
the minimum values close to 390 m, but in the slug test profiles this low-K zone is narrower. An additional
low-K peak is visible at 387 m in the tomogram profile, which cannot be correlated with local minimums of
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Figure 8. Validation of the reconstructed hydraulic conductivities, K. (a) Comparison of different hydraulic conductivity profiles. One profile is extracted from the K-tomogram at the loca-
tion of well P11 and compared with slug tests from wells P11, P13, and P07 [Jiménez et al., 2016]. (b) Scatterplot for the comparison of the K values of the tomogram and slug tests.

the slug test profiles. The main difference between the slug tests and the tomogram is visible between 388
and 390 m, due to the large thickness of the low-K layer in the tomographic reconstruction. The inverted K
values in the tomogram are lower than the values from the slug tests. This corresponds with the findings by
Somogyvari et al. [2016], where thermal tracer-based tomograms underestimated the K of the tested syn-
thetic aquifers. This could be explained by the limitations of the assumption of purely advective heat trans-
port. The K-profile extracted from the tomogram changes over 1 order of magnitude. The range covered by
the slug tests is significantly smaller. While thermal tracer tomography uses point sources and receivers and
is only sensitive toward the flow direction, slug tests integrate K over the entire used screen length in 360°.
This integrative behavior suppresses any large changes in the slug test profile, which apparently is better
revealed by the thermal tracer tomography. Tomographic methods capture larger-scale heterogeneities
than localized slug tests [Vesselinov et al, 2001a, 2001b]. The difference in the reconstructed K values is
even more visible in the scatterplot shown in Figure 8b.

Compared to the findings of previous geophysical measurements [Doetsch et al., 2010; Coscia et al., 2011],
the biggest difference is that the tomogram shows the highest K values above 390.5 m, while the ERT meas-
urements suggested high-K values between 387.5 and 390 m. The slug test result from P11 supports the
result of the tomography (see Figure 8) since it shows the highest K values above 390 m as well. Note that
this zone is very close to the water table level (391.8 m on the first day of the thermal tracer tomography
campaign, similar for ERT measurements), which could cause artifacts in electric measurements for the ERT.
The boundaries of both the thermal tracer tomography and the ERT reconstructions are close to this level,
which could lead to less reliable results.

The tomogram of Figure 7 reveals a high-K layer in the center of the aquifer between 387.5 and 389 m
which is in agreement with the geophysical results. Its inverted K value of 2 X 103 m/s is close to the 1.6
X 1072 m/s value found by Jiménez et al. [2016] using joint inversion of solute tracer tomography and mul-
tilevel slug tests. So far, no hydraulic tomography experiment was performed at the same location. The
same study suggested the presence of an extensive thin low-K sand layer at 390 m depth. This layer is also
visible in the tomogram at the same depth but is thicker. The cause of this difference may be that thermal
tracer tomography tends to reduce high-K and increase low-K zones [Somogyvari et al., 2016]. The inversion
by Jiménez et al. [2016] was also performed jointly with slug tests, and the slug test profile indicated a very
thin sand layer at 390 m (see Figure 8).

The inverted K values for the sand layer (around 4 X 10~* m/s) in Figure 7 are close to the values found by
Jiménez et al. [2016] for the same feature (3 X 10~% m/s). The final K values of the tomogram are scaled by
the used hydraulic gradient, porosity, and heat capacity values, and any changes in these parameters would
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result in changes of the final result. However, these changes are always small, because these parameters do
not span orders of magnitudes and they are linear multipliers in the K calculation (see equation (1)).

Although it was not known prior to the experiment, further indications of the deep low-K zone at 386 m
have been found by the recent tracer tomography study performed within the project of Kittila et al. [2016].
In their experiment, a low-K zone was reconstructed in an adjacent profile (between MC1 and MC3) at a sim-
ilar depth. The low-K zone can be explained by the presence of a sand lens, similar to the one known from
well P3. This sand lens is very close to the aquifer bottom, but the tomogram shows that a thin conductive
channel separates them. The bottom boundary identified in the tomogram matches with the aquifer bot-
tom geometry known from core logs. Here the null-space energy values show an abrupt increase, as no
transport pathway penetrates the low-K aquifer bed. Therefore, this basal formation was not reconstructed.

5. Conclusions

Motivated by the promising results with synthetic cases, the presented work examined the suitability of
travel time-based thermal tracer tomography in a field case. However, field experiments with multiple injec-
tions of heat can be technically demanding and time consuming. Hence, a core issue was the development
of a fast, simple, and cost-effective test design, which would facilitate the first inversion of a thermal tracer
tomogram in the field. As a test site, a heterogeneous alluvial aquifer was chosen, which was already investi-
gated previously in field campaigns. By focusing on a small, 7 m deep cross section between two boreholes
around 1.20 m apart, short-term and multilevel warm water injections in the one borehole were sufficient
to detect different thermal breakthroughs in the downstream observation borehole. This saved time, equip-
ment, and heating devices, which would be required for more extensive continuous injections. Neverthe-
less, this also required modifications to the available travel time-based inversion procedure, which was
originally developed for long-term injection. The new formulation is suitable for pulse injections and it also
offers a way to approximate thermal breakthrough time from temperature-time derivatives. The approxima-
tion underestimates the real breakthrough time due to thermal diffusion. Thus, it is only suggested here for
estimating late breakthroughs, which are utilized to complement measured breakthroughs, ultimately
obtaining a more complete data set for tomographic inversion.

The chosen thermal pulse signals were employed sequentially over 3 days between the multilevel sources
and receivers and the recorded signals in the downgradient observation borehole indicated major con-
nections. In the experiment, forced gradient conditions were applied to establish a controlled flow regime
with advection-dominated transport. This allowed a travel time-based tomographic inversion of the tracer
breakthroughs to reconstruct hydraulic aquifer heterogeneity. A premise for applying this procedure is
that further physical parameters that influence heat transport in porous media can be predetermined or
neglected. In that case, only the spatial K distribution governs the propagation of the thermal pulse in the
aquifer.

The inverted tomogram was compared to findings from previous investigations at the field site and showed
that similar features were captured by thermal tracer tomography. In particular, a known central low-K layer
and the steep aquifer bed were successfully reconstructed on the tomogram. In addition, the magnitudes
of inverted K values are consistent with those from earlier hydraulic field investigations. A low conductivity
zone in the tomogram at the bottom part of the aquifer is interpreted as a sand lens or local sandy zone,
which is a common feature of the gravel hosting the aquifer. This is also validated by a recent field investi-
gation with colloid tracers.

The presented thermal tracer tomography design provides a cost-effective alternative to using other tracers,
like solute tracers for instance. Although the experimental times are longer because of the slower propaga-
tion of thermal signals, the recorded temperature breakthrough curves can be obtained real time with
highly sensitive sensors or DTS. The observed temperature breakthrough curves exhibit low noise and are
thus ideal for travel time detection. For investigation of greater aquifer volumes, the thermal signals need
to be adjusted, either by longer injection times or by higher temperature. Here the challenge would be find-
ing the balance between the amount of heat per injection and the temperature recovery time of the
aquifer.
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Thermal tracer tomography can be performed in par with hydraulic tomography experiments. The joint
inversion of these two test types could potentially increase the quality of reconstruction without signifi-
cantly increasing the experimental costs.
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