
ORIGINAL RESEARCH
published: 29 May 2019

doi: 10.3389/feart.2019.00108

Frontiers in Earth Science | www.frontiersin.org 1 May 2019 | Volume 7 | Article 108

Edited by:
Frederick Delay,

Université de Strasbourg, France

Reviewed by:
Jean-Francois Girard,

UMR7516 Institut de Physique du
Globe de Strasbourg (IPGS), France

Bruno Cheviron,
National Research Institute of Science
and Technology for Environment and

Agriculture (IRSTEA), France

*Correspondence:
Richard Hoffmann

richard.hoffmann@uliege.be

Specialty section:
This article was submitted to

Hydrosphere,
a section of the journal

Frontiers in Earth Science

Received: 30 November 2018
Accepted: 26 April 2019
Published: 29 May 2019

Citation:
Hoffmann R, Dassargues A,

Goderniaux P and Hermans T (2019)
Heterogeneity and Prior Uncertainty
Investigation Using a Joint Heat and
Solute Tracer Experiment in Alluvial
Sediments. Front. Earth Sci. 7:108.

doi: 10.3389/feart.2019.00108

Heterogeneity and Prior Uncertainty
Investigation Using a Joint Heat and
Solute Tracer Experiment in Alluvial
Sediments
Richard Hoffmann 1,2*, Alain Dassargues 1, Pascal Goderniaux 2 and Thomas Hermans 3

1 Hydrogeology and Environmental Geology, GEO3, UEE, Liège University, Liege, Belgium,2 Geology and Applied Geology,
Polytech Mons, University of Mons, Mons, Belgium,3 Department of Geology, Ghent University, Ghent, Belgium

In heterogeneous aquifers, imaging preferential �ow paths, and non-Gaussian effects
is critical to reduce uncertainties in transport predictions. Common deterministic
approaches relying on a single model for transport prediction show limitations in capturing
these processes and tend to smooth parameter distributions. Monte-Carlo simulations
give one possible way to explore the uncertainty range of parameter value distributions
needed for realistic predictions. Joint heat and solute tracer tests provide an innovative
option for transport characterization using complementary tracer behaviors. Heat tracing
adds the effect of heat advection-conduction to solute advection-dispersion. In this
contribution, a joint interpretation of heat and solute tracer data sets is proposed
for the alluvial aquifer of the Meuse River at the Hermalle-sous-Argenteau test site
(Belgium). First, a density-viscosity dependent �ow-transport model is developed and
induce, due to the water viscosity changes, up to 25 % change in simulated heat tracer
peak times. Second, stochastic simulations with hydraulicconductivity (K) random �elds
are used for a global sensitivity analysis. The latter highlights the in�uence of spatial
parameter uncertainty on the resulting breakthrough curves, stressing the need for a
more realistic uncertainty quanti�cation. This global sensitivity analysis in conjunction
with principal component analysis assists to investigate the link between the prior
distribution of parameters and the complexity of the measured data set. It allows to detect
approximations done by using classical inversion approaches and the need to consider
realistic K-distributions. Furthermore, heat tracer transport is shown as signi�cantly
less sensitive to porosity compared to solute transport. Most proposed models are,
nevertheless, not able to simultaneously simulate the complementary heat-solute tracers.
Therefore, constraining the model using different observed tracer behaviors necessarily
comes with the requirement to use more-advanced parameterization and more realistic
spatial distribution of hydrogeological parameters. The added value of data from both
tracer signals is highlighted, and their complementary behavior in conjunction with
advanced model/prediction approaches shows a strong uncertainty reduction potential.

Keywords: joint heat and solute tracer tests, density-visc osity dependent �ow and transport, alluvial sediments,
preferential �ow paths, uncertainty investigation, distan ce-based global sensitivity analysis, principal component
analysis
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INTRODUCTION AND MOTIVATION

Heterogeneity in porous media, inducing preferential �ow paths,
and non-Gaussian e�ects, in�uences signi�cantly subsurface
transport (among others:Fuchs et al., 2009; Heeren et al.,
2010). An improved imaging of these preferential pathways, in
connection with reducing uncertainty in transport simulations
and predictions, is crucial for answering future groundwater
quality questions.

Innovative tracer test set-ups, along with relevant
interpretations, are possible new ways for quantifying more
realistically this heterogeneity and the associated uncertainty
(Davis et al., 1980; Maliva, 2016). In this context, heat is
considered as a complementary tracer, compared to conservative
solute tracers (saline tracer or �uorescent dye). Heat is usually
considered as a non-conservative tracer, allows information
about advection-conduction processes to be obtained, and heat
has a natural retardation and more di�usion linked to the heat
capacity of the solid (Anderson, 2005). Using both, solute and
heat, thus provides two tracer plumes that can be compared,
allows more information about the solid matrix properties to be
obtained, and enables the quanti�cation of subsurface processes
(immobile water, matrix contributions) with a better resolution
(Anderson, 2005; Irvine et al., 2015). For example,Wildemeersch
et al. (2014)combine heat and solute tracer experiments to
assess the heterogeneity in an alluvial aquifer.Sarris et al. (2018)
also give a recent application of jointly interpreting heat and
solute tracer data. They show, in a deterministic way, how
these innovative tracer tests can contribute to a high-resolution
description of deposits, and a signi�cant improvement of
transport processes understanding. In the joint heat and solute
tracer inversion bySarris et al. (2018), heat and solute seem
to be sensitive to hydraulic conductivity and porosity. In their
case study, heat also shows a stronger sensitivity to vertical
hydraulic conductivity, resulting in a more complex aquifer
parametrization, and more realistic transport predictions.

Deterministic approaches are useful for process
understanding. However, predictions based on an unique
“best” model parametrization bear a lot of uncertainty and,
thus, must be justi�ed and used with care (Renard, 2007;
Remonti and Mori, 2016). Deterministic approaches generally
reduce heterogeneity, typically by replacing spatially distributed
properties by averaged properties, leading to poorer predictions
with underestimated uncertainty (Alcolea et al., 2006; Renard,
2007). Using additional information gained from joint heat and
solute tracer tests adds more constraints to the inversion process.
However, when the tracer behavior is getting more complex,
deterministic approaches can quickly turn into ill-posed inverse
problems (Zhou et al., 2014), reducing their predictive reliability.
Classical deterministic inversion approaches could therefore
be questioned.

To explain and adequately represent the observed variables,
more advanced transport simulation and forecast approaches,
such as stochastic methods (Ptak et al., 2004), are generally
required. Monte-Carlo simulations may, for example, be used
to explore uncertainty ranges and to consider heterogeneity
(among others,Ptak et al., 2004; Renard, 2007, Ferré, 2017).
However, the full stochastic inversion of hydrogeologicaldata

when spatial uncertainty plays a key role remains di�cult
and time consuming, limiting the applicability of the methods
(Renard, 2007). In this context, transdimensional inference (e.g.,
Sambridge et al., 2012) is a possible approach to combine
the parsimony principle with stochastic inversion. In practice,
transdimensional inference includes the number of parameters
as an unknown, and therefore limits the complexity of the model
to what is necessary to explain the data.

However, if �eld data is sparse and prior uncertainty is
large, the transdimensional approach would also lead to an
oversimpli�cation of the model, which can be harmful for its
predictive capability (referred toHermans (2017), about the
importance of realistic consideration of prior uncertainty).In
contrast, a full stochastic approach allows realistically quantifying
the uncertainty for transport predictions, instead of having
a single deterministic inversion or multiple simulations with
(partly) non-quanti�ed approximations (among others,Caers,
2011; Hermans, 2017; Hermans et al., 2018; Scheidt et al., 2018).
In combination with the use of complementary tracers such as
heat, stochastic approaches and data analysis methods have a
strong potential to learn more from collected data sets and falsify
approximations done in conceptual models and prior estimations
(Hermans et al., 2015a,b, 2016, 2018).

A further new potential for hydrogeological applications and
transport predictions is Bayesian Evidential Learning (BEL)
(Hermans, 2017; Hermans et al., 2018; Scheidt et al., 2018).
BEL relies on a limited number of Monte-Carlo simulations
sampling the prior distribution of model parameters, in
order to analyze the global sensitivity of parameters (Park
et al., 2016; Hermans et al., 2018) and falsify the prior
distribution. In comparison to common single parameter
sensitivity analysis, regionalized or global sensitivity analyses
consider heterogenous sources of model uncertainty (e.g.,
Park et al., 2016). The falsi�cation step consists in obtaining
consistency between the sampled simulation data (i.e., prior)
and the reference data (Hermans et al., 2015a; Scheidt et al.,
2018). BEL can also be used, if necessary, to identify a
statistical relationship between historical and forecastvariables
(Hermans, 2017; Hermans et al., 2018; Scheidt et al., 2018).
The common inversion step is thus replaced by �nding the
direct relationship between the prior (sampled simulation
data) and the desired forecast, which only depends on the
complexity of the subsurface (i.e., model) (Hermans, 2017).
Using Monte-Carlo, samples from the prior distribution are
generated and used to simultaneously simulate synthetic data
and forecasts. Both outcomes are analyzed for detecting
direct relationships. Following this innovative approach, cost-
expensive inversion can be avoided by reformulating the
prediction problem, and the likelihood directly in terms of the
forecast (Hermans, 2017).

For addressing the uncertainty of transport predictions, for
instance due to preferential �ow paths, any forecasting approach
should �rst consider realistic parameter uncertainty related to
heterogeneity. In this paper and the context of BEL, “prior” is
de�ned as the prior distribution of model parameters, according
to the current knowledge of the �eld, and from which outcome
samples are randomly drawn in Monte-Carlo methods (Rojas
et al., 2009; Caers, 2011; Hermans, 2017).

Frontiers in Earth Science | www.frontiersin.org 2 May 2019 | Volume 7 | Article 108

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Hoffmann et al. Prior-Uncertainty Investigation in Alluvial Sediments

In this paper, the prior uncertainty is investigated for a
heterogeneous alluvial aquifer, using joint heat and solute
tracer data, through a global sensitivity analysis. A performed
tracer experiment (Wildemeersch et al., 2014; Hermans
et al., 2015b) has been previously used byKlepikova et al.
(2016), to calibrate a deterministic model through automatic
inversion. The HydroGeoSphere code (HGS) was used allowing
full 3D simulations (Therrien et al., 2010; Brunner and
Simmons, 2012). HGS was used in conjunction with PEST
as a parameter estimation tool for inversion (Doherty, 1994,
2003). Although those �rst analyses helped to understand
groundwater �ow and solute and heat transport in the
aquifer, they also showed that the approximations impeded
to explain simultaneously all observations. InHermans et al.
(2015a, 2018), additional stochastic approaches considering
spatial uncertainty were successfully used in explaining
parts of the experimental data, but they considered only
limited data sets or parts of the whole aquifer system.
In this paper, the current conceptual approximations
(the prior) in the description of the alluvial deposits will
be revisited with the goal to improve the heterogeneity
characterization. Generating a prior, consistent with the
observed heat and solute tracer test data, is a necessary step
to being able to realistically predict transport in this complex
geological setting.

Within this context, the objective of the paper is to
take advantage of the complementary behavior of heat and
solute tracers to better characterize the heterogeneity inthe
aquifer system. The aim is to formulate a more realistic
prior and analyze its consistency, before moving toward more
advanced prior analysis and direct predictions using the BEL
framework. For this purpose, the variability of the tracer output
signals will be analyzed (1) through a deterministic model,
and (2) using Monte-Carlo simulations, followed by a global
sensitivity analysis.

MATERIALS AND METHODS

Test Site: Hermalle-Sous-Argenteau
The test site of Hermalle-sous-Argenteau (HssA) in the north
of Liege (Belgium) lies between the canal Albert and the
Meuse River (Figure 1A) in an alluvial plain �eld with a
groundwater natural gradient of around 0.06 %. Between the
20 m distant injection well (Pz09) and the pumping well
(PP), there are three panels with 10 piezometers including
19 observation points (i.e., most piezometers are screened
at two di�erent levels,Figure 1B). The �rst panel is located
at 3 m, the second at 8 m and the third at 15 m from the
injection well. An evaluation of the borehole logs during
drilling shows that the aquifer is mostly composed of sandy
gravel. The sand matrix is �ner in the top part and its
proportion decreases in the bottom part (Figure 1B). In
previous studies, the adopted conceptual model split the
aquifer in two layers, an upper (KD 2.38�10� 3 m s� 1)
and a lower (KD 4.67�10� 2 m s� 1) part (Klepikova et al.,
2016; Hermans et al., 2018). The estimated bulk thermal

conductivity is in the rangekb D 1.37 W m� 1 K� 1 to
1.86 W m� 1 K� 1 (Klepikova et al., 2016).

The reference data set used in this study was described
in Wildemeersch et al. (2014). A joint heat and solute
tracer experiment was performed with a 24 h and 20 min
continuous injection of heat (1 T D 25.5 K) and naphtionate
(C D 5.48 mg L� 1) at the rate of 3 m3 h� 1, while 30 m3 h� 1 were
extracted from the pumping well PP. Temperature distribution
was the focus and therefore measured in all observation
points, while the solute tracer was only measured in PP
for validation purposes. Measurements in Pz13 and Pz17
are not used because these observation wells are uniformly
screened all over the aquifer and do not allow separated
measurements in both the upper and lower compartments
(Klepikova et al., 2016; Hermans et al., 2018).

The observed heat tracer plume shows that the heat injected
in the lower aquifer part tends to move upwards very quickly
toward the �rst panel, then to be split and move downwards
(Wildemeersch et al., 2014). The measured temperature in
the second upper panel is signi�cantly lower than in the
�rst upper panel (for detailed measured reference data at all
panels, we refer to the “Supplementary Material Figures 1–4”).
This observed behavior is currently di�cult to be simulated
for all observation locations with just one deterministic
model inverted with common methods, e.g., using pilot
points (Klepikova et al., 2016).

Deterministic Porous Media Model
Based on the current conceptual two-layer aquifer model (each
3.5 m thick),Klepikova et al. (2016)developed a numerical model
focusing on the heat transport simulation using HGS in �nite
di�erence mode (Therrien et al., 2010) and a pilot point approach
(Doherty, 2003) to calibrate the model against heat data. This
model is density dependent during the �rst 24 h only, as density
e�ects were expected to be low afterwards (Ma and Zheng, 2009;
Klepikova et al., 2016). This model describes a 40� 60 � 7 m
volume of alluvial aquifer with a grid of 84,280 elements in total.
No recharge was assumed for the duration of the experiment.
Due to the high permeability of the gravel, the vertical leakage at
the bottom of the model was considered as negligible compared
to lateral input/output. The initial groundwater temperaturewas
set to Tini D 13.48� C according to the measured values before
the experiment. The model was running under transient �ow
conditions due to the simulation of the tracer experiment. Peclet
numbers of 300 for the upper part, and 14,000 for the lower part
were computed, suggesting an expected advection-dominated
transport (Klepikova et al., 2016).

Here, this model is extended with a simultaneous solute
injection. In HGS, the injection is simulated selecting twonodes
next to each other: at the �rst node, representing the screen
location in the borehole, the solute tracer is injected and one node
below the heat is injected, respecting the actual experimental set-
up. Both injections are simulated using Neumann (2nd type)
boundary conditions. For the solute injection, the prescribed
mass injection rate is 4.3 10� 6kg s� 1. For the heat injection, the
prescribed injection rate is 8.3� 10� 4 J K� 1 s� 1 (Klepikova et al.,
2016). The grid is re�ned to 140,140 rectangular elements with
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FIGURE 1 | (A) Overview of the �eld site location.(B) Borehole location showing the three panels between the injection well (Pz9) and the pumping well (PP), a typical
log, and borehole equipment [modi�ed �gure according to Wildemeersch et al. (2014)].

14 numerical grid sublayers (each 0.5 m thick), allowing a better
representation of the spatial heterogeneity and uncertainty. To
account for the in�uence of immobile water on heat conduction,
an apparent thermal conductivity is computed using:

� s
0D

� f . � � ne� / C � s .1 � � /
.1 � ne� /

(1)

� is the total porosity with 0.12, ne� the e�ective porosity
with 0.05, or otherwise called mobile water porosity,� f the
�uid thermal conductivity with 0.59 W m� 1 K� 1 and � s the
solid thermal conductivity estimated from previous works
to around 1.43 W m� 1 K� 1. As temperature a�ects the
groundwater density and dynamic viscosity, the injected heat
in�uences both groundwater �ow and transport simulations.
In contrast to Klepikova et al. (2016), the new numerical
implementation allows fully density-dependent, but also
viscosity-dependent simulations.

Stochastic Prior Uncertainty Investigation
This study investigates the prior-uncertainty using Monte-Carlo
simulations, followed by a global sensitivity analysis and prior
falsi�cation. The applied procedure in this study corresponds to
the �rst, second and third steps of the BEL method as described
by Hermans et al. (2018). In the Monte-Carlo simulations, part
of the calibrated values from the deterministic model parameters
are replaced by random values sampled from random uniform
distributions (Table 1).

In each Monte-Carlo simulation step (prior sampling), a new
HGS forward model is parameterized with randomly generated
advection global parameters, like the log(Kmean), the K variance,
the porosity, the variogram ranges in X,Y,Z directions, the
azimuth, and the gradient between the two main prescribed

head boundary conditions located upgradient from the injection
well and downgradient from the pumping well. Fixed values
[i.e., identical to those chosen byKlepikova et al. (2016)]
are considered for dispersivity, thermal conductivity, speci�c
heat capacity, speci�c storage, and bulk density (Table 1). To
represent the K-distribution within each Monte-Carlo simulation
more realistically, sequential Gaussian simulations are used
following two scenarios.

Scenario A uses the prior distribution fromHermans et al.
(2015a). This prior was not falsi�ed by geophysical and
hydrogeological data acquired during the experiment (Hermans
et al., 2015a) in the middle panel. It was thus not tested against
the whole available data set, as it is proposed here. In particular,
it uses the same two-layer approximation and ignores any trend
in the alluvial deposits grain size distribution. Random Kmean
values between 10� 3.5 and 10� 2.5 m s� 1 in conjunction with a
K-variance between 1 and 100 m s� 1 are considered. Models are
randomly generated without any additional constraint.

Scenario B considers the trend observed during
drilling (Figure 1B) in the alluvial deposits, in which it
is assumed that grain size distributions in�uenced the
hydraulic conductivity values. Within 14 constrained
sublayers, a vertical downwards increasing K-trend is
considered in the geostatistical simulations. Within every
Monte-Carlo step, for the 12 sublayers between the �xed top
(Kmean D 10� 4 m s� 1) and bottom (Kmean D 10� 2 m s� 1)
sublayer, new random generated mean values between
KmeanD 10� 3.5 and 10� 2.5 m s� 1, increasing downwards,
are used. To account for �eld observations (see section Testsite:
Hermalle-sous-Argenteau,Wildemeersch et al., 2014; Hermans
et al., 2015b) showing that the heat plume does not follow a
straight path toward the pumping well, the possible occurrence
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TABLE 1 | Parameter simulation ranges for the Monte-Carlo simulations (left column) and chosen �xed parameter values identical to those chosen byKlepikova et al.
(2016)(right column).

Parameter Simulation range U Unit Fixed parameter C Value Unit

Log(Kmean) A: [� 3.5 � 2] m s� 1 Longitudinal dispersivity (upper / lower part) 1.5/3 m

B: Trend [� 4 � 2] C [� 3.5 � 2.5] m s� 1 Transversal dispersivity (upper / lower part) 0.15/0.3 m

Variance K [1 100] m s� 1 Solid thermal conductivity (apparent) 1.37* W m� 1 K� 1

Porosity [0.05 0.12] 1 Fluid thermal conductivity 0.59 W m� 1 K� 1

X [1 to 8] m Solid speci�c heat capacity 1,000 J kg� 1 K� 1

YDZ [0.1 0.5] m Water speci�c heat capacity 4,189 J kg� 1 K� 1

Azimuth [0 pi] 1 Speci�c Storage 10� 4 m� 1

Gradient at prescribed head BC [0.01 0.1] % Bulk density 1,950 kg m3

CThe �xed values are taken fromKlepikova et al. (2016).
*The solid thermal conductivity estimated at 1.43 W m-1 K-1 is replaced by an apparent value for simulation (see section: Deterministic porous media model).
[ ] Sampled from a random uniform distribution.

of local low hydraulic conductivity zones (�ow barriers) inthe
aquifer is thus considered. The presence of loam lenses with low
hydraulic conductivity are actually observed at some placesin the
Meuse river alluvial deposits and are here assumed as a possible
origin/explanation for the observed behavior. Two �ow barriers
are placed in front of Pz14 and Pz17 in the upper part, and the
third one in the lower aquifer part between the injection well
and Pz11. The constrained hydraulic conductivity is four orders
of magnitude lower. Within the sequential Gaussian simulation,
the �xed constrained K-values are considered as hard data for
the random simulations. The size of the potential �ow barriers is
thus dependent on variogram characteristics.

For each scenario, 250 simulations are generated through
Monte-Carlo methods. This number was considered su�cient
to model the variability in the prior data sets, while keeping
the computational cost to a minimum, and to estimate the
global sensitivity analysis (see below). The reason lies inthe fact
that the used approach analyzes the data response (temperature
or solute curve) which is less complex than the model spatial
heterogeneity, therefore requiring only a limited number of
samples (Hermans et al., 2018).

A distance metric using the root of the square sums of
the di�erence between each simulated f(ti) and observed g(ti)
data over the same experimental time interval tExp (0–10
days), showing positive zero de�nition, symmetry, and triangle
inequality, is used to compare the ability of di�erent simulations
to reproduce �eld data. It allows to identify the best realization
at each observation point within the generated 250 realizations,
separately for each scenario:

Best simulation at observation point means minimizing:

dObsPD

vu
u
t

tExpX

iD1

�
f . ti / � g. ti /

� 2 (2)

Best simulations are quanti�ed calculating the root mean square
error (RMSE) and the correlation coe�cient (R2).

Distance Based Sensitivity Analysis
A global sensitivity analysis reveals key information about
model parameters most in�uencing the simulated data at
observation points. With the output signals of the heat and
solute realizations, the distance-based global sensitivityanalysis
(DGSA, Park et al., 2016) is applied, considering the global
and spatial parameters of each simulation. DGSA can also
identify conditional e�ects between pairs of parameters (Fenwick
et al., 2014; Park et al., 2016). In DGSA, the sensitivity is
de�ned by comparing the parameter cumulative distribution
function (cdf) within k clusters to the original distribution.
The number of clusters must be chosen so that there are
enough simulations in each cluster while allowing su�cient
discrimination between them (Hermans et al., 2018). The k
clusters are computed using the k-medoid clustering technique
applied on a multi-dimensional scaling map of the models.
The latter is computed based on the metrics of equation (2).
In DGSA, random parameters for each simulation are linked
to the corresponding output signal produced by the forward
model. We refer toPark et al. (2016)and Fenwick et al. (2014)
for details.

Every sample of the prior distribution is parameterized using
random generated global parameters, e.g., porosity, gradient,
Kmean, and K-variance values and local parameter, i.e., the
spatial random K-�eld, generated by geostatistical simulation.
A local parameter is highly dimensional (number of elements)
and therefore di�cult to analyze using a sensitivity analysis.
However, those local parameters can be reduced using Principal
Component Analysis (PCA). PCA is one possibility to structure,
simplify and visualize complex data sets by replacing multiple
statistical variables with a limited, smaller, and approximated
amount of linear combinations using the decomposition in
eigenvectors (Krzanowski, 2000). With PCA, the �rst dimensions
are explaining the average K distribution and, thus, larger scale
heterogeneity, while higher dimensions will be characteristic of
smaller-scale heterogeneity (e.g.,Oware et al., 2013; Park and
Caers, 2018). Therefore, the PCA's �rst dimensions represent the
degree of heterogeneity in the aquifer. That is used to compute
the score variables for each of the 250 simulations subsequently
in the sensitivity analysis (Park and Caers, 2018).
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Tracer Velocity Comparison
The modi�ed deterministic model and the Monte-Carlo
simulations are further used for a synthetic heat and solute
tracer velocity comparison. The velocity comparison follows
the approach ofIrvine et al. (2015), but using here the peak
times instead of the time of 50 % of tracer recovery in the
breakthrough curve. The peak time is here preferred, due
to the large uncertainty related to the missing solute tracer
information between the injection and pumping wells.Irvine
et al. (2015)equations are adapted by using, for the strong
advective aquifer system of Hermalle-sous-Argenteau, as thermal
retardation factor Rth D 1. An estimated thermal retardation
factor based on a �xed speci�c heat capacity is in this study not
su�cient to capture the di�erence between the two tracers as it
cannot account for spatial heterogeneity. The calculationsare:

vsolpeak D
x

tsolpeak

�
modal velocity

�
(3)

vheatpeak D vthpeak � Rth D
x

theatpeak

. 1 (4)

where tsolpeak [s] is the solute peak time of each
prediction/simulation, x [m] is the shortest distance from
the observation well to the injection point and vsolpeak [m s� 1]
the corresponding modal velocity. In the heat case theatpeak [s]
is the peak time of each prediction/simulation, Rth the thermal
retardation factor, vthpeak [m s� 1] the thermal front velocity using
the peak time.

High K-zones (i.e., corresponding to preferential �ow paths)
resulting in a mismatch of solute and heat distributions, lead to
di�erent vheat and vsolutevalues (i.e., diverging from a 1:1 line in
a vheat vs. vsolute diagram) inducing a decrease of the regression
coe�cient ( Irvine et al., 2015).

RESULTS

Prior Uncertainty Investigation
The heat observations at panel 1, 2, 3, and the joint observed heat
and solute information at the pumping well are investigated and
used to attempt prior falsi�cation. In a �rst step, the numerical
model considers groundwater density and dynamic viscosity
e�ects caused by the injected heat. In a second step, the multiple
heat breakthrough curves and the solute one at the pumping well
are simulated using the multiple realizations generated by the
Monte-Carlo procedure in conjunction with both K-distribution
scenarios.Figure 2 shows the comparison of the deterministic
solution of the density (basis model) and the density-viscosity
dependent model with the reference data, the two simulation
scenarios A and B and the individual best heat simulation for
the upper screened part in Pz11-up, Pz15-up, and Pz19-up
(observation points in the upper middle lane of Panel 1, 2, and 3).

The change of the dynamic viscosity, e.g., at the peak-time for
Pz11-up about 25 % (upper screen), has a signi�cant e�ect on
the simulated temperature, while the e�ect of density is limited
(0.02 %) (Figures 2E,F, 3). Accounting for this e�ect allows slight
improvement to the �t with the observed heat breakthrough
curve at Pz11-up and Pz15-up using a deterministic approach

(Figures 2C–F). The simulated peak, e.g., at Pz11-up is slightly
improved, as well as the tailing, but the overall �t is still not
satisfying for all three observation points.

Monte-Carlo realizations surround the real data set of the heat
tracer at all three points (Figure 2). It highlights the in�uence
of spatial parameter heterogeneity on the resulting breakthrough
curves. However, the prior of scenario A seems to be falsi�ed
by the tailing part of the curve observed in Pz11-up and Pz15-
up (Figures 2C,E). Clearly, scenario B considering the observed
vertical downwards increasing K-trend, and describes the tailing
part of the curve more realistically compared to the deterministic
approach and scenario A (e.g., compareFigures 2E,F). For Pz15-
up and Pz19-up the best simulation allows representing the
reference data more accurately, compared to the deterministic
solutions (Figures 2A–D). Again, scenario B gives more realistic
solutions than ignoring any trend in the simulations.

Selecting the 10 best heat simulations from both prior
scenarios for all observation points at panels 1 to 3, upper
and lower screen, further con�rms that considering a vertical
downwards increasing K-trend in the simulations is a more
realistic description of spatial heterogeneity (referring to
“Supplementary Material Figures 1–4”). At panel 3 the
observed data �uctuates around a temperature change of 0� C,
without a signi�cant peak. Thus, the solution simulation with
1 T D 0 � C is identi�ed as the best one. The modeled1 T D 0 � C
is exactly zero for the simulation because it corresponds to aset
of parameters where di�usion is larger than advection transport;
the heat therefore does not reach panel 3. These results stress the
need for a more realistic prior-uncertainty quanti�cation and
falsi�cation of prior hypotheses. Here, a purely random K-�eld
can be considerably improved by including sedimentological
observations that the advocated procedure is capable of taking
advantage of it.

Previous paragraphs do not integrate the joint heat and
solute breakthrough curves at the pumping well (located 5 m
downstream from panel 3). Here, the deterministic model
solution calibrated on heat data only (Klepikova et al., 2016),
including now both the density and viscosity changes, fails to
predict the heat and solute tracers behaviors at the pumping well
(Figures 4A,B. Note that the solution depending on density only
is not realistic and is not shown).

Monte-Carlo simulations, with the random K-�eld without
trend (scenario A), surround heat and solute observed data
(Figures 4A,B), adding indications that spatial heterogeneity is
necessary to generate realistic predictions. The best simulation
for the observed heat signal using equation (2) (R2 D 0.96,
RMSE D 0.01� C) is however di�erent than the one for the
solute signal (R2 D 0.99, RMSED 1.2�10� 5 g L� 1). Thus,
the best heat simulation poorly predicts the solute signal and
vice versa (Figures 4A,B). For the random K-�eld with the
vertical downwards increasing K-trend (scenario B), the heat
breakthrough at the pumping well is not as well simulated
as in the intermediate panels and the solute breakthrough
concentrations are strongly underestimated, even though the
time occurrence of the peak seems to be correctly predicted
(Figures 4C,D). Near the pumping well, the tracer is intensively
diluted due to the high pumping rate (30 m3h� 1), making
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FIGURE 2 | Comparison between deterministic solution, real data and prior C best simulation for both random K-distribution scenarios for Pz19-up (Panel 3):(A)
without K-trend (scenario A),(B), with a downwards increasing K-trend (scenario B), for Pz15-up (Panel 2):(C) without K-trend, (D) with K-trend, and for Pz11-up
(Panel 1):(E) without K-trend, (F) with K-trend (10 best heat simulations at each observation point are inSupplementary File ). The index of the best solution refers its
number within the 250 simulations.
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FIGURE 3 | Variation of density and water viscosity in�uenced by the injected heat observed at PZ11-up as absolute change(A) and relative change(B). (Hoffmann
et al., 2018).

FIGURE 4 | Heat and solute simulation results at the pumping well ignoring any trend(A,B) and considering a downwards increasing K-trend(C,D) compared with
the deterministic density-viscosity model. Best heat and solute simulation were used to visualize the complementary tracer (Note that the simulations which consider
only the density dependence to temperature and not the viscosity dependence are not shown and rejected as they are not realistic enough).
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the heterogeneity around this well crucial for explaining the
breakthrough curve (see in Discussion section).

The K-�elds corresponding to the best heat and solute
simulations describing the tracer breakthrough curves at the
pumping well using scenario A are largely heterogeneous
(Figures 5A,B). However, for both tracers, K-distributions are
slightly di�erent, which explains in parallel to the less good
modeling of the tailing (Figure 2), why scenario A is not
suitable to adequately describe complementary tracer movement
(Figures 4, 5). The injected heat forms a plume around the
injection well enlarging with time by conduction and advection,
while its temperature amplitude decreases (Figure 5C). Further,
the solute prefers mainly the high hydraulic conductivity
pathways, faster in the lower part than in the upper part
(Figure 5D). Both tracers are best described by two di�erent
parameter distributions and only stochastic inversion could
here result in simulations �tting both, while deterministic
inversion �nding one global parameterization, may tend to
derive a smoothed parameter distribution poorly �tting the
data. However, it should be stressed that this prior (scenario
A) would not be able to reproduce the observations in
intermediate panels. For the K-�eld and tracer distributionof
scenario B (Supplementary Material Figure 5), the best solute
tracer simulation displays a strongly heterogeneous model with
preferential �ow paths, while for heat, a more homogenous K-
�eld respecting the observed trend in the borehole drillings
sedimentology (Figure 1B) is found.

These single local best realizations, for each observationpoint,
do not explain the full data set, further highlighting the role
of local heterogeneity on the measured signals. This probably
explains why the global �t of the deterministic solution is poor
and highlights the need for more realistic priors instead of trying
to �nd unique parameterization describing reality.

For the Hermalle-sous-Argenteau test site, the prior
considering a vertical downwards increasing K-trend seemsto
better represent the overall hydraulic conditions (until panel 3)
and constitutes a better prior assumption than neglecting any
K-trend. However, it seems to be somewhat falsi�ed between the
last panel and the pumping well in terms of solute concentration
amplitude. This suggests that the current parameterization still
oversimpli�es the heterogeneity of the deposits at a larger scale
and cannot be used for inversion or prediction. New hypotheses
should be formulated, or new data collected to identify the
speci�c processes taking place between the third panel and the
pumping well. Existing ERT transects (Hermans et al., 2015a,b)
and newly acquired cross-hole GPR sections are promising tools
to image heterogeneity patterns with a higher resolution andat a
larger scale.

Distance Based Sensitivity Analysis
The 250 generated models from scenario B are further used
for the distance-based global sensitivity analysis. The distance
metrics (Equation 2) between pairs of Monte-Carlo simulations
is calculated and used as starting point for DGSA. The
sensitivity analysis investigates the global simulation parameter
values within their given range (Table 1) and the spatial
heterogeneity. To analyze spatial heterogeneity, the K-�elds

from Monte-Carlo simulations are represented using orthogonal
basis vectors computed through principal component analysis
(PCA) with 250 observation rows and 140,140 corresponding
cell K-values as columns (in total: 35,035,000 K values). Only
the �rst 15 principal components are retained and used as
an approximate measure of heterogeneity. While, those 15
�rst dimensions explain only 23 % of the total variance in K,
the �rst three principal components together describe 9.6 %
of the variance. The small amount of explained variance is
related to the strongly variating K-values from one simulation
to the other. The 15 corresponding PCA scores are further
included in the sensitivity analysis to characterize the role of
spatial heterogeneity.

The sensitivity analysis results for the heat signal at the
panels 1, 2, and 3 in relation are presented inFigures 6A,C,E.
Figures 6B,D,F show the corresponding classi�cation of the
250 models in three clusters. Clusters are used to group the
simulations according to their response (i.e., the �rst cluster
contains simulations with high temperature far above the
reference data, the second contains simulations with temperature
below the reference data and the third group consists in
simulations around the reference data). Using three clusters gives
satisfactory results in this case.

The sensitivity of a parameter is computed based on the
di�erence between its cumulative distribution function (cdf)
in each of the cluster compared to the global cdf. Signi�cant
di�erences mean that the parameter is considered as sensitive.
For all panels, the resampling quantile of the distance isa D 0.95
(we refer toPark et al. (2016)for the detailed explanations of
parameters used in DGSA).

The global “log(Kvar)” is the most sensitive parameter at
Panel 1 and 2 (Figures 6C,E). Its sensitivity decreases within
the third panel (Figure 6A) while “log(Kmean)” is getting more
sensitive (Figures 6A,C,E). The in�uence of the �rst component
of spatial heterogeneity “PC1” is large at every distance from
the injection well. The increasing sensitivity and in�uenceof
“PC1” with distance from the injection well is related to the
hydraulic conductivity in the direction of the gradient, which
indicates a strong link to preferential pathways (Figures 6A,C,E).
For the �rst two panels, most PCA components are sensitive.
This is in accordance with the previous results, showing that
the introduced K-trend is crucial to explain the observed
breakthrough curves (section Prior uncertainty investigation).
The global parameter “gradient” shows a decreasing sensitivity
with distance. The sensitivity of the gradient highlights the
in�uence of uncertain boundary conditions on the simulations.
The �uxes around the injection well are crucial to initiate the
tracer transport (Figures 6A,C,E). The global “porosity” and
the “azimuth” are, at all three panels, a much less sensitive
parameter for the strong advective system at Hermalle-sous-
Argenteau. The variance explained in the low dimensional
space is relatively constant over all three panels, but the
clusters are getting closer to each other (Figures 6B,D,F).
The sensitivity analysis further indicates that the scale of
heterogeneity playing a role on the tracer distribution at
panel three is di�erent. The vertical K-trend is not su�cient
anymore to explain the observations. It underpins that more
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FIGURE 5 | Simulated results at the pumping well using a prior with no K-trend distribution (Scenario A): Spatial K-distribution as obtained for the picked up best
simulation for(A) heat data and(B) for the best napthionate simulation. Corresponding simulated tracer plumes for best simulation for(C) heat data and(D) for
napthionate data. Under each 3D visualization, a vertical 2D pro�le is shown along the gradient axis from the injection well through panels 1, 2, and 3, and down to the
pumping well.

realistic imaged preferential pathways (e.g., using improved
imaging methods like full-waveform GPR inversion) are probably
necessary to understand the heterogeneity surrounding the
pumping well.

The sensitivity analysis results at the pumping well
using the heat and solute signals using the 250 simulation
of scenario B are presented inFigure 7. For the heat
and the solute signals, the “log(Kmean)” is more sensitive
than the “log(Kvar)” and the “PC1,” “PC2,” and “PC3.”
The local heterogeneity is still sensitive and important to
consider, but the results are less sensitive to small scale
heterogeneity as mostly “PC1” to “PC4” are sensitive. For
solute transport, “porosity” is also a sensitive parameter to be
considered (Figures 7A,B), probably due to its direct e�ect
on advection velocity. The analysis supports that simulating
complementary tracer behavior requires a realistic description
of heterogeneity.

The sensitivity analysis of the pumping well simulations
using scenario B is extended by using alternatively the synthetic
velocity ratio vheat/vsolas prior response for the DGSA (Figure 8).
Replacing the breakthrough curve as model response by the

velocity ratio vheat/vsol, averages the model response over the
complete transport path.

As a reference, the �eld measured derived modal velocities at
the peak time of heat (i.e., Rth D 1 � wavefront velocity) and
solute at the pumping well are:

vsolpeak

vthpeak

D
2.05� 10� 4 m s� 1

1.08� 10� 4 m s� 1 D 1.90 (5)

Using the assumption of Rth D 1, for scenario B (Figure 8A), the
obtained velocity ratios are less spread around the observeddata.
Many solute velocities forecasts have the same value, but with
a di�erent corresponding heat velocity (Figure 8A). This is an
indication that the heat signal provides more information, while
the variance of the solute velocity responses decreases.

Applying now the DGSA using this alternative prior response,
the sensitivity of “porosity” is now less strong than in the solute
case, but stronger than in the heat case (Figures 7, 8B). Then,
similar to panel 1 to 3, the “log(KVar),” “gradient,” and “PC1” are
the most sensitive parameter at the pumping well (Figure 8B).
Interestingly, the velocity ratio seems to be not directly sensitive
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FIGURE 6 | Distance-based sensitivity analysis using the scenario B heat signals at(A) Panel 3, (C) Panel 2, (E) Panel 1, related to the corresponding cluster
cumulative distribution function (CDF) for(B) Panel 3, (D) Panel 2, and(F) Panel 1. The square within each cluster in(B), (D), and (F) is the center of mass of
each cluster.

to “log(Kmean),” but on the global heterogeneity (Kvar and range),
spatial heterogeneity (PC1) and �uxes (gradient). This is a clear
indication that preferential �ow paths, being the result of an
interaction between K-heterogeneity and gradient, is the main
reason for the variation in velocity ratio.

At this stage, it can be assessed that the joint heat-solute
tracer experiment results are indeed better represented by a
K-distribution with a vertical downwards increasing K-trend.
The prior with the K-trend is the current best heterogeneity
representation for Hermalle-sous-Argenteau test site between
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FIGURE 7 | Sensitivity analysis at the pumping well using the scenarioB for (A) heat and (B) solute signals.

FIGURE 8 | (A) Velocity ratio vheat/vsol comparison using the peak times of the heat and solute breakthroughs generated with Monte-Carlo using Scenario B
(K-Trend).(B) Sensitivity results using the derived velocity ratio vheat/vsol as prior responses for DGSA.

the injection well and panel 3. However, this K-trend is not
representative for the part of the simulated domain between
the third panel and the pumping well as shown by the Monte-
Carlo prior investigation and the DGSA results. This highlights
how important a not-falsi�ed prior is for robust decision
making, and that every model containing approximations
must be use with care for predictions. Furthermore, if the
proposed prior seems valid at the local scale, it is not
su�cient to explain all observations made at the site. The
latter probably requires the inclusion of another level of
heterogeneity, accounting for the change of behavior for
the tracer.

DISCUSSION

In the �eld tracer experiment, the heat tracer arrives 1 day after
the solute transport and the recovered energy at the pumping
well is very low. This delay is a consequence of the di�erent
transport processes, mainly the retardation e�ect related to heat
conduction in the solid phase and in the immobile water. For
example, the heat tracer test provides useful information to better
understand the matrix processes quantifying the immobile water
part. This complementary behavior helps to better characterize
the actual transport processes occurring in the aquifer, in
particular the preferential �ow paths.
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The previous existing calibrated model was based on heat
tracing data only. The new numerical model implemented
in the framework of the presented study, showed that the
dynamic viscosity has a strong impact on simulated temperature
values even in a narrow temperature range. It clearly appeared
that this model was failing to reproduce the observed solute
concentrations at the pumping well. All attempts to �nd
one single deterministic model �tting both tracer data failed,
illustrating the di�culty to approximate solute advection and
heat conduction/storage with one single (smoothed) spatial
parameter distribution. Even if a global minimum was found,
any prediction would remain based on a simpli�ed model with
limited prediction capabilities.

To overcome limitations of the deterministic approach,
and to avoid full stochastic inversions, performing prior
parameter uncertainty investigation using multiple Monte-Carlo
realizations o�ers the possibility to generate more geologically
realistic subsurface parameter distributions. Compared to
transdimensional inference, which although stochastic inessence
and would involve some degree of simpli�cation or parsimony
(Sambridge et al., 2012), keeping the full variability in the model
is necessary to generate realistic predictions. Thus, in this study,
the analysis of those simulations revealed that increasingthe
spatial heterogeneity of the alluvial deposits allows to better
reproduce the observed breakthrough curves. The considered
prior uncertainty generates a range of possible outcomes
surrounding the observed data. The speci�c behavior of the
breakthrough curves, such as the sharp decrease of temperature
after the peaks, is much better reproduced. It is also clearly shown
that approximations made in deterministic approaches (e.g.,
using smoothed K-distributions), strongly in�uence the results
and contribute to higher uncertainty. Furthermore, it appeared
that modeling the deposits with two separate layers did not allow
the reproduction of the tailing part of the breakthrough curves,
whereas a continuous distribution with a vertical downwards
increasing trend was more able to model this behavior. However,
it was also shown that the used vertical K-trend seems not to be
appropriate, i.e., between the third panel and the pumping well.
Investigating prior uncertainty here has greatly helped to update
the previous conceptual ideas that were mostly based on simple
investigations like borehole log description.

The proposed prior with the K-trend is consistent with all
observation points (Panel 1 to 3) except the pumping well and
Pz18, 19 in the lower aquifer part. Between panel 3 and the
pumping well, there are likely preferential �ow paths in�uencing
the tracer behaviors, not properly described by the proposed
prior. The latter was mainly built based on the high borehole
density from intermediate panels. In the original log description
of the pumping well (drilled in the 90's), there is no grain size
trend described. One possibility is therefore that the strongly
heterogeneous alluvial deposits cannot be described by a single
simpli�ed parameterization (here Gaussian simulations witha
trend) but must include more heterogeneity at the larger scale
(for example di�erent vertical trend). It appears that lateral
variations occur in the aquifer, stressing the need for a more
global description of the heterogeneity, including larger scale
sedimentological structures such as channels, and advanced
integration of secondary data such as geophysical tomographies

(e.g.,Hermans et al., 2015a). Indeed, geophysical data acquired
on the site showed lateral variations in electrical resistivity related
to gravel structures (Hermans and Irving, 2017). A trade-o�
between the acquisition of new data to re�ne understanding and
cost-a�ordable �eld studies must be found. In this framework,
the combination of hydrogeological testing (such as joint-heat
tracer tests) with static and time-lapse geophysical data (such as
GPR and ERT) at an early stage of site characterization is the key
to acquire informative data sets at limited costs.

The prior uncertainty analysis also reveals that each speci�c
temperature breakthrough observation is better reproduced by
a di�erent prior realization and, therefore, spatial parameter
distribution. This clearly identi�es spatial heterogeneityas
having a major in�uence on the simulation results. The
solute tracer breakthrough at the pumping well is better
represented with models showing preferential �ow paths,
largely in�uencing advective-dispersive processes. In contrast,
temperature observations in the intermediate panels and at the
pumping well seem to be better represented with a slightly more
homogeneous model, as conduction is indeed important. This
might indicate that a signi�cant part of the pore space is occupied
by immobile water. This interpretation shows clearly that the
previous conceptual model represented by Peclet numbers of
300 (in the upper layer) and 14,000 (in the lower layer) is not
adequate. Furthermore, it shows that the use of a heat tracer
alone is not necessarily a good choice to calibrate a model,
especially if solute transport should be predicted. Trying to use
one single deterministic model parametrization is limited here
by two points: (1) complementary tracers cannot really predict
each other with classic underlying simplifying assumptions and
one parametrization and (2) heterogeneity patterns are complex,
meaning that highly parameterized inversion might fail to
converge toward a realistic solution.

Similarly, stochastic inversion or optimization techniques
might be very complicated to tune to convergence in such
a complex layout. Here starts the potential of advanced
prediction approaches such as Bayesian Evidential Learning. An
informative prior sampled by multiple realizations containing
complementary tracer processes might be directly used for
prediction if a statistical relationship can be found between data
and prediction variables. This kind of approach is probably very
promising for the future of hydrogeological modeling where
the full, explicit inversion fails due to the lack of su�cient
qualitative data to constrain the geometry of the deposits. Some
uncertainty component might be irreducible and impossible to
resolve through inversion methodologies. Approaches such as
BEL, combined with an in-depth prior uncertainty analysis, can
therefore be a good way to account for those in prediction
uncertainty assessment in a computational e�cient way.

The fact that a global sensitivity analysis shows di�erent
sensitivity patterns for heat and solute responses, here the
porosity, is another indication of the complementarity between
the tracers. If heterogeneity is more realistically represented by
the K-Trend distribution (scenario B), heat seems, in comparison
to solute, insensitive to porosity. Although, the Hermalle-
sous-Argenteau site is characterized by a strongly advective
system, the heat data set remains dominated by the e�ect
of conduction. Heat is mainly stored around the injection
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well and is only slightly and very slowly withdrawn from
the reservoir at the pumping well. Some parts of the heat
are transported fully through conduction (immobile water and
solid matrix).

The presented study also shows that using the
Euclidean distance for the distance-based global sensitivity
analysis, might be of limited interest for data sets
containing strong complementary behavior. It can result
in di�erent sensitivities between needed parameterization
for the related output. An alternative proposition is
to use the velocity ratio as a proxy for the model
response, as it allowed to clearly identify preferential
�ow paths as the main explanation for the di�erence in
tracer behaviors.

CONCLUSION

New innovative imaging methods, namely joint heat and
solute tracer tests were combined with advanced �eld data
analysis tools to better assess preferential pathways and
associated uncertainty in complex alluvial deposits. This
paper demonstrates the limitation of deterministic inversion
approaches in capturing the complementary behavior of
heat and solute tracers. To overcome those limitations,
a prior-uncertainty investigation and a heat-solute velocity
comparison are applied. Monte-Carlo simulations are used to
investigate the range of simulated data and are complemented
by a distance-based global sensitivity analysis. The main
results are:

1) Heat injection with absolute measured temperature signals
between 10 and around 40� C, as observed for common heat
tracer tests, requires considering dynamic viscosity e�ects in
the simulations.

2) Although much e�ort has been done to calibrate a
deterministic model on the complex heat tracer data, the
underlying approximations always yield a too smooth K
distribution, failing to predict the solute breakthrough curve.

3) In comparison to (over) simpli�ed deterministic models,
stochastic models allow for the relaxation of those
approximations, and also consider K-�elds in conjunction
with heterogeneity. Thus, stochastic models using Monte-
Carlo reproduce measurements signi�cantly better. They can
better reproduce speci�c behaviors of breakthrough curves
(e.g., the tailing). A simple falsi�cation procedure allows
to easily reject prior hypotheses inconsistent with the data.
It reveals that a single parameterization is not su�cient to
fully describe the complex behavior observed at Hermalle-
sous-Argenteau. Due to complex spatial heterogeneity and
di�erent behavior of the tracers, the simultaneous �tting of
all observation points seems to be almost impossible using
explicit inversion approaches. Approaches focusing on the
prediction and avoiding model inversion (e.g., such as BEL)
might be more successful.

4) The global sensitivity analysis reveals that heat seems to
be less sensitive to advection parameters like porosity than
solute, as was expected based on previous studies. For the

strong advective system at Hermalle-sous-Argenteau, heat
transport does not seem to be a�ected by porosity, as
long as realistic heterogeneity is considered, using a vertical
downwards increasing K-Trend distribution respecting the
borehole sedimentology. Indicators linked to local spatial
heterogeneity are sensitive parameters for both heat and
solute transport, stressing the need to use an adequate prior
description of the deposits, a prerequisite for any stochastic
Bayesian inversion.

5) The tracer velocity comparison shows that the prior
and the sampled Monte-Carlo simulations yield a better
representation of the joint heat and solute behavior as
observed on the �eld. This is a key point for further research
steps in modeling and predicting the transport processes in
this aquifer.
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