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concentration data for parameter estimation were based on
advective-dispersion models (Christiansen et al., 1995; Fienen
et al., 2009; Tonkin and Doherty, 2009).

All modeling efforts require trade-offs (Hill et al., 2016). One
common example is that aquifer parameters may be considered
to be homogeneous to allow for examination of other processes,
such as GW-SW exchange. Thus, few studies have attempted to
infer heterogeneous conductivity fields based on concentration
data (Carniato et al., 2015). The goal of this study is to examine
alternative modeling strategies to support such investigations.

Over thepastdecade, surrogatemodelinghasbeenused to reduce
the computational requirements of somehydrogeological problems.
Surrogatemodels are lower-fidelitymodels that adequately capture
the most important features of the original complex model while
reducing the computational cost (Razavi et al., 2012). Surrogates
are used most often during parameter estimation or uncertainty
analysis, which require numerousmodel runs. However, a candidate
surrogatemodel shouldmeet certain criteria (Burrows and Doherty,
2015): i) the surrogate model must compute the key outputs made
by the complex model; ii) the output values of the surrogate model
should be reasonably consistent with those of the original complex
model; and iii) parameters used by both models must play similar
roles. Our specific objective was to test whether particle tracking
could act as a suitable surrogate for more computationally demand-
ing advective–dispersive models, thereby allowing for the use of
concentration data to constrain heterogeneous conductivity fields.

Particle-tracking techniques have been compared to advective–
dispersive transport models such as MT3DMS. For example,
Gusyev et al. (2014) found very similar simulated tritium concen-
trations based on particle-tracking (MODPATH – MODFLOW) and
solute transport (MT3DMS – MODFLOW) models. Advective trans-
port has also been used in SW-GW modeling to reproduce temper-
ature observations (Brookfield et al., 2009; Engeler et al., 2011;
Kurtz et al., 2014; Mouhri et al., 2013), lake plume elevation
(Fienen et al., 2009; Hunt et al., 2006), advective front locations
(Anderman and Hill, 1997; Hill and Tiedeman, 2006), travel time
between a lake and a well (Pint et al., 2003) or to delineate the
hyporheic zone (Kasahara and Wondzell, 2003; Storey et al.,
2003). Particle tracking has already been used for parameter esti-
mation (Pint et al., 2003; Hunt et al., 2006). However, particle
tracking has never been used as a surrogate model for advective–
dispersive transport to simulate SW-GW exchanges, nor has it
been used with head and flow observations at production wells
to constrain heterogeneous conductivity fields.

In this study, we do not use concentration data directly for cal-
ibration. Rather, we use simulated and inferred mixing ratios,
which describe the fractional mixing of several end-member
waters with different chemical compositions (Carrera et al., 2004,
Rueedi et al., 2005). In this case, we examine the mixing of surface
water (SW) and groundwater (GW). Mixing ratios are commonly
inferred from concentrations measured in field-collected water
samples. We proposed a method to use MODPATH results to define
mixing ratios that can be compared with field-derived values. We
first benchmark our MODPATH-based approach against results
derived from MT3DMS advective-dispersion model results. There-
after, we apply our particle tracking surrogate model to a case
study and examine the benefits and limitations compared to cali-
bration with head data alone.

2. A proxy-model for Advective-dispersive transport

2.1. Approach

To test our proposed proxy modeling approach, we simulate
SW-GW mixing in a pumping well under steady-state flow condi-

tions. The value of the mixing ratio may range between 0 (GW
only) to 1 (SW only). For the sake of simplicity, we assume that
mass transport is non-reactive. The approach is based on using
backward tracking to determine the origins of a set of particles dis-
seminated around a sink point of interest (well or drain). The
method is based on the assumption that particle velocity and con-
centrations can be used to define the mass flux coming from a flow
tube (Atteia, 2011). The procedure to compute the mixing ratio (b)
at a given sink point can be detailed as follows:

1. The flow field is computed for steady state conditions with the
flow model.

2. A large number of particles (>=1000) are disseminated around
the sink point of interest.

3. Backward particle tracking is conducted from the sink point
back to the origin of flow (stream and boundary condition).

4. The mixing ratio at the sink point, b, is then calculated from the
fraction of the particles that originate in the stream or at a
boundary.

The procedure for the computation of the concentration associ-
ated with each particle, bi, depends on the type of the source point
(Fig. 1). When a particle originates from an external boundary con-
dition (prescribed head or flow) the particle concentration as it
reaches the sink simply corresponds to the mixing ratio of GW
(bi = 0) (Fig. 1, A). In contrast, a particle originating from an aquifer
cell in interaction with a stream is not necessarily entirely SW (bi =
1). Rather, these particles will be a mix of stream water and GW
(Fig. 1B). Determination of the average bi value for particles origi-
nating passing through these cells requires consideration of the
balance of flow into the cell from the stream and from neighboring
aquifer cells (Fig. 2). Defining water originating from the neighbor-
ing cells to have a mixing ratio of 0 (pure GW), the mixing ratio of
water leaving the cell, br, can be obtained as follows:

br ¼
QsX
i¼1

Qi

ð1Þ

where QS is the flow from the stream to the aquifer cell in interac-
tion with the stream and

P
i¼1

Qi is the sum of all inputs to this cell

(QS + QB + QL see Fig. 2), where QB is the flow from back and front
sides of the cell, QL is the flow from the left and right side of the cell
longitudinal to the stream. for the case depicted in Fig. 2). Note that
br will only be greater than zero for losing reaches (QS > 0).

The value of the mixing ratio, b, at the sink point (step 4) is
obtained from the mean of the respective particle mixing ratios,
bi, weighted by particle velocities, vi:

b ¼

X
i¼1

ðv i $ biÞX
i¼1
v i

ð2Þ

2.2. Validation: a synthetic case

2.2.1. Model setting
The major assumption underlying the use of a particle tracking

surrogate model is that dispersion can be neglected for the mixing
ratios of the sink points. A synthetic 2D case is considered to test
this assumption. We consider a production well in an unconfined
aquifer in interaction with a stream (Fig. 3). The domain (100 $
150 m) is discretized with a fine 2D regular mesh (1 $ 1 m cells),
which thus satisfies the criteria on the grid Peclet number to avoid
numerical dispersion with a finite difference scheme (Pe < 1), even
for a dispersivity of 1 m (Zheng and Wang, 1999). Lateral boundary
conditions are fixed head (FH): 10 m to the left and 9.5 m to the
right. No flow is imposed at the upper and lower domain bound-
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https://github.com/tracktools

Particle generation MODFLOW MODPATH Computation of 
mixing ratios

Tracktools

from tracktools import ParticleGenerator
pg = ParticleGenerator(ml = gwf)
w1_geom = shapely.geometry.Point(x,y)})
pg.gen_points({'w1':w1_geom}, n = 30)

FloPy

from tracktools import TrackingAnalyzer
ta = TrackingAnalyzer(ml = gwf, mpsim = 
mpsim)
mr_df = ta.compute_mixing_ratio(on='river')

https://github.com/tracktools
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stream mostly drains the aquifer, drawdown induced by the
production units (pumping wells and drains) locally causes a
reversal of natural conditions (stream-to-aquifer flow; Fig. 1).

Groundwater contamination by perchlorate in production
units was first reported in 2011, which has motivated investi-
gations to identify its source(s). The well field and its sur-
roundings have never been reported as battlefields, but two
potential origins for perchlorate have been identified. First, the
industrial area located a few kilometers upstream of the well
field is known for its military factories from the Napoleon
period (XIXth century) to present. This industrial area has
been identified as a source of contamination for the stream
crossing the well field. A second potential source of perchlo-
rate is associated with the repository of munitions during
World War II. Though poorly documented, underground
weapon hideouts have been reported during this period, which
may never have been cleared since then and may currently lie
within the well field domain (Tauzia 2015).

Materials and methods

Field measurements and EMMA analysis

Stream water and groundwater (15 observation boreholes, 2
pumping wells and 1 drainage gallery (D2) were sampled

during a field campaign in October 2014. Water temperature,
pH and electrical conductivity were measured at the sampling
sites with a portable electrode meter while alkalinity, major
elements (Cl−, SO4

2−, NO3
−, Ca2+, Mg2+, Na+ and K+) and

perchlorate concentrations were measured in the laboratory. In
addition, dissolved oxygen was measured during a field sur-
vey in October 2015.

A two-end-member mixing analysis (EMMA; Pinder and
Jones 1969) was conducted to describe the contribution of
stream water and groundwater at all sampled points.
Borehole B3, located relatively far from the stream, presented
a relatively stable chemical signature over the study period.
Given groundwater level isolines, any influence from the
stream water is unlikely; thus, B3 was considered as the
end-member corresponding to groundwater. The second
end-member corresponds to stream water.

The end-member analysis was conducted with Ca2+ and
HCO3

− concentrations and used to infer the streamflow
contribution at sampling locations. The use of temperature
data and conservative tracers such as stable isotopes, or Cl−

concentration was impossible because of the insufficient
contrast between groundwater and stream water end-mem-
bers. Due to concentration values below calcite solubility
and fast water flows, the primary assumption was made that
Ca2+ and HCO3

− mix conservatively. To test this hypothe-
sis, several mixing scenarios (in different proportions) were

Fig. 1 a Location of the study site near Bordeaux. b The surroundings of
the well field with the industrial zone a few kilometers upstream. c Aerial
view of the well field in the protected forest area with the production wells
(W1, W2) and drains (D1, D2). Stream level is offset by a weir located at

the center of the well field, which modifies the pattern of water-table
isolines. d Simplified geological cross-section of the study area.
Oligocene limestones are hydraulically connected to Quaternary sands
and streambed sediments
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https://github.com/tracktools/case_study

Model set up •GIS data collection with QGis and gridding with GridGen
•Mdel implementation with FloPy

Parameter estimation
•Parameter data collection
•Observation processing
•PESTPP-GLM

Optimization
•Simulation setup
•FOSM uncertainty
•PESTPP-OPT
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More in the upcoming paper of the Frontiers SI
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Figure 8. Results of the parameter estimation with the GLMA

4.3 Chance constraint optimization211

The optimization problem consists in maximizing the total abstraction rate Q while verifying the drinking212
water quality standards after mixing. This can be defined as follows :213

max
Qi,hi

=
NX

i=1

Qi

s.t. ↵ =
1P
iQi

NX

i=1

Qi↵i  ↵crit

Qi  Qmax,i i 2 {1; 2}
hi � hmin,i j 2 {1; 2}

(3)

The decision variables Qi, hi corresponds to well discharge rate and drain level, respectively. The214
constraint on water quality is expressed as a critical stream-aquifer mixing ratio, which is derived from215
both decision variables Qi216
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