
Journal of Hydrology 472–473 (2012) 77–89
Contents lists available at SciVerse ScienceDirect

Journal of Hydrology

journal homepage: www.elsevier .com/ locate / jhydrol
Heat transport and temperature distribution during managed artificial
recharge with surface ponds

Alexander Vandenbohede a,⇑, Emmanuel Van Houtte b

a Dept. of Geology and Soil Science, Ghent University, Krijgslaan 281 (S8), B-9000 Gent, Belgium
b Intermunicipal Water Company of the Veurne Region (IWVA), Doornpannestraat 1, B-8670 Koksijde, Belgium

a r t i c l e i n f o s u m m a r y
Article history:
Received 12 April 2012
Received in revised form 1 August 2012
Accepted 6 September 2012
Available online 25 September 2012
This manuscript was handled by Corrado
Corradini, Editor-in-Chief, with the
assistance of Renduo Zhang, Associate
Editor

Keywords:
Managed artificial recharge
Groundwater
Heat transport
Temperature as tracer
Residence times
SEAWAT
0022-1694/$ - see front matter � 2012 Elsevier B.V. A
http://dx.doi.org/10.1016/j.jhydrol.2012.09.028

⇑ Corresponding author. Tel.: +32 9 2644652; fax: +
E-mail address: alexander.vandenbohede@ugent.b
Managed Aquifer Recharge (MAR) is a well-established practice for managing groundwater reserves in a
sustainable way. In this paper, we look at the influence of temperature variations of the infiltration water
in the recharged aquifer. The paper focuses on MAR systems consisting of an infiltration pond surrounded
by extraction wells. A number of different 2D configurations and an operational system in the Belgian
dune area are investigated using field observations and numerical modelling with SEAWAT. Seasonally
varying temperature in the infiltration water results in a zonation of subsequent lower and higher tem-
peratures in the aquifer. The impact of infiltration water temperature in the aquifer is significant but
restricted to the area between the pond and extraction wells, quickly decreasing farther from the infiltra-
tion area. Colder water during winter results in a decrease of infiltration capacity which can be as high as
1.5–2 times with respect to summer infiltration. Infiltration water temperature variations equally influ-
ence residence times of the infiltrated water. In general, residence times become smaller for water infil-
trated during summer and larger for water infiltrated during winter. Infiltration and extraction rate, their
ratios and seasonal variability, and location of extraction wells are all contributing factors to the impact
of varying temperature of the infiltration water. Finally, it is shown that temperature provides only a
rough proxy for residence times of solutes because of the important conduction of heat.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Managed Artificial Recharge (MAR) systems are engineered sys-
tems which are used to augment groundwater resources, to reduce
seawater intrusion or land subsidence, to store water, or to im-
prove the quality of the water through soil-aquifer treatment
(Bouwer, 2002). MAR provides a sustainable solution to meet
water demand needs for drinking water production, agriculture,
or industry while maintaining groundwater levels and safeguard-
ing groundwater quality. Methods of MAR include river or lake
bank infiltration, aquifer storage and recovery or surface infiltra-
tion via ponds. Different sources of recharge water can be used,
e.g. surface runoff, storm water, reclaimed water or freshwater
from desalination. Optimal operation of such systems requires
knowledge about its operation under, in many cases, seasonally
varying conditions.

In this paper, we focus on surface infiltration using ponds. A
number of issues with regard to the design and operation of infil-
tration ponds are discussed in literature: design and engineering
aspects (Bouwer, 2002), design optimisation (Eusuff and Lansey,
2004), general geochemistry (Gooren et al., 2011; van Breukel
ll rights reserved.
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et al., 1998; Vandenbohede et al., 2009a), denitrification (Schmidt
et al., 2011), saturated–unsaturated conditions and redox chemis-
try (Greskowiak et al., 2005; Massmann et al., 2006), fate of pollu-
tants (Maeng et al., 2011; Stuyfzand, 1998; Stuyfzand et al., 2007;
Wiese et al., 2011), residence times (Massmann et al., 2008;
Vandenbohede et al., 2008) and clogging (Baveye et al., 1998;
Hoffmann and Gunkel, 2011). Heat transport and temperature dis-
tribution in the recharged aquifer received little attention although
it can influence cited topics. In most of the MAR systems using sur-
ficial infiltration, temperature of the recharge water varies season-
ally. Alternating colder and warmer water is infiltrated influencing
pore water temperature in the aquifer and temperature of the ex-
tracted water. Massmann et al. (2006) for example report temper-
ature variations between 0 and 24 �C for an artificial recharge
system in Berlin; Vandenbohede et al. (2009a) gives similar values
for a system in the Belgian dune area. These temperature variations
have a number of consequences for the operation and management
of an MAR system.

Temperature variations causes change in hydraulic conductivity
since pore water density and viscosity are temperature dependent.
Temperature dependence of density is very small and is in most
cases negligible. This is not the case for viscosity. Voss (1984) for
instance gives the following relation between dynamic viscosity
l (kg/m s) and temperature T (�C):
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It makes that hydraulic conductivity of the pond-aquifer
boundary is lower during winter than during summer and this
can be up to a factor 2. Less water can be infiltrated during winter
which forms an important restriction for successful operation of
an MAR system. Such an effect has been observed by Rorabaugh
(1956) who argued that infiltration from a river to an aquifer
was comparable in summer and winter although the gradient
was different. Winslow (1962) described how the cone of depres-
sion caused by pumping near a river changed seasonally. Jaynes
(1990) noted fluctuating infiltration rates from a pond during
day and night and similar behaviour was reported from streams
(Constantz et al., 1994; Constantz and Thomas, 1997; Constantz,
1998).

Temperature is an inexpensive though excellent tracer (Ander-
son, 2005). It can be used to study surface water – groundwater
interaction. Slichter (1905) was probably the first to recognise
the use of groundwater temperature as a tracer. He noted the rel-
atively high groundwater temperatures because of induced infil-
tration from a pond in Long Island, New York. Suzuki (1960) and
Stallman (1965) developed quantitative methods to calculate
fluxes between groundwater and surface water from temperature
measurements. Temperature as tracer can be used to study resi-
dence time of infiltrated water. This is an important parameter in
the operation of MAR systems (Eusuff and Lansey, 2004;
Massmann et al., 2008; Vandenbohede et al., 2008) since it influ-
ences health risk assessment (e.g. comparison with microbial die-
off times and decomposition rates of pollutants), or progress of
soil-aquifer treatment (e.g. re-mineralisation of infiltrated water).

Finally, temperature influences chemical reactions. Recharge
water has in most cases a different composition than the pore
water triggering a number or reactions. Massmann et al. (2006)
and Sharme et al. (2012) showed that redox conditions under riv-
erbank infiltration sites in respectively Berlin and Düsseldorf were
largely dependent on seasonal temperature changes in the infil-
trate. Prommer and Stuyfzand (2005) reported temperature depen-
dent reaction rate of oxidation of pyrite during artificial recharge of
an aerobic water in an anaerobic aquifer.

In this paper, we look at (i) temperature patterns in artificially
recharged aquifers driven by seasonally varying temperature of
the infiltration water, (ii) the possibility to use heat as a tracer in
MAR systems, and (iii) influence of temperature on infiltration
capacity for field case. Focus is on MAR systems consisting of a
pond surrounded by extraction wells and it is considered that
the pond is in contact with the groundwater (no unsaturated zone).
This is achieved by simulating first heat transport for a hypotheti-
cal 2D case. The influence of different design parameters on the
temperature distribution in the aquifer is evaluated. This provides
a general framework before discussing heat transport for an oper-
ational MAR system in the Belgian dune area. Different tempera-
ture measurements (profiles and time series) are interpreted and
heat transport is simulated. SEAWAT v4 is used for the simulation
of heat transport.

2. Materials and methods

2.1. SEAWAT and heat transport simulation

The three-dimensional heat transport equation can be written
as (Stallman, 1963):

@T
@t
¼ je

qbcb
r2T � qFcF

qbcb
r � ðTqÞ ð2Þ

where T is temperature (�C), t is time (s), je is a term that includes
the bulk thermal conductivity of the rock–fluid matrix (W/(m �C)),
cb and cF are specific heat of the rock–fluid matrix and the fluid
(J/(�C kg)) respectively, qb and qF are the density of the rock–fluid
matrix and fluid (kg/m) respectively and, q is the Darcy velocity
or specific discharge (m/s). The first term on the right-hand-side
of Eq. (2) represents conductive heat transport whereas the second
term represents convective heat transport. SEAWAT version 4
(Langevin et al., 2007) is used to simulate solute and heat transport.
This version 4 couples MODFLOW-2000 (Harbaugh et al., 2000)
with the multi-species transport model MT3DMS (Zheng and Wang,
1999) in which the temperature is treated as one of the species.
Fluid density and viscosity variations due to temperature changes
are accounted for using the variable-density flow (vdf) process
and viscosity (vsc) package. Simulation of heat transport with SEA-
WAT is based on the analogy between solute and heat transport
which is discussed in detail by Wang and Anderson (1982), Ander-
son (2005), and Thorne et al. (2006). The application of SEAWAT to
simulated heat transport has been verified by a number of bench
mark problems and variable density and viscosity problems (Thorne
et al., 2006, Dausman et al., 2010; Langevin et al., 2010)

Convection and conduction is mathematically analogous to
advection and diffusion/dispersion for solute transport. The solute
transport equation which is used in SEAWAT is manipulated to
simulate heat transport (Thorne et al., 2006; Langevin et al., 2007):
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h is effective porosity (–), qS is the density of the solid (kg/m3), cS is
the specific heat capacity of the solid (J/(kg �C), a the dispersivity
tensor (m), q0S a source or sink (m�1) and TS is the source/sink tem-
perature (�C). Specific relations are required to represent thermal
equilibrium between the fluid and solid, heat conduction and a spe-
cific heat flux. There are no special considerations for representing
advective heat transport (convection).

Equilibration of temperature between fluid and solid acts as a
retardation coefficient and causes a temperature front to move
slower than the average linear flow velocity. Therefore, a linear
sorption isotherm is used in MT3D-MS’ chemical reaction package
and a thermal distribution coefficient KDT (m3/kg) is defined as:

KDT ¼
cS

qF cF
ð4Þ

This results in a thermal retardation R given by:

R ¼ 1þ qb

h
KDT ð5Þ

Thermal conduction is mathematically similar to solute trans-
port process of molecular diffusion. The molecular diffusion coeffi-
cient used for the temperature species or also called the bulk
thermal diffusivity DT (m2/d) is defined as:

DT ¼
kb

hqFcF
with kb ¼ hkF þ ð1� hÞkS ð6Þ

where by kF and kS (W/(m �C)) are the thermal conductivities of the
fluid and the solid phase respectively. Bulk thermal conductivity is
considered a linear combination of solid and fluid thermal
conductivity.

2.2. Residence times calculation

Residence time, the time artificially recharged water is in the
aquifer, is calculated by placing a large number of particles in fi-
nite-difference cells with artificial recharge. These particles are
tracked towards the extraction well(s) and the travel time equals
the residence time of each particle. A numerical scheme as used
by Konikow and Bredehoeft (1978) was applied. The residence
time is calculated as the advective age tadv (d) of a particle:
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tadv ¼
Z xw

x0

h
dx

qðxÞ ð7Þ

where x (m) is the location on the flow line and q(x) the Darcy flow
velocity (m/d) at location x. Time to travel from the initial location
x0 in the pond to the well location xw is determined for every parti-
cle. The velocity field to calculate particle displacement is updated
according to the stress period as time progresses.

2.3. 2D MAR system

A hypothetical aquifer and MAR system is used to simulate a
number of alternative infiltration pond designs. The aquifer has a
thickness of 50 m, Kh is 20 m/d, Kv is 2 m/d and h is 0.35. A 2D mod-
el with aquifer discretisation of 41 layers (20 layers of 0.5 m, 8 lay-
ers of 0.75 m, 4 layers of 1 m, 6 layers of 2.5 m, and 3 layers of 5 m),
1 row (1 m) and 37 columns (24 columns of 2.5 m, 8 columns of
5 m, and 5 columns of 10 m) is used. This is a cross-section situated
perpendicular to an infiltration pond and infiltration occurs in the
first two cells of layer 1. Water is extracted at a distance of 50 m
with a screen between 10.75 and 14.5 m below surface. Infiltration
and extraction rate is respectively 4 and 6 m3/d. The model repre-
sents an infinitely long infiltration area with extraction on both
sides.

A period of 5 years is simulated subdivided in stress periods of
3.65 days. For every stress period, temperature of the infiltration
water changes according to a sine function:

TðtÞ ¼ Tm þ A sin
2pt
365
þ u

365
2p

� �
ð8Þ

with mean temperature Tm of 15 �C, amplitude A of 10 �C and phase
u of 265 days. This means that the coldest water infiltrates at the
beginning of January and the warmest water at the beginning of
July. Initial temperature in the aquifer is 15 �C. Longitudinal disper-
sivity, horizontal transverse dispersivity and vertical transverse dis-
persivity are respectively 0.25, 0.025 and 0.0025 m. The molecular
diffusion coefficient used for the temperature species is 0.113 m2/d
and thermal distribution coefficient is 1.763 � 10�4 m3/kg. The
third order total-variation-diminishing (TVD) scheme with up-
stream weighting is applied to solve for the advection/convection
term while the generalised conjugate gradient (GCG) solver is em-
ployed for the non-advective terms.

From this reference scenario 1 five other variants are simulated
(Table 1). The second scenario differs by the ratio of extraction to
infiltration rate. Scenario 3 has a seasonal varying infiltration and
extraction rate. During winter infiltration is less than during the
rest of the year. The extraction to infiltration ratio is higher during
winter. The mean infiltration and extraction rate over 1 year is the
same as for scenario 1. Scenario 4 differs from 1 because of a higher
extraction and infiltration rate but preserving the same ratio. Sce-
narios 5 and 6 have different positions of the screen: deeper in the
aquifer for scenario 5 and farther from the pond for scenario 6. All
Table 1
Infiltration rate (Qinf), ratio of extraction to infiltration rate (Qext/Qinf), extraction well
distance (rw), and screen interval (dw) for different hypothetical MAR scenarios.

Qinf (m3/d) Qext/Qinf rw (m) dw (m)

Scenario 1 4 1.5 50 10.75–14.5
Scenario 2 4 1 50 10.75–14.5
Scenario 3 2.5a 2a 50 10.75–14.5

4.75b 1.36b

Scenario 4 6 1.5 50 10.75–14.5
Scenario 5 4 1.5 50 30–35
Scenario 6 4 1.5 75 10.75–14.5

a December–March.
b April–November.
scenarios are calculated with and without considering heat trans-
port. In the latter case, the vdf and vsc packages are not used.

2.4. St-André MAR system

Heat transport around a real-world infiltration system is stud-
ied in the Belgian dune area (Fig. 1). It comprises of two intercon-
nected infiltration ponds with a combined surface area of
18,200 m2 surrounded by a well battery of 112 extraction wells.
Extraction wells have screens between 8 and 12 m below surface.
The aquifer consists of Quaternary sand with a mean thickness of
30 m. It is underlain by a 100 m thick clay layer (Kortrijk Forma-
tion, Ieper Group) which is considered impervious in this study.
The dune area has a width of about 2 km and contains a freshwater
lens. It forms the only substantial freshwater reserve in the coastal
plain.

Artificial recharge of the aquifer started in July 2002. Main
motivation was to create a sustainable groundwater management
(Van Houtte and Verbauwhede, 2005; Vandenbohede et al.,
2009b). Use of MAR resulted in a sustainable solution. The recharge
water is produced out of effluent from a nearby wastewater treat-
ment plant using ultrafiltration (UF) and reverse osmosis (RO) (Van
Houtte and Verbauwhede, 2008). It is permitted to infiltrate artifi-
cially 2.5 million m3/y which is pumped up by the well battery.
Additionally, the well battery is permitted to extract an extra
1 million m3/y which is native dune water. Real values are lower
than these permitted numbers. Average artificial infiltration rate
for the last 3 years was 1.8 million m3/y and extraction rate was
2.6 million m3/y where there are important seasonal fluctuations
in infiltration and extraction rates. What sets this system apart
from other MAR systems is the very low mineralisation of the infil-
tration water because of the treatment with UF and RO. Mean total
dissolved solids of the infiltration water is 50 mg/L compared with
500 mg/L for native dune water.

2.5. Observations St-André MAR system

Temperature profiles (temperature as function of depth) and
time series (temperature at a given depth as function of time)
are available. Temperature profiles are recorded by lowering a
temperature measuring device very slowly (less than 10 m/h) in
a well and recording temperature every second. It is assumed that
the temperature of the water in the well is in equilibrium with the
pore water in the sediments. Time series are recorded by putting a
temperature measuring device at a certain depth in a well and
recording the temperature every 30 min.

Temperature profiles were recorded in wells WP6, WP21,
WP22, WP7 and P19 (Fig. 1). WP6 is located at the border of the
western pond and profiles were recorded on 03/08 and 14/12
2007, 14/03 and 19/09 2008, and 21/01 and 05/06 2009. WP21
and WP22 are located between the western pond and the extrac-
tion wells and a single profile was recorded on 05/06/2009. WP7
is located south of the extraction wells and profiles were recorded
on 17/03 and 19/09 2008, and 21/01 and 05/06 2009. These profiles
are compared to well P19 located in the dune area but outside the
influence of the water extraction. P19 is only affected by natural
recharge and profiles were recorded on 04/02, 27/04 and 06/08
2010.

Time series are available during two separated periods of 1 year.
First period goes from 09/03/2007 until 10/03/2008. Temperature
was measured in the western pond, and in wells WP6, WP21 and
WP22. In the latter two wells, time series were recorded at three
different depth levels. Second period runs from 29/10/2010 until
29/12/2011. Time series were recorded in the pond and in wells
WP24, WP23 and WP50. WP24 and WP23 are located between
the eastern pond and the extraction wells and time series are



Fig. 1. Location of the study area in the dunes of the western Belgian coastal plain (A) and the model area with indication of the infiltration ponds, wells of the well battery
(dots) and localisation of the observation wells (B). P19 is outside the MAR area and is indicated on the left figure. Wells of the well battery are numbered with an interval of
10.

Table 2
Carbonate and clay content in% dry weight and resulting thermal distribution
coefficient (KDT) and bulk thermal diffusivity (DT) for the different model layers.

Model layer Carbonate (% dw) Clay (% dw) KDT (m3/kg) DT (m2/d)

1–3 2–5 1–7 1.970 � 10�4 0.089
4–18 5–10 <1 1.720 � 10�4 0.113
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recorded at two depth levels in WP24. WP50 is located in the line
of extraction wells.

Time series of temperature of the infiltration and extraction
water (i.e. combined volume of water from all extraction wells)
is recorded from the start of the infiltration in 2002 and data on
infiltration and extraction rates is available.
19–21 7–12 1–5 1.763 � 10�4 0.113
2.6. SEAWAT model St-André MAR system

A flow and transport model of the St-André MAR system was
made by Vandenbohede et al. (2008) using the MOCDENS3D code.
Based on this, a model using the SEAWAT code is made simulating
transport of chloride and heat transport. SEAWAT is selected be-
cause of the multi-species capability and possibility to simulate
heat transport. Other difference with the 2008 model is that the
spatial resolution was increased from 10 to 5 m and that the thick-
ness of the model layers was changed to have a better resolution in
the upper part of the aquifer.

The model domain measures 1100 times 630 m2 centred
around the infiltration ponds (Fig. 1). It is subdivided in 180 col-
umns and 86 rows. Width of rows and columns is 5 m except for
the first and last 10 rows and columns. Of these, outer 5 rows
and columns have a width of 20 m and inner 5 rows and columns
have a width of 10 m. Aquifer thickness of 30 m is subdivided in 21
layers: upper two layers with a thickness of 0.25 m, 3 layers of
0.5 m, 7 layers of 1 m, 3 layers of 2 m and lower 6 layers of 2.5 m.

North and south boundaries consist of a constant head whereas
the east and west boundaries are a no-flow boundaries. This is cho-
sen because the model is situated along the dune – polder bound-
ary. Due to the flow from the dunes towards the polder, east and
west boundaries coincide with a flow line. Value for the constant
head is 4 mTAW (0 mTAW is the Belgian reference level, 2.3 m be-
low mean sea level) in both cases based on head observations and
on a larger scale model comprising the polder, dunes, shore and sea
(Vandenbohede et al., 2008).

Horizontal conductivity is 20 m/d for the upper part of the aqui-
fer and 1 m/d for the lower 7.5 m of the aquifer. Vertical conductiv-
ity is 15 times smaller. Values are based on the calibration of the
2008 MOCDENS3D model and recent step-drawdown test data
(unpublished data). Clay content of the sediments (Table 2; Lebbe,
1973) and geophysical borehole measurements (Vandenbohede
et al., 2008) also supports a small decrease of conductivity for
the lower part of the aquifer.
Artificial infiltration since the start in July 2002 is modelled un-
til the end of 2011. This period is subdivided in stress periods of
3.65 days. Each stress period has a different infiltration and extrac-
tion rate and these values come from measurements. Two species
are considered in the simulation: chloride concentration and tem-
perature. Chloride is a conservative tracer in the dune area (Van-
denbohede et al., 2009a) and is used for calibration purpose of
the flow and transport model. Initial chloride concentration in
the aquifer is 47.5 mg/L, which is a mean value for the dune aqui-
fer. Chloride concentration in the infiltration water varies between
10 and 35 mg/L before May 2004, and is about 5 mg/L afterwards.
Temperature of the infiltration water changes every stress period
according to a sine function (Eq. (8)). The characteristics of this sine
function are derived from the two periods of temperature observa-
tions in the ponds and are given in Section 3. Where natural re-
charge takes place (so not at the location of the ponds) a
constant temperature boundary is used in the first layer. Temper-
ature value for this boundary changes every stress period accord-
ing to a sine function (Eq. (8)). Characteristics of this sine
function are based on temperature variations near the water table
as observed in WP7 and is given in Section 3. WP7 represents a sit-
uation without influence of the MAR system on the temperature
profiles as will be shown later in the paper. Doing so, the natural
variations of temperature in the aquifer is accounted for. No heat
flux from the lower boundary is considered.

The thermal distribution coefficient and bulk thermal diffusivity
(Table 2) are calculated based on carbonate and clay content given
by Lebbe (1973) whereby the remainder of the sediment is consid-
ered to be quartz. Values for specific heat capacity and thermal
conductivity for clay, quartz and calcite are taken from the SEA-
WAT manual (Langevin et al., 2007). Longitudinal dispersivity, hor-
izontal transverse dispersivity and vertical transverse dispersivity
are respectively 0.25, 0.025 and 0.0025 m. This is based on calibra-
tion of past models (e.g. Vandenbohede et al., 2008; Vandenbohede
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and Lebbe, 2006) and a tracer test (Vandenbohede and Lebbe,
2003) in the Belgian dune area and coastal plain which all indicate
relatively small values.

The third order total-variation-diminishing (TVD) scheme with
upstream weighting is used to solve for the advection term while
the generalised conjugate gradient (GCG) solver is employed for
the non-advective terms.

Results of the flow and transport model are compared to time
series of hydraulic head in observation wells, of chloride concen-
tration in the extraction wells and of temperature observations
in observation wells. Also a tracer test (Vandenbohede et al.,
2008) was simulated and compared to the observations. The reader
is referred to the Supplementary material with this paper for a de-
tailed treatment of this calibration.

3. Results and discussion

3.1. Temperature distribution for the hypothetical MAR system

Fig. 2 gives for each scenario the temperature distribution in the
aquifer at the end of December after 5 years of infiltration. Focus is
on the first 100 m of the cross-section because the infiltration does
not influence the aquifer farther from the pond. We look first to the
reference scenario 1. A zonation in the temperature distribution is
present in the aquifer which is the result of the subsequent infiltra-
tion of colder and warmer water. Temperature of the infiltration
water at the end of December is 5 �C and cold water can be found
in the immediate vicinity of infiltration pond. Farther from the
pond, lateral away as well as deeper in the aquifer, temperature in-
creases. This zone is influenced by the infiltration of warmer water
Fig. 2. Temperature distribution (�C) at the end of December after 5 years of infiltration f
and black lines represent the outline of the volume of infiltrated water after 5 years of
during the previous summer. The actual water infiltrated during
the previous summer has moved farther from the pond than this
zone. Because of the retardation of temperature the term ‘‘influ-
enced’’ is used here. Outside the zone of the warmer water, again
colder water is found. This zone is influenced by the previous win-
ter infiltration. But because of the longer time elapsed since previ-
ous winter infiltration and the important conduction of heat, this
zone has become less apparent than the zone influenced by the
infiltration of previous summer.

Fig. 3 gives temperature as function of depth every 2 months for
the fifth year. Water with the highest temperature infiltrates at the
beginning of July. During August, already cooler water infiltrates
and the highest temperatures are found at a depth of 10 m. Consec-
utive colder water infiltrates over the next months and the zone
with highest temperatures moves deeper in the aquifer: at a depth
of 15 m at the end of October and at 19 m at the end of December.
The temperature profile of August illustrates very well the temper-
ature zonation which is present: top 5 m is influenced by very re-
cent infiltration, high temperature at a depth of 10 m by previous
summer infiltration and small temperatures at a depth of 20 m be-
cause of the previous winter infiltration. The upper part of the
aquifer where pore water temperature is driven by temperature
of recharge (natural or artificial) and atmospheric temperature
variations is called the surficial zone (Parsons, 1970). For the refer-
ence scenario, depth of the surficial zone underneath the pond is
33.75 m (Table 3).

Fig. 4 gives temperature as function of distance from the pond
in the first model layer during the fifth year. A similar evolution
in zonation is visible as for the vertical temperature profiles of
Fig. 3. Consider for instance the graph of August. Temperature of
or the different scenarios of the hypothetical MAR system. Well location is indicated
operation.



Fig. 3. Temperature as function of depth under the infiltration pond at the end of
the indicated month (A) and temperature as function of depth at the end of
December for the different scenarios (B).

Table 3
Depth of the surficial zone (ds), lateral extension of the pond temperature influence
(lext), median of residence time of water infiltrated during winter or summer (mw and
ms), median of residence time not taking into account heat transport (m), phase
difference between temperature variations in the pond and the extraction wells for
water infiltrated during winter (Duw) and summer (Dus) and head difference (Dh) in
the pond between summer and winter for the five scenarios of the hypothetical MAR
system.

ds

(m)
lext

(m)
mw

(d)
ms

(d)
m
(d)

Duw

(d)
Dus

(d)
Dh
(m)

Scenario 1 33.75 72.5 62.8 59.8 61.4 149.6 135.0 0.606
Scenario 2 33.75 92.5 72.4 67.8 71.3 157.0 142.3 0.594
Scenario 3 37.5 72.5 94.9 49.3 93.7a 151.5 118.6 1.359

51.8b

Scenario 4 37.5 72.5 41.1 37.6 39.4 109.5 93.1 1.017
Scenario 5 50 92.5 174.4 181.6 179.0 343.1 335.8 0.579
Scenario 6 37.5 87.5 101.8 97.1 99.3 226.3 206.0 0.567

a During winter (December–March).
b During summer (April–November).

Fig. 4. Temperature as function of distance in the first model layer at the end of the
indicated month (A) and the temperature as function of distance at the end of
December for the different scenarios (B).
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the infiltration water has already decreased with regard to the
maximum. At a distance of 40 m the influence of the summer infil-
tration is visible resulting in the high temperatures. At a distance of
60 m, temperature decreases and this zone is influenced by the
infiltration of the previous winter. The maximum lateral influence
is 72.5 m (Table 3).

The zonation has a larger lateral than vertical extension because
of the flow pattern and flow velocities. Horizontal flow velocity is
importantly higher than vertical flow velocity: most infiltration
water flows laterally to the shallow extraction well. Testimony to
that is the breach in the zone influenced by previous summer infil-
tration by colder water near the well. The area where pore water
temperature is influenced by the infiltration is limited to the area
where infiltration water is present.

Scenario 2 differs from scenario 1 by the ratio of the extraction
to infiltration rate Qext/Qinf. Decreasing the extraction rate (Qext/Qinf

equals 1) results in a larger volume of infiltration water in the
aquifer since the same amount is infiltrated but less is extracted
compared to scenario 1. Therefore, also the lateral influence of
the temperature variation of infiltration water is increased to
92.5 m (Table 3 and Fig. 4). The zonation in temperature shifts lat-
erally away from the well and the zone influenced by the previous
winter infiltration becomes more pronounced. The depth of the
surficial zone below the pond is the same as for the reference case
(Fig. 3). Scenario 3 has a seasonally varying infiltration and extrac-
tion rate and this makes that the volume of recharged water in the
aquifer changes slightly over the course of 1 year. The largest
change concerning the temperature distribution is that there is
an asymmetry in comparison with the reference scenario 1. The
influence of summer infiltration is larger than the influence of
the winter infiltration. Notice for example that in Fig. 2, the volume
of recent infiltrated water is smaller than in case of scenario 1. The
influence of the previous summer infiltration is larger than for the
reference scenario. A larger volume of warmer water than colder
water is infiltrated and this persists throughout the aquifer. Sce-
nario 4 has the same Qext/Qinf as scenario 1 but both infiltration
and extraction rate are larger. The volume of aquifer with infiltra-
tion water is almost the same as for scenario 1. However, the high-
er rates results in a larger lateral influence on the temperature in
the aquifer. The zone influenced by the recent infiltration of colder
water has increased and the zone influenced by the previous sum-
mer infiltration is reduced. Because of the larger vertical flow
velocities (higher infiltration rate) the depth of the surficial zone
under the pond is increased to 37.5 m. Location of the well deeper
in the aquifer (scenario 5) results in a surficial zone covering the
complete aquifer thickness. Higher vertical flow velocities, because
of the deeper location of the extraction well, make the surficial
zone thicker. The deeper location of the extraction well limits less
the extension of the influence of the infiltration pond in the upper
part of the aquifer. The influence of the previous winter infiltration
is more pronounced in comparison with scenario 1. Distinct zona-
tion because of seasonal temperature variation is also apparent
placing the extraction well farther from the pond (scenario 6).
The lateral temperature influence is larger (87.5 m) than for the
reference case. The volume of infiltrated water in the aquifer is lar-
ger than for the reference case. Because the larger distance of the
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extraction well, infiltration water can flow deeper in the aquifer.
Vertical flow velocities under the pond are larger which results
in an increase of the surficial zone under the pond to 37.5 m.

Residence times are calculated by placing a large number of
particles (2000) at the top of the first two cells of the first layer
and tracking these towards the well. This was done for particles
infiltrating during winter and summer for all scenarios (Table 3).
Residence times are also calculated in case no heat transport is
considered. The median m (d) of residence times of particles ex-
tracted by the well is calculated in each case.

Because hydraulic conductivity changes with temperature of
pore water, also the velocity field varies seasonally influencing res-
idence times. An increase in median residence time of 4.8% during
winter is calculated for the reference scenario. Compared with the
median residence time not considering heat transport, increase of
median residence time during summer is 2.6% and decrease during
winter is 2.3%. Lowering the extraction to infiltration ratio (sce-
nario 2) results in a larger difference between residence times of
winter and summer infiltration (6.4%). Especially winter infiltra-
tion shows a large difference (4.9 in comparison with 1.5%) with
median residence times not taking into account heat transport.
Seasonally varying infiltration and extraction rates results (sce-
nario 3) in a large difference in median residence times for winter
and summer infiltration. This is partially due to the changing rates
but changing temperatures add to this: median residence times for
summer infiltration are lowered (4.8%) and median residence
times for winter infiltration becomes higher (1.3%). Preserving
the extraction to infiltration rate but increasing both (scenario 4),
results in no significant increase in difference in median residence
times between winter and summer infiltration and median resi-
dence times not taking into account heat transport. However, res-
idence times become smaller due to the higher rates and difference
between median residence times of winter and summer infiltration
increases to 8.5%. Scenario 5 shows the reverse: median residence
times for summer infiltration is larger than for winter infiltration.
This is due to the larger travel time from point of infiltration to the
point of extraction. Residence times of individual particles range
between 157 and 228 days for winter infiltration and between
160 and 248 days for summer infiltration. Consequently, median
of residence time is influenced by much more varying (winter
and summer) velocity fields than for the other scenarios. The effect
Fig. 5. Temperature profiles in the wells
of higher temperatures during summer infiltration and lower tem-
peratures during winter infiltration on the conductivity are aver-
aged. Relatively short residence times for the other scenarios are
mainly influenced by only the velocity field during summer or dur-
ing winter. The same applies partly for scenario 6 which shows the
smallest difference between winter and summer infiltration. Locat-
ing wells farther from the pond (scenario 6) has only a very small
impact on residence times in comparison with scenario 1.

Phase difference Du (d) between temperature variations in the
extraction water and pond water are calculated (Table 3). This
phase difference is based on the highest and lowest point in the
temperature variations of the extraction and infiltration water.
These compare respectively with the phase difference of water
infiltrated during summer (Dus) and winter (Duw). Such phase dif-
ferences also represent a residence time but one must acknowl-
edge the retardation of temperature. Retardation of temperature
based on Eq. (5) and the used heat transport parameters is 2. Cal-
culated retardation (based on ratio between residence times based
on phase difference of temperature variations and calculated with
particle tracking) is 2.4 for winter infiltration and 2.3 for summer
infiltration for the reference scenario. Decreasing the extraction
to infiltration rate (scenario 2) decreases calculated retardation.
Seasonally varying extraction and infiltration rates (scenario 3) re-
sult in a calculated retardation of 1.6 and 2.4 for winter and sum-
mer infiltration respectively. Increase of rates but keeping the ratio
constant (scenario 4) increases the calculated residence times to
2.7 and 2.5 for winter and summer infiltration respectively. Deeper
wells (scenario 5) gives a calculated retardation of 1.9 and 1.8 for
winter and summer infiltration respectively. Larger distance be-
tween pumping and extraction wells (scenario 6) decreases the
calculated residence time slightly (2.2 and 2.1 for winter and sum-
mer infiltration) in comparison with the reference scenario.

Why these differences? Particle tracking takes into account only
advection whereas convection as well as conduction determines
heat transport. Or otherwise stated, particle tracing is only deter-
mined by the velocity field whereas temperatures are also mixed
by conduction. This conduction is very important and mixing of
temperature interferes with the calculation of residence times
based on these temperatures. Consequently, different processes
are compared when comparing the residence times based on par-
ticle tracking and temperature and this can lead to differences. This
WP6, WP21, WP22, WP7, and P19.



Table 4
Mean temperature (Tm), amplitude (A) and phase (u) for the sinus functions
describing temperature at the water table as function of time for the well locations
P19, WP6, and WP7.

Tm (�C) A (�C) u (d)

P19 10.75 2.25 210
WP6 13.5 7.5 250
WP7 12.1 1.1 210

Table 5
Mean temperature (Tm), amplitude (A), phase (u) and phase difference (Du) with the
pond water for the sinus functions describing temperature in the pond, extraction
water and different levels in the observation wells.

Tm (�C) A (�C) u (d) Du (d)

Pond 13.5 9 265 –
Extraction water 13.75 3 155 110
WP6 1.6 mTAW 14.15 6.5 245 20
WP21 2.4 mTAW 14.25 7 240 25
WP21 0.4 mTAW 14 4 180 85
WP21 �3.5 mTAW 14 3.5 120 145
WP22 2.1 mTAW 13.75 5.5 190 75
WP22 0.5 mTAW 13.75 5.75 175 90
WP22 �3.8 mTAW 14 5 145 120
WP24 2.3 mTAW 13 7.75 240 25
WP24 �1.6 mTAW 13.25 7 200 65
WP23 �1.7 mTAW 13.25 7 200 65
WP50 �0.25 mTAW 12.75 6 120 145

84 A. Vandenbohede, E. Van Houtte / Journal of Hydrology 472–473 (2012) 77–89
puts some limitation of using heat as a tracer in a MAR system: ex-
pected retardation based on sediment properties is only a rough
proxy. Finally, Table 3 shows that there is a higher phase difference
for water infiltrated in winter than in summer, also for scenario 5,
which means that the temperature variation in the well is not a
sine function any more but becomes asymmetric.

Table 3 shows the head difference between winter and summer
under the infiltration pond. Heads are higher in winter than in
summer although the infiltration and extraction rate was constant
during the year for each scenario with the exception of scenario 3.
Head increase in winter is due to the lower conductivity of the
aquifer under the infiltration pond because of the colder pore
water. Head change varies from scenario to scenario but is signifi-
cant. Because a real-world infiltration pond has an upper limit on
the water level, it means that less water can be infiltrated during
winter as was already pointed out in the introduction.

3.2. Field observations St-André MAR system

Fig. 5 shows temperature profiles in wells WP6, WP21, WP22,
WP7 and, P19. P19 gives temperature profiles in a dune area where
recharge is from precipitation only (Vandenbohede and Lebbe,
2011). In the 04/02 and 27/04 2010 profiles, temperature increases
with depth in the upper part of the aquifer. Temperature at the
water table is low because of the time of the year (winter and early
spring). From a certain depth it decreases again until it reaches the
long-term mean groundwater temperature which is 10.75 �C. The
zone with higher temperatures between 5and 10 m depth is the re-
sponse of the previous summer’s high temperatures. The profile of
06/08 2010 shows decreasing temperature with depth until a min-
imum is reached. Deeper, temperature increases to the long term
mean groundwater temperature. The minimum is the response of
the low temperature of the recharge water during the preceding
winter. The thickness of the surficial zone is 13.5 m. A sine function
(Eq. (8)) was fitted through the temperature measurements at the
water table. Table 4 shows the mean temperature, amplitude and
phase. Based on this, highest temperatures are expected early Sep-
tember. In the study area, maximum yearly atmospheric tempera-
ture ranges between 30 and 35 �C and is in general reached at the
end of June – early July. Minimum atmospheric temperature is
generally observed in January and measures between 0 and
�5 �C. Lag between water table and atmospheric temperatures is
due to heat transport in the unsaturated zone.

Four profiles are available for WP7. These show a large similar-
ity to P19 and thickness of the surficial zone is 14.5 m. A sine func-
tion (Eq. (8)) is fitted to the temperature variations near the water
table. With respect to P19, WP7 show a slightly higher mean tem-
perature and a lower amplitude (Table 4). This can be explained by
a thicker unsaturated zone at location WP7. The phase difference is
the same as for P19 indicating that atmospheric temperature var-
iation is the main driving force. There is no indication of influence
of the recharge pond on the groundwater temperature at that loca-
tion. The thicker surficial zone can be explained by a larger vertical
velocity because of the proximity to the extraction.

A different picture emerges from WP6, located at the border of
the western pond. Mean temperature Tm at the water table
(Table 4) is higher than for WP7 and P19. Amplitude of 7.5 �C is
much larger than amplitude of WP7. Mean temperature and ampli-
tude are comparable to the values for the recharge water which is
given in Table 5. Thickness of the surficial zone is about 20 m
which is significantly larger than the surficial zone observed in
WP7 and P19. Obviously, temperature variations of the recharge
water and the high vertical flow velocities influence temperature
variation and thickness of surficial zone. Only one profile is avail-
able in WP21 and WP22 but this illustrates the temperature as
function of distance from the pond. At 05/06/2009, temperature
at the water table at WP6 is 20 �C. At WP21 and WP22 this is
respectively 18.3 �C and 13.3 �C. At WP7, this is 12.3 �C. No mea-
surements of the temperature in the pond water is available for
June 2009 but this is about 21 �C using the parameters in Table 5.
Consequently, temperature at the water table decreases away from
the pond at that time. Although a zonation of temperature is ex-
pected as calculated with the hypothetical MAR system, tempera-
ture at the water table as function of distance shows also a
decrease between pond and well position at the end of June (Fig. 4).

Fig. 6 shows the time series of temperature in the different
wells and the ponds for periods 1 and 2. Fig. 7 gives time series
of temperature of the extraction water. This is the temperature
of the combined water from all individual wells of the well battery.
A sine function (Eq. (8)) was also fitted through these time series
and mean temperature, amplitude and phase are given in Table 5.
With the exception of WP50, all time series can be approximated
by a sine function. Mean temperature of the recharge pond is
13.5 �C and temperature varies with an amplitude of 9 �C. How-
ever, temperature of the pond water can be almost close to zero
or as high as 30 �C during brief periods. Phase is 265 days which
means that the highest temperature is recorded during the begin-
ning of July. Lowest temperature is observed during the end of
December – beginning of January. Temperature of the pond water
is thus determined by the atmospheric temperature variation.

Mean temperature Tm for all observation wells between the
pond and the extraction wells is between 13 and 14.25 �C showing
the influence of the recharge water. Tm of the extraction water is
also 13.75 �C. Individual extraction wells can show a different pic-
ture. Tm of WP50 for instance is noticeably lower. WP50 is located
southwest of the infiltration pond in between the extraction wells.
Time series in WP50 show an asymmetric variation as was also
determined in extraction wells of the hypothetical MAR system.
Phase difference between the temperature of pond water and
extraction water is 110 days.

In WP6, Tm of the time series at level 1.6 mTAW (about 4.5 m
below the bottom of the pond), is similar to that at the water table
(Table 4) or of the pond water. The amplitude has decreased from
9 �C in the pond, 7.5 �C at the water table to 6.5 �C at the level of
1.6 mTAW. This decrease of amplitude is very well illustrated by



Fig. 6. Time series of temperature in the different wells during period 1 (left) and period 2 (right).

Fig. 7. Temperature in the extraction water. Full line is the simulation results and
underlines the seasonal variation of the temperature.
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the temperature profiles in WP6 (Fig. 5). There is a decrease of the
phase: 265 days in the pond water, 250 days at the water table and
245 days at level 1.6 mTAW. This phase shift as function of depth is
relatively small because of the high downward velocity. WP21 is at
a distance of 7 m from the pond and the mean temperature at all
three measurement levels is about the same. Amplitude and phase
decreases with depth. The shallow observation point shows only
25 days of difference in phase with the pond water. This increases
to 85 and 145 for respectively the middle and lowest observation
pond. WP22 is located at a distance of 34 m from the pond and
measurement on all three levels show about the same mean tem-
perature and amplitude. The phase decreases again with depth.
During the second period, WP24 and WP23 show the same pattern.
The phase difference is less for these wells than for WP21 and
WP22 which can be explained by the smaller distance between
pond and extraction wells in that part of the well battery.

Small short-term temperature variations in the pond water are
visible only in the shallow part of the aquifer. Such small variations
are still observable in WP6 and the upper observation point of well
WP21 and WP24. They are filtered out in the deeper observation
points of WP21 and WP24 and not visible at all in wells WP22
and WP23. Conduction of heat smoothen these short-term varia-
tions very quickly and a more homogeneous temperature observa-
tion is obtained.
3.3. Influence on recharge capacity

Temperature range of almost zero to 30 �C result in a change
of dynamic viscosity with a factor of 2.2 according to Eq. (1).



Fig. 9. Ratio between extraction and infiltration rate as function of the month of a
year for the period 2005–2011.
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Consequently, also the hydraulic conductivity of the sediments
changes with this factor and this has an implication on recharge
capacity. Fig. 8 shows the effect of temperature of the recharge
water during the first observation period. Level of the pond and re-
charge and extraction rate is given as function of time. During au-
tumn and winter, recharge rate is smallest and remains pretty
much constant. Extraction rate, however, increases. Despite this,
the water level in the pond increases. Because of the lower temper-
ature of the recharge water, less water can be recharged resulting
in a higher water level. The effect increases during winter because
of the increasing volume of colder water present in the subsurface.
From April-May, both temperature of the recharge water and the
recharge and extraction rate increase again. Result is a slightly
higher water level but it is almost impossible to evaluate the im-
pact of temperature. Increase in recharge rate should increase
the water level whereas the increase of extraction and increase
in temperature of the recharge water should decrease the water le-
vel. The same applies for the period June to September. Recharge
and extraction rate decrease, temperature of the recharge water in-
creases and the level in the pond also decreases.

Fig. 9 shows the ratio of extraction to infiltration rate for the dif-
ferent months of the years 2005 until 2011. The first few years of
the artificial recharge are not shown because this must be consid-
ered as a start-up period for the system. The system has a mean ra-
tio of 1.35 with a mean extraction rate of 2.66 million and a mean
infiltration rate of 1.96 million m3 during this period. For most
years, this ratio is below 1.35 from May until November. From
December until April, the ratio is well above 1.35. Recharge rate
decreases during winter and early spring with respect to the
extraction rate. This effect is especially apparent from 2006 on-
ward. Decrease of rate during winter is only because of decrease
of infiltration capacity.
3.4. Modelling St-André MAR system

Fig. 10 gives the calculated temperature distribution at the
beginning of January and at the beginning of July according to
model layer 1. At the beginning of January, cold water is present
in the immediate surroundings of both infiltration ponds. Farther
away from it warmer water is present: this is the influence of
the water infiltrated during the previous summer. The reverse is
observed during summer. Warm water is present in the immediate
surroundings of the infiltration ponds and colder water, influenced
by the previous winter infiltration, is present farther from the
ponds. Outside this zone at some locations (e.g. between wells
23–36 and 75–87), still cold (January) or warm (July) water is pres-
ent. This water is influenced by the previous winter or summer
respectively. As was shown with the hypothetical MAR systems,
the relative importance of difference zones in this zonation is
Fig. 8. Water level of the pond and recharge and infiltration rate as function of time
during the first period of observations.
determined by position of extraction wells and infiltration and
extraction rates. Influence of older infiltration is found where the
distance between pond and extraction wells is largest. Wells
1–10 illustrate this very well. The January simulation shows influ-
ences of previous year winter previous summer infiltration. The
same, but with reverse temperatures is visible during summer.

Temperature variations due to the infiltration is limited to the
area between infiltration ponds and extraction wells. This agrees
with the results of the hypothetical MAR system.

Fig. 11 gives vertical cross-sections located through the eastern
and western pond. Cross-sections at the beginning of January and
the beginning of July are shown. January cross-sections through
the eastern pond show the temperature zonation, with recently
infiltrated cold water close to the pond and warmer water influ-
enced by previous summer infiltration farther from the pond. As
Fig. 10. Temperature distribution in the upper model layer at the beginning of
January (A) and at the beginning of July (B) of 2012. Locations of the wells and the
infiltration ponds are indicated.



Fig. 11. Temperature distribution in vertical cross-sections through the aquifer at beginning of January and beginning of July of 2012. Cross-sections run through the eastern
(x is 700 m) and the western pond (x is 420 m). Location of the wells and the extension of the volume of infiltration water (black line) is indicated.

Fig. 12. Cumulative distribution of residence times of water infiltrated during
winter and summer considering or neglecting heat transport.

A. Vandenbohede, E. Van Houtte / Journal of Hydrology 472–473 (2012) 77–89 87
discussed with the hypothetical MAR system, this zonation is also
apparent deeper in the aquifer. Because of the higher horizontal
than vertical flow velocities away from the pond, temperatures
in this warm water zone are higher lateral away from the pond,
than in the deeper part of the aquifer. The July calculation shows
the same but reverse situation. The cross-section through the wes-
tern pond is located at wells 10 and 11. Therefore, two well posi-
tions are shown in the left (northern) part of the cross-section.
The pattern discussed with the horizontal cross-section is visible
in the entire upper part of the aquifer. Notice however, that the
zones influenced by older infiltration water temperature are
mainly present in the shallow part of the aquifer and disappear
deeper in the aquifer. Lower vertical than horizontal velocities
and conduction of heat limit the vertical extension of these zones.

3.5. Temperature and residence times in the St-André MAR system

Sixteen thousand and eight hundred particles were placed at
the location of the infiltration pond and were tracked to the extrac-
tion wells. Based on the particles travel time between pond and the
different wells, a cumulative distribution of residence times was
determined. This distribution indicates when water, recharged at
the same instance, reaches the extraction well. Cumulative distri-
butions were calculated for water infiltrated during winter and
during summer. It was repeated twice: one with and one without
taking into account heat transport (Fig. 12). The latter case is nec-
essary to evaluate the effect of varying infiltration and extraction
rates only.

Fig. 12 shows an important difference between cumulative fre-
quency of residence times in case of winter or summer infiltration.
If heat transport is not taken into account, 50% of the infiltrated
water is extracted after 90.5 days for winter infiltration whereas
this is 62.5 days for summer infiltration. Because of the higher
infiltration and extraction rates during summer compared to those
during winter (a factor of 1.6 and 1.4 respectively), there is a larger
flow velocity to the extraction wells. However, the difference be-
tween cumulative frequency of winter and summer infiltration be-
comes smaller for larger residence times (more than 250 days) and
is almost the same for residence times larger than 600 days. These
larger residence times are influenced by infiltration and extraction
rates during both summer and winter and their differences are
averaged. Smaller residence times are only influenced by summer
or winter conditions resulting in the differences calculated in the
cumulative frequencies. Considering heat transport gives a slightly
different picture. 50% of the infiltrated water is extracted after
100.5 days for winter infiltration or 10 days later than not taking
into account heat transport. This is 61.5 days or 1 day earlier for
summer infiltration.

The different influence of heat transport during summer and
winter infiltration is complex and varied. As indicated by the hypo-
thetical MAR systems, infiltration and extraction rates, their ratio,
location of extraction wells and seasonally varying rates all inter-
fere. The St-André MAR system forms a combination of all those
factors. During winter (December to March), ratio of extraction
to infiltration rate is high, 1.5, and the absolute values are smallest
(1.6 � 106 m3 per month extraction and 1.05 � 106 m3 per month
infiltration). During summer, ratio of extraction to infiltration rate
is lower, 1.3, and the absolute values are larger (2.2 � 106 m3 per
month extraction and 1.75 � 106 m3 per month infiltration). Sec-
ondly, distance from wells to the pond ranges from 30 to 150 m.
75% of the wells are located at a distance which is less than 60 m
from the ponds. Influence of well distance is illustrated by the
median residence time for summer and winter infiltration in wells
60 and 85 (Table 6). Well 60 is at a distance of 35 m from the pond
whereas this is 65 m for well 85. Well 60 shows a very small differ-
ence between median residence time considering and not consid-
ering heat transport for summer infiltration. Winter infiltration
has a difference and this agrees with the result of the integrated
extraction water. Well 85, illustrating a larger distance from the
pond, is different. Both summer and winter infiltration shows a



Table 6
Median residence time for winter and summer infiltration (mw and ms) considering
heat transport and for winter and summer infiltration not considering heat flow (m0,w

and m0,s), phase difference between temperature variations in the pond and the
extraction wells for water infiltrated during winter (Duw) and summer (Dus) in wells
60 and 85 and the total extraction water.

mw (d) ms (d) m0,w (d) m0,s (d) Duw (d) Dus (d)

Extraction water 89 57 86.5 60 133 104
Well 60 54.5 35 48 34 93 53
Well 85 124 81 115 77 217 175
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difference comparing taking into account heat transport or not tak-
ing into account the heat transport. Notice that the extraction
water show intermediate values being a mean value for different
wells with different distances to the pond.

Retardation of heat transport is calculated for the total extrac-
tion water. A phase difference of 133 (winter infiltration) and
104 (summer infiltration) days for the extraction water (Table 5)
is calculated. This corresponds well with the observed phase differ-
ence of 110 days derived from the observations (Table 5). Because
of the limited number of observation points in time, no distinction
could be made between winter and summer. Calculated phase dif-
ferences results in a retardation of 1.5 and 1.8 for winter and sum-
mer infiltration respectively. Individual wells also show a
variation. Well 60 has an importantly smaller phase difference
than well 85. Moreover, the calculated retardation is 1.7 and 1.5
for winter and summer infiltration respectively. For well 85, calcu-
lated retardation is 1.8 and 2.1 for winter and summer infiltration
respectively. As for the hypothetical MAR systems, this illustrates
that temperature provides only a rough proxy for residence times.
4. Conclusions

Seasonal variation of infiltration water temperature results in a
temperature zonation in the aquifer. During winter, cold water is
present in the aquifer under the pond. Farther from the pond, pore
water is influenced by warmer water infiltrated during the previ-
ous summer. In many circumstances, influences of the previous
winter infiltration of cold water persists also. A similar but oppo-
site zonation is present in summer. Natural recharge and season-
ally varying atmospheric temperature results in a similar
zonation. This is for instance exemplified here by P19 and WP7.
However temperature variations are much smaller than in case
of higher artificial infiltration (e.g. ; Suzuki, 1960; Stallman,
1965; Vandenbohede and Lebbe, 2010).

Because of the high flow velocities during infiltration, impact of
artificial recharge on the temperature in the aquifer is very signif-
icant. However, this influence is restricted to the immediate vicin-
ity of the pond. In case extraction wells are located around the
ponds, as we considered in this paper, influence on groundwater
temperature of the aquifer outside the extraction well battery de-
creases very quickly. This is evident from the simulations with the
hypothetical MAR systems, observations in WP7 of the St-André
MAR system and the simulation of the latter system. Placing the
extraction wells deeper or lowering the extraction to infiltration
ratio for a given system, increases the temperature influence out-
side the well battery but still remains limited to the immediate
vicinity of the MAR system.

Temperature influence of the pond is most important in the
upper part of the aquifer and diminish relatively quickly deeper
in the aquifer in case of shallow extraction wells. Conduction of
heat and the fact that horizontal velocity to the extraction wells
is higher than vertical velocity explains this. In case of a deeper
extraction well, vertical influence of the artificial recharge
increases.
Heat conduction smoothens the temperature variations in the
aquifer. Close to the pond and in the shallow part of the aquifer,
short-term temperature variations of the infiltration water persist.
Deeper and farther from the pond these variations are smoothened
and only a sinusoidal varying temperature variation is recorded as
illustrated by the observations wells of the St-André MAR system.

Temperature variations influence hydraulic conductivity and
this results in a larger infiltration capacity in summer than in win-
ter. In case of the St-André system, this results in an 1.7 increase.
Varying hydraulic conductivity influences residence time of infil-
trated water. Pond water infiltrated during summer has in general
a shorter residence time than pond water infiltrated in winter. A
number of factors such as extraction to infiltration ratio, extraction
and infiltration rates, location of extraction wells (distance to pond
and depth) and seasonal variations in extraction and infiltration
rates influences this. In general, residence time of water infiltrated
during summer decreases and water infiltrated during winter in-
creases because of the effect of temperature on hydraulic conduc-
tivity. But this is no general rule as shown by scenario 5 of the
hypothetical MAR. The St-André MAR system shows the complex-
ity because of varying seasonal extraction and infiltration rates and
different distances to the pond for individual wells.

Hypothetical and St-André MAR systems have shown that tem-
perature is only a rough proxy for the estimation of residence times
of infiltrated water in the aquifer. If heat transport parameters are
known as supposed in this paper, and observation of temperature
variations in individual wells or the total extraction water are
available, this provides only an estimate for the residence times
of non-reactive advective transport. Main reason is the important
conduction of heat smoothen temperature gradients.
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