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Abstract: Managed Aquifer Recharge (MAR), the intentional recharge of aquifers, has surged world-
wide in the last 60 years as one of the options to preserve and increase water resources availability.
However, estimating the extent of the area impacted by the recharge operations is not an obvious task.
In this descriptive study, we monitored the spatiotemporal variation of the groundwater temperature
in a phreatic aquifer before and during MAR operations, for 15 days, at the LIFE REWAT pilot
infiltration basin using surface water as recharge source. The study was carried out in the winter
season, taking advantage of the existing marked difference in temperature between the surface water
(cold, between 8 and 13 °C, and in quasi-equilibrium with the air temperature) and the groundwater
temperature, ranging between 10 and 18 °C. This difference in heat carried by groundwater was
then used as a tracer. Results show that in the experiment the cold infiltrated surface water moved
through the aquifer, allowing us to identify the development and extension in two dimensions of
the recharge plume resulting from the MAR infiltration basin operations. Forced convection is the
dominant heat transport mechanism. Further data, to be gathered at high frequency, and modeling
analyses using the heat distribution at different depths are needed to identify the evolution of the
recharge bulb in the three-dimensional space.

Keywords: Managed Aquifer Recharge; groundwater tracer; heat transport; surface-ground-water
interactions; infiltration basin; groundwater hydrology

1. Introduction

Freshwater resources are suffering from increasing pressure worldwide. Their contam-
ination and overexploitation are compromising access to safe water [1-3]. This situation
pushes towards the search for innovative ways to preserve and increase freshwater re-
sources availability, focusing on sustainable water management techniques. Managed
Aquifer Recharge (MAR), the intentional recharge of aquifers potentially using water from
various sources, has surged worldwide in the last 60 years as one of these options [4-7].

Measurements of infiltration rates and groundwater levels variations, together with
the estimation of the groundwater flows generated during recharge in MAR schemes,
are used to evaluate the performance in terms of recharge volumes and the extension
of the recharge plume [8,9]. Different groundwater monitoring techniques are usually
implemented for this purpose, where the use of sensors to measure groundwater pressure
head, electrical conductivity, temperature, and soil moisture is normally accompanied to
groundwater sampling for chemical analyses and numerical modeling [10-12].

Ganot et al. [11] assessed the relation between the infiltration and the development of
the groundwater mound in MAR using desalinated seawater in an infiltration pond. In
their study, the saturated zone of the aquifer was monitored through two groundwater
observation wells instrumented with pressure head and electrical conductivity loggers.
These measurements were later used in a lumped model where the infiltration dynamics
was analyzed to assess the temporal and spatial variation of the recharge. Likewise, the
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changes in recharge from a river into an aquifer as a result of the implementation of a
Riverbank Filtration MAR scheme were evaluated by Rossetto et al. [12] by means of a
multidisciplinary approach using hydrodynamics, hydrochemical, and modeling methods,
following intensive sensors application [13].

New innovative methodologies to estimate the extension and development of the
plume of recharged water in the aquifer are also being proposed. These methodologies
apply geophysical methods and can range from the use of electrical resistivity [14-17] up
to time-lapse gravity measurements [18,19].

The use of vertical electrical conductivity profiles for the estimation of the saturated
hydraulic conductivity and the van Genuchten parameters under an infiltration pond was
studied by Mawer et al. [14]. Similarly, Nenna et al. [15] used electrical resistivity probes
with the objective of mapping and monitoring the recharge plume from an infiltration
pond. By monitoring the temporal variation of the vertical electrical resistivity of different
points located under and around the infiltration pond, the temporal variation of the water
table could be estimated together with the hydraulic gradients. These data can be used
later to estimate the fate of the recharged water. Haaken et al. [16] assessed the use of
Electrical Resistivity Tomography (ERT) measurements for characterizing groundwater
dynamics under a Soil Aquifer Treatment scheme. Zones with different hydraulic proper-
ties were identified by analyzing the temporal variations of these measurements. Likewise,
Garcia-Menéndez et al. [17] used ERT to evaluate the effectiveness of MAR in a coastal
aquifer. With this technology, the extension and shape of the recharge plume could be iden-
tified. This was completed after the joint interpretation of the ERT images with Electrical
Conductivity logs from boreholes, and with geological and hydrogeological information
of the site. The use of time-lapse gravity surveys was assessed by Davis et al. [18] for the
monitoring of an Aquifer Storage and Recovery (ASR) scheme. The use of this geophysical
technology was applied successfully during the injection of water into the aquifer for the
detection of the general distribution and movement of the injected water. With a similar ap-
proach, Chapman et al. [19] used high-precision gravity measurements for the monitoring
of another ASR pilot system. In their study, the high-precision gravity surveys were carried
before, during, and after two infiltration cycles. The detection of the formation of a mound
of recharged groundwater during the recharge cycles was possible with the analysis of the
collected data.

The fundamentals of the use of heat as a tracer in groundwater have been previously
studied [20]. Groundwater temperature may be measured by lowering a thermometer
down a borehole, and the wide availability of waterproof temperature loggers makes this
parameter easily accessible [20,21]. Various experimental applications using heat carried
by groundwater as a tracer to monitor different aspects of MAR operations have been
investigated by diverse authors. For instance, a Fiber Optic Distributed Temperature
Sensing technique was used to estimate infiltration rates from recharge basins [22,23].
Similarly, heat was also used as a tracer for the estimation of recharge rates at infiltration
ponds [24], and for the estimation of travel time in bank filtration systems [25]. Likewise,
the vertical fluxes in heterogeneous aquifers can be estimated using heat [26].

In this study, we monitored the spatio-temporal variation of the groundwater tem-
perature in a phreatic aquifer before and during MAR operations, for 15 days, at a pilot
infiltration basin. This change in groundwater temperature is being used to identify the
development and extension of the resulting recharge plume following recharge operations
at the LIFE REWAT MAR infiltration basin [27].

2. Materials and Methods

In this section, the study site and the MAR scheme are presented alongside the method-
ology used for monitoring the groundwater temperature changes. The operations at the LIFE
REWAT MAR infiltration basin with its different components are also briefly described.



Hydrology 2022, 9, 14

3of 14

2.1. Study Site

The study site is located in the municipality of Suvereto (Tuscany, Italy) in the alluvial
plain of the Cornia River (Figure 1). The Cornia plain hosts a Holocene coastal aquifer
constituted by alluvial and swamp-lagoonal deposits. The deposits, largely influenced by
the Cornia River dynamics, include gravel, sand, silt, and clay in different proportions
and distributions. The stratigraphy of the aquifer under investigation is well presented
in Barazzuoli et al. [28]. New drillings allow us to obtain new information confirming
the previous hypotheses and work. A large proportion of the aquifer is composed of a
gravel lithology in a silty-sandy matrix, possessing a prevalent permeability by interstitial
porosity. This layer outcrops the surface or is covered by a layer of silt as a result of fluvial
overflows. The aquifer is unconfined in the area of the infiltration basin. Large surface
water—groundwater exchanges occur between the River Cornia and the aquifer.
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Figure 1. Study area location and measured points.

Figure 2 presents the stratigraphies at points REW_10 (in the center of the infiltration
basin), REW_12 and REW_6 (north of the infiltration basin). A relatively thin layer of
agricultural soil covers an alternate layer of gravels with different size distribution in silty
matrix in the vicinity of the infiltration basin up to about 15 m from soil surface. Some
thin lenses of gravels in a clayey matrix can also be found at different depths. As such, the
experimental area shows up to a depth of about 15 m from the soil surface, the presence of
a gravel-dominated environment, in a matrix variable from silt to sand.

The River Cornia is the main hydrologic feature in the area. The high hydraulic
conductivity of the riverbed provides high hydraulic connectivity between the surface
water and the aquifer. This enhances surface and groundwater exchanges in the areas near
to the river. Hence, the groundwater heads are controlled by the water level of the river, and,
locally, by the presence of pumping wells. Because of this, values of electrical conductivity
in the aquifer slightly differ from those of surface water. As such, the parameter electrical
conductivity cannot be easily used to trace the recharged water. The main groundwater
natural flow is directed towards the West, resulting from river recharge and inflows from
adjoining hilly areas, with an average hydraulic gradient of 0.2% (Figure 3). From the
regional hydrology point of view the area is a recharge area.

Additionally, the study area is characterized by the presence of an important hy-
drothermal system, which contributes to the recharge of the superficial aquifer by means of
upward groundwater flow, causing some thermal and geochemical anomalies [28,29].



Hydrology 2022, 9, 14 4 of 14

REW_6 REW_12 REW_10

1 1 1
2 2 2
3 3 3
4 4 4
5 5 5
6 6 8
7 7
8 8
9 9
10 10
11 11
12 12
13
14
15
SOIL TYPE
16
- Mix of sands, gravels, and clays
17
- [ coarse gravels in silty matrix
19 D Gravels in silty matrix
20 Gravels in clayey matrix
21
D Mix of sands and silts
22

Figure 2. Stratigraphy of three piezometers near the infiltration basin. Information obtained from the
analysis of the soil cores during the construction of these piezometers.
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Figure 3. Groundwater temperature distribution in the aquifer before MAR operations started. Data
taken from 25 November 2019 to 27 November 2019.

The initial temperature conditions in the aquifer at the beginning of the rainfall season
(just after the end of the dry season), before the managed aquifer recharge operations started
in 2019, can be seen in Figure 3. The local groundwater temperatures ranged between
15.7 and 19.6 °C in November 2019, with air temperature varying from 8 to 20 °C, and
surface water temperature at about 15 °C in those days. A fairly homogeneous distribution
of temperatures, higher than about 17 °C, is noticeable in the MAR scheme area. Two deeper
points, REW_6 and REW_142, show temperatures of 17.1 and 18.8 °C, respectively (a map
of temperature distribution only is available as Supplementary Materials, Figure S1). These
relatively high groundwater temperatures highlight the presence of the above-mentioned
geothermal flow.

2.2. The LIFE REWAT Managed Aquifer Recharge Scheme

The LIFE REWAT Managed Aquifer Recharge scheme is a two-stage infiltration basin
using harvested rainwater from the Cornia River during high-flow periods. The scheme
consists of diversion infrastructure and then two basins: a settling pond and the infiltration
basin (Figure 4). Surface water is firstly diverted from the Cornia river into the decantation
pond, where the suspended solids are deposited. Afterwards, the water enters into the
infiltration pond. The infiltration pond was constructed in a topographic low, where the
soil (sandy/silty gravels) provides a full hydraulic connection with the phreatic aquifer.

The MAR scheme is operated using a hi-tech high-frequency automated and remotely
controlled system, and quasi real-time monitoring of water quantity and quality is run.
This system is supported by the data gathered from different sensors installed in the area,
recording different parameters into a database with a frequency of fifteen minutes.

2.3. Groundwater Head and Temperature Monitoring

For this study, groundwater head and temperature were monitored at selected points
in the shallow aquifer (Table 1 and Figure 1; shallow points are named “Superficial”). These
points, located upstream and downstream of the MAR scheme, were monitored before
and during MAR operations, covering two weeks of full operations of the MAR scheme.
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Deeper screened points (i.e., points at depths higher than 20 m; “Deep” points in Table 1)
were also monitored (Figure 1), but their data are not used in the interpolation process, and
only plotted against the temperature distribution in the shallow aquifer.

i*é::!tt@ﬁp;;f{E“\H‘J*ﬂ

. Pond ¢ ”

Figure 4. LIFE REWAT Managed Aquifer Recharge scheme.

The fieldwork measurements were carried out with two instruments, a portable water
level meter (dipper) [30], and a thermo-dipper [31]. The dipper had precision of 1 cm, while
the temperature sensor had accuracy of 0.1 °C ranging from —10 to +50 °C.

The study was carried out in winter, taking advantage of the existing difference in tem-
perature between the surface water (cold, between 8 and 13 °C, and in quasi-equilibrium
with the air temperature) and the groundwater. This way the colder surface water infiltrat-
ing in the basin could mix with/replace the warmer groundwater in the aquifer during
the recharge operations. The experiment started on 9 February 2020. On that date at 15:00
(CET) the MAR scheme was set off for 52 h, being in full operation since 10 December
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2019. On 11 February at 19:00 (CET) the scheme was turned on again. The temperature
monitoring took place on three campaigns: C1 on 10 February 2020, and 11 February 2020;
C2 on 18 February 2020; C3 on 25 February 2020. The experiment ended because of a large
flooding event of the Cornia River occurring on 3 March 2020, when the managed recharge
was temporarily suspended following operational protocols. During the experiment, we
approximately recharged the aquifer at the rate of 5800 m3/day.

Table 1. List of the piezometers and wells used in the experiment.

Point Piezometer Monitored Point Depth Point Type Monitored Point Depth
Type Depth [m] [m] Depth [m] [m]
REW_10 Superficial 2.70 2.80 REW_39 Superficial 15.00 15.50
REW_11 Superficial 5.00 6.14 REW_3 Superficial 10.00 12.00
REW_12 Superficial 8.00 11.84 REW_5 Superficial 5.90 6.00
REW_13 Superficial 6.00 6.50 REW_6 Deep 10.00 30.00
REW_14 Superficial 6.15 6.23 REW_119 Superficial 10.00 12.00
REW_15 Superficial 6.10 6.25 REW_142 Deep 40.00 43.00
REW_16 Superficial 4.90 5.00 REW_156 Superficial 3.90 4.00
REW_17 Superficial 6.00 7.05 REW_157 Superficial 5.50 5.60
REW_18 Superficial 6.80 6.90 REW_158 Superficial 5.20 5.25
REW_19 Superficial 8.50 8.88 REW_301 Superficial 2.00 3.76
REW_20 Superficial 14.60 14.70 REW_302 Superficial 1.60 2.88
REW_23 Superficial 13.00 14.00 REW_304 Superficial 1.50 3.71
REW_24 Superficial 8.00 8.16 REW_305 Superficial 4.00 494
REW_25 Superficial 7.00 7.57 REW_306 Superficial 4.10 4.15
REW_30 Superficial 10.00 12.00 REW_444 Deep 20.00 30.00
REW_36 Deep 21.00 30.00 - - - -

Groundwater heads and temperatures were measured at 27 points in the phreatic
aquifer and at 4 points at depth larger than 20 m from soil surface (Table 1). In order to
avoid measuring the temperature of the groundwater superficially, hence subjectedto short-
time changes in air temperature, the temperature measurements were taken from depths
under 5 m of the water level if the depth of the piezometers allowed it. The measured
values of heads and temperatures were finally spatially interpolated utilizing the Inverse
Distance Weight interpolation feature of QGis 2.18.28 [32] and then some isolines were
slightly modified to take the influence of the River Cornia into account. Additionally,
water levels and temperature variations from different points were recorded automatically
through a series of sensors in situ. All these values were recorded in the SCADA system of
the MAR scheme with a frequency of fifteen minutes.

The meteo-climatic and hydrologic conditions were monitored during the experiment
period and are summarized in Figure 5. The air temperature ranged between a minimum
value of 0.5 °C and a maximum value of 19.4 °C, with an average value of 10.4 °C for the
whole period [33]. Similarly, the water temperature from the Cornia River presented a
mean value of 12.7 °C. The experiment was run with the river level remaining in baseflow
conditions, at a constant level of 0.51 m, varying 1 or 2 cm during the day, at the Ponte
per Montioni monitoring station [34]. During the study period, 3 days of rainfall were
recorded, where only a total of 1.8 mm of rainfall was recorded on 19 February 2020 and
0.2 mm on 20 February 2020 and 24 February 2020, respectively (recorded at the rain gauge
station of Suvereto) [35]. The amount of rainfall is therefore considered negligible in term
of aquifer recharge affecting the experiment.
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Figure 5. Hydrologic conditions at the MAR site during the experiment.

3. Results and Discussion

In Figure 6, the discharge curve of the infiltration basin together with the piezometric
variations at the points REW_10, located in the infiltration basin, and REW_17 are presented.
The 52 h interruption of the recharge operations, from 9 until 11 February 2020, was reflected
in the water level of the infiltration basin and in the aquifer. Another short interruption
of the recharge operations is also observable from 19 until 20 February 2020 as a result of
the automatic operation of the scheme. The changes in the basin water level are reflected
in a relatively short time in nearby points (e.g., the point REW_17, located around 150 m
downstream of the infiltration basin). This behavior cannot be explained solely by the
Darcy equation of flow in porous media, but on the analysis of the speed of the pressure
wave (celerity) [36-38]. Thus, the hydraulic head changes in the groundwater may not
accurately represent the actual movement of the recharged water volume itself. Therefore,
complementary information, such as those provided by heat carried by groundwater, and
analyses are required for the determination of the development of the recharged plume.

The temperature variations of the surface water in the infiltration basin, and of the
groundwater at the point REW_10, screened at 2.7 m depth under the infiltration basin, can
be seen in Figure 7. The change in temperature reflected on the groundwater point is in
direct relation with the changes in the surface-water temperature in the infiltration basin.
The temperature differences between these two points are relatively small. This relation
suggests a displacement of the native groundwater by the infiltrated one or a mix of these
two endmembers, with a dominant surface-water component.

The existing temperature in the aquifer after 2 months of MAR operations, and shortly
before the described experiment started, is shown in Figure 8 (the map of temperature dis-
tribution only is available as Supplementary Materials, Figure S2). Compared to November
2019 (Figure 3), a cold area centered in the recharge basin (REW_10 at 9.6 °C) has developed
following two main axes: one towards West and one approximately South.
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Figure 8. Groundwater temperature distribution with MAR operations halted for the experiment.

The MAR operations slightly modify the regional groundwater flow by superimposing
two local, additional mainly East to West and North to South flow to the dominant in the
area river recharge. A high thermal gradient is detected within the first 100 m around
the infiltration basin. In our experiment, the groundwater flow perturbed the geothermal
gradient by infiltration of relatively cool water in a recharge area contrasting with an
upward flow of relatively warm water. Recharge is clearly affecting the aquifer temperature
in the infiltration basin area.

Comparing Figure 8 with Figure 3, the points located on the North—East, upstream of
the infiltration basin, hold a steady temperature above 16 °C, as seen before the recharge
activities. This shows a very slow change in their temperature with time, in contrast with
the areas directly impacted by the MAR activities. At the shallow point, REW_158, the
temperature stays high at 17.8 °C. The same applies to the deeper points, REW_444, West
of the basin, at 16.7 °C, and REW_142, at 17.3 °C, demonstrating the relevance of the
geothermal flow in this section. The colder plume depicted South of the river is a result of
the interpolation process, and no data are available to confirm these results.

Once the MAR operations restarted, on 11 February at 19.00 (CET) a cold temperature
plume further developed following the above-mentioned directions. When observing
the variation with time of the values of groundwater temperatures in Figure 9 and in
Figure 10 (maps of temperature distribution only are available as Supplementary Materials,
Figures S3 and 54), it is worth noting that the temperatures of the points located upstream
of the infiltration basin (REW_19, REW_5, REW_3, and REW_30) still maintain constant
values. This shows a minor development of the recharge bulb upstream of the MAR scheme,
and the relevance in the area of a forced convection heat transport in agreement with the
modified groundwater flow direction.

The temperature signal seems undetectable at REW_23, about 700 m West of the
recharge area, while REW_158 still maintains a temperature higher than 17 °C. In this
regard, two hypotheses may be made: (i) the recharge flow did not reach these points
during the experiment time, and/or (ii) the upward geothermal warm flow potentially
has a larger influence. In the second case, recharged groundwater would be mixing with
the geothermal flow, but the rate of recharged water during the experiment would be low
compared to the geothermal flow, then being unable to change the aquifer thermal state.



Hydrology 2022, 9, 14 11 0f 14

Taking the area enclosed within the 14 °C isotherm in the northern side of the Cornia River
as a reference, this area expands with time. Starting with 110,000 m? on 11th February, the
area grew up to 138,000 m? after 7 days, and up to 174,000 m? after 14 days.
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Figure 10. Groundwater temperature distribution after 14 days of the restart of MAR operations.

Because of the imposed head gradient in the MAR area, forced convection [20] seems
to be the dominant heat transport mechanism in our experiment, while minor relevance
seems to have conduction and transport with thermal dispersivity.
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4. Conclusions

The experiment described here shows the use of heat carried by groundwater as a
tracer in order to detect the development of the recharge plume in a Managed Aquifer
Recharge scheme. As our experiment demonstrated, heat as a tracer is especially suited
for delineating small-scale flow paths monitoring temperature in the aquifers [39]. Tem-
perature, besides hydraulic head and groundwater chemistry data, is a readily available
parameter that, in particular meteo-climatic conditions, may provide cost-effective ob-
servations to conduct hydrological investigations. Results show that in the experiment
the cold-infiltrated surface water moves through the aquifer, allowing us to identify the
development and extension in the two-dimensional space of the recharge plume resulting
from the LIFE REWAT MAR infiltration basin operations. The results highlight two main
components of convective heat transport, one towards the West and one to the South,
forced by the hydraulic gradient set by the recharge operations. The upstream groundwater
flow seems to limit the cold water movement on the eastern side of the MAR scheme. The
recharge operations seem not to affect the deeper layers of the aquifer. Further analyses
are needed to evaluate the mixing between the groundwater of geothermal origins and the
recharged one.

Further works will include the assessment of heat transport in 2D along a cross-
section monitoring temperature (with other parameters) at different depths of the aquifer.
The joint use of groundwater head and temperature data in 3D groundwater modeling
applications may support the parameterization of the aquifer system under investigation
and the set-up of geochemical reactive transport models for the understanding of complex
processes occurring during recharge. Finally, we suggest that along other parameters to
be analyzed during the planning, design and investigation phase of Managed Aquifer
Recharge schemes [40,41], groundwater temperature distribution is duly considered in
order to accurately estimate groundwater flow direction and velocities prior to the modified
state and following the beginning of MAR operations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/hydrology9010014 /s1, Figure S1: Groundwater temperature before
MAR operations started. From 25 November 2019 to 27 November 2019. Figure S2: Groundwater
temperature distributions with MAR operations halted for the experiment (10-11 February 2020).
Figure S3: Groundwater temperature distribution after 7 days since restart of MAR operations
(18 February 2020). Figure S4: Groundwater temperature distribution after 14 days since the restart
of MAR operations (25 February 2020).
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