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Abstract

Spreading, dilution and mixing processes in the groundwater are influenced not only by the heterogeneous
properties of the porous media but also by the boundary conditions. Although less studied than the heterogeneity
of the soil matrix, highly transient boundary conditions can often occur in the field and can also enhance mixing
in Darcy flows. In this work, we focus on surface water-groundwater interaction, in particular on rivers affected
by hydropeaking, an artificial flow regime with sharp and frequent water level fluctuations resulting from the
operation of hydropower plants. To study how hydropeaking can affect the groundwater flow field and thus
mixing in the subsurface, we modeled a cross-section of the Adige Valley, in Italy, where two Alpine rivers, the
Noce and the Adige, are differently affected by hydropeaking. We performed two-dimensional flow and transport
simulations using a calibrated model, and investigated different scenarios, considering both sub-daily and
seasonal fluctuations. We characterized the flow field applying different topological and kinematic indicators and
show their relation to mixing processes in the subsurface. Our results show that hydropeaking and hence the
management of hydropower plants have a major effect on groundwater solute transport.
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1. INTRODUCTION

Natural groundwater systems may be connected to fluctuating surface water bodies, water sinks and source
terms which lead to transient boundary conditions. These conditions, together with the heterogeneous
properties of the porous media, affect spreading, mixing and dilution processes in the aquifers (Rolle & Le
Borgne, 2019). While some transient boundary conditions are due to natural factors, such as ocean tides (Geng
et al., 2020; Trefry et al., 2019) and seasonal fluctuations as occurs in rivers controlled by glacier melting (Pérez
Ciria et al., 2019), others changes are caused by anthropogenic factors, including engineered pumping systems
(Cho et al., 2019; Neupauer et al., 2014) and water management, in particular hydropeaking, an artificial flow
regime characterized by changes in the water level due to the operation of hydropower plants (Ferencz et al.,
2019; Arntzen et al., 2006).

Several works have shown the effects of hydropeaking on the hydrological cycle and sediment transport
(Bruno et al., 2009; Fette et al., 2007), the physicochemical characteristics of the water (Hauer et al., 2017;
Zolezzi et al., 2011), and the interaction with hyporheic water (Singh et al., 2019; Song et al., 2018; Sawyer et
al., 2009), with mostly negative impacts for riverine ecosystems (Bejarano et al., 2018; Casas-Mulet et al.,
2021). Beyond the hyporheic zone, hydropeaking can cause variations in the groundwater level in river corridors
and riverine islands (Francis et al., 2010; Song et al., 2020), and influence the transport of dissolved solutes
near the shore (Zachara et al., 2016). More recently, an experimental study at laboratory scale by Ziliotto et al.
(2021) has shown that hydropeaking has the potential to enhance the dispersion and spreading of a
conservative plume moving below two rivers in a homogenous aquifer.

Understanding mechanisms behind mixing enhancement is relevant because mixing is slow in porous
media and reactions are often incomplete (Valocchi et al., 2019; Wright et al., 2017), thus hindering the
degradation of contaminants in the groundwater. In general, variations in the magnitude and direction of the
velocity can increase mechanical dispersion, stretching and folding therefore enhancing mixing (Neupauer et
al., 2020; de Anna et al.,, 2014). While these velocity variations are generally due to heterogeneities and
anisotropies in the porous media (Ye et al., 2020; Cirpka et al., 2015), they can also be caused by transient
boundary conditions (Piscopo et al., 2013; de Dreuzy et al., 2012; Dentz & Carrera, 2005). In fact, injection-
extraction systems (Neupauer et al., 2014; Sposito, 2006) and tidal forcing (Wu et al., 2020; Trefry et al., 2019)
can generate transient flow fields with a complex and chaotic mixing dynamics.

The interaction between transient boundary conditions and heterogeneity and their effect for solute transport
has been studied for different groundwater scenarios; for instance, de Dreuzy et al. (2012) for uniform
fluctuations, Neupauer et al. (2014) for engineered systems, and Geng et al. (2020) for coastal aquifers. In
terms of river-aquifer systems, Cardenas et al. (2004) analyzed the effect of heterogeneity in the hyporheic zone
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with its geometry, and Song et al. (2018) studied the impact of hydropeaking on the thermal regime and the
biogeochemical reactions of a heterogenous cross-section of the hyporheic zone. In this work, we aim to study
the interaction between river stage fluctuations and the heterogeneity of an aquifer, considering the conductivity
of the river bed. For this, we model a cross-section of an aquifer located in an Alpine valley that is traversed by
two rivers differently affected by hydropeaking, and perform flow and transport simulations with seasonal (daily
resolution) and sub-daily (hourly resolution) fluctuations. We explore therefore, the effects of such fluctuations
on a conservative tracer plume by analyzing its spatial distribution and dilution index, under different hydraulic
scenarios.

2. METHODOLOGY
2.1 Study area and model

We study the aquifer under the Adige Valley (north of Italy), in particular the area between Mezzolombardo
and San Michele all’Adige (Figure 1a). The valley is composed by loose sediments from the alluvial fan
formations of the Adige River and its tributaries, and to the east and west is bordered by calcareous dolomitic
mountains. Originally a wetland, the area has a high demand of groundwater for irrigation of vineyards
(Castagna et al., 2015). As in most Alpine catchments, its hydrological regime is characterized by snow and
glacier melting in spring, however it is heavily impacted by hydropeaking (Chiogna et al., 2016).
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Figure 1. a) Modeled area in the Adige Valley; b) model and hydraulic conductivity of the cross section; and c)
hydrograph at daily and hourly timescales with precipitation.

Figure 1b shows the modeled vertical cross-section of the Adige Valley, which is traversed by the Adige
River and the Noce River, a tributary of the Adige. The model origin is at long= 661636.44 and lat=5117317.54
(WGS84 — UTM 32N). The bottom of the unconfined aquifer is at 164 m a.s.l. and the topographical elevation
of the surface varies from 204 to 209 m a.s.l. From west to east, the model extends of approximately 3120 m.
The model is therefore discretized in 780 columns of Ax = 4 m and 80 layers of Az = 1 m. Overall, we follow the
methodology used in (Castagna et al., 2015) to model a larger section of the Adige Valley, and we consider the
hydraulic conductivity field which is used by the Geological Survey of Trento. The left and right sides of the
cross-section are Dirichlet boundary conditions. On the left, we use the measurements of the piezometer P343
to implement a time variant specified head, and on the right, we apply a constant head. This boundary is far
from the areas close to the highly transient boundary conditions (i.e. rivers) and it does not affect significantly
the transient model.

On the top of the model, we apply Cauchy boundary conditions to implement the aquifer’s recharge, which
is computed after a leakage model based on soil saturation moisture (Laio et al., 2001; Rodriguez-lturbe et al.,
2001). Precipitation data was obtained from the meteorological stations at Mezzolombardo (Meteotrentino,
2022) and San Michele all’Adige (3BMeteo, 2022). Precipitation at Mezzolombardo aggregated for daily steps
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is shown in the top axis of Figure 1c. Evapotranspiration and irrigation were obtainned from (Galli, 2019). We
assign the recharge to each cell after the Thyesen polygon method. Cauchy boundary conditions were also
applied to introduce the pumping wells. In fact, the cross-section contains several pumping wells, which location,
use and maximum allowed pumping rate were provided by the Geological Survey of Trento. The rivers are
implemented as Neumann boundary conditions, or head-depending flux. To estimate the river stage, we collect
hourly data from the gauging stations of Mezzolombardo Ponte Rupe and San Michele all’Adige, provided by
the Dam Office of the Autonomous Province of Trento (Provincia Autonoma di Trento - Ufficio Dighe, 2017). We
calculate the stage at the model area using the Chézy equation under the assumption of a rectangular channel
and that the river flow is constant between the gauging stations and the area of interest. We consider a model
at daily resolution to consider weekly and seasonal fluctuations, and a model at hourly resolution to account for
sub-daily fluctuations. The daily resolution simulation is from February 20t to May 20t, 2017, while the hourly
resolution simulation is for a one-month period, from February 20t to March 20t of the same year. The
hydrograph of the Noce and the Adige rivers for both daily and hourly models is shown in Figure 1c.

2.2 Model calibration and synthetic scenarios

We calibrate the specific yield and the vertical hydraulic conductivity of both the Noce and the Adige
riverbeds, and adjust the bottom of the riverbed at the Adige. For this, we use a Montecarlo approach and apply
as objective functions the mean average error (MAE), and root mean squared error (RMSE), and the Nash-
Stutcliffe coefficient (NSE). Piezometer P37 is used as calibration point. We calibrate the model at daily
resolution (MAE=0.05, RMSE=0.07, NSE=0.98 and validate it with the hourly resolution (MAE=0.02,
RMSE=0.03, NSE=0.85). In addition to the calibrated model, we simulate synthetic scenarios to account for the
broad range of values in the hydraulic conductivity of the riverbed (Tang et al., 2015), as well as the case of a
steady river stage. Therefore, we consider the cases of the vertical hydraulic conductivity k of the river as follows:
0.01k, 0.1k, 0.2k, 0.5k and 10k for the transient models, and k for the steady state simulation, where k is the
calibrated hydraulic conductivity. For comparability purposes between the simulations at daily and hourly
resolution, the steady state simulation uses the mean groundwater and river heads of the hourly model
(February 20t - March 20t, 2017).

2.3 Groundwater flow and transport equations

The groundwater flow equation for a representative volume can be described by a combination of the
Darcy’s law with the continuity equation

oh 1
S= =V (-K-Vh) +q (1]

where K [LT ] corresponds to the hydraulic conductivity tensor, Vh[—] is the hydraulic head gradient, q'[LT ]
accounts for the source and sink, and S [—] is the storage coefficient. We solve the groundwater flow equation
with the finite differences code MODFLOW-OWHM (Boyce, 2022). Specifically, we apply the Newton-Raphson
solver (Niswonger et al., 2011), which is recommended for cases with water table fluctuations across different
layers.

The rivers were implemented using the river package of MODFLOW. As mentioned earlier, the model is
calibrated for the vertical hydraulic conductivity k of the river beds. This parameter is introduced in the river
package through the riverbed conductance, defined as

= AxAyk [2]
==

where Ax and Ay are the length and width of the cell occupied by the river, and M is the thickness of the riverbed.
We assume a thickness of 1 m in order to calculate the vertical hydraulic conductivity k from the calibrated
riverbed conductance.

The transport of solutes is solved by the advection-dispersion equation (ADE). For a conservative tracer,
the advection-dispersion equation is written as

a(ne)

T V- (mDVC) — V- (nv), [3]

being C[ML™3] the tracer concentration, n[—] the porosity, and D[L?T '] the dispersion tensor. We solve the
ADE using MT3D-USGS (Bedekar et al., 2016). The dispersion tensor uses a longitudinal dispersion
coefficient, D,, while the transverse dispersion coefficient is parametrized as D = 0.1D,.
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2.4 Dilution Index

We use the dilution index (Kitanidis, 1994) to evaluate mixing for the solute concentrations estimated with
the ADE. The dilution index is understood as the exponential of the entropy of the system, defined by

E(t) = exp [— fp (x,t) Inp(x,t)dV]|, [4]
v

where p (x, t) is the mass probability density function of the concentration at the coordinates x, at time ¢ in a
system of volume V, and it is calculated by

C(x,t)

p(x,t) = m,

[5]

Higher values of the dilution index correspond to a better dilution of the system.
3. RESULTS AND DISCUSION
3.1 River fluctuations and groundwater heads

We start the analysis with the model at daily resolution, which requires a simulation time much lower than
the model at hourly resolution (less than a third), and in the area of the Noce River. In addition to the field
observations, we added observation points for the simulated groundwater heads below the river and 25 m before
the first river cell. During most of the simulated period, the estimated river head of the Noce is higher (0.15 +
0.15 m) than the measured groundwater head at piezometer 343, located 95 m to the left of the river. Compared
to the groundwater head below the river, the Noce is 0.06 + 0.03 m higher, indicating that the Noce River is
feeding the aquifer. On the side of the Adige River, the estimated river head is 0.36 + 0.06 m lower than the
groundwater head at piezometer 37 (85 m from the river), and the groundwater level below the riverbed is 0.01 +
0.008 m higher than the river head, indicating that at the studied cross-section, the aquifer is feeding the river,
and the groundwater flows towards the Adige.
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Figure 2. River fluctuations and simulated groundwater heads for the model at a) daily and b) hourly
resolution for calibrated and synthetic scenarios during one month.

As a comparative example of the simulated groundwater heads in the calibrated model and selected
synthetic scenarios, we show in Figure 2a the case for the daily observation points placed 25 m to the left of the
Noce River during the period from February 20t to March 20t, 2017. We also included the estimated river head
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at the cross-section. The simulated groundwater levels are highly dependent on the boundary conditions, as it
is noticeable in particular after March 7%, when the groundwater head drops. However, it is also possible to

observe changes in the groundwater due the river fluctuation, as the tough in February 21t or peaks in February
24t and March 51, in particular for k and 10k.

3.2 Interplay of hydraulic conductivity, river fluctuations and riverbed conductance

In order to study how solute transport is affected by hydropeaking in a heterogenous aquifer cross-section,
we prepared the transport simulation in the seasonal model and considered a conservative tracer representing
a contaminant plume with an initial rectangular shape 28 m length, 3 m wide and with a centroid placed 40 m
to the left of the Noce River and 10 m below its riverbed. Its initial concentration is 100 [M/L3].

As the plume starts moving, it is pushed towards the bottom of the aquifer due to the combined effect of the
river stage higher than the groundwater and the hydraulic conductivity field. In fact, the hydraulic conductivity
below the Noce is lower compared to the region below the tracer plume, forming therefore a preferential path in
the vertical direction enhanced by the vertical component of the velocity. Once the plume reaches the bottom
of the aquifer, it moves to the right direction through the area with high hydraulic conductivity (Figure 1b between
164 and 175 m a.s.l. and 0 and 1000 m in the longitudinal direction). The plume distribution and its concentration
at the end of the simulation is seen in Figure 3a (left colorbar), the magnitude of the velocity field is shown as
background (right colorbar), and the blue rectangle on the top indicates the location of the Noce river.
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Figure 3. Magnitude of the velocity field and solute tracer distribution after 121 days for the calibrated

transient model (a) and the synthetic scenarios (b-g).

The final plume distribution for the steady state simulation and the 0.01,0.1k,0.5k and 10 k scenarios is
shown in Figures 3b-3g. These scenarios allow us to analyze the interplay of the heterogeneous conductivity
field with the riverbed conductance and the river fluctuations. All the plumes have a hat/cap shape due to the
fact that where the plume has a larger longitudinal dispersion in the area of higher velocity at the bottom of the
aquifer. But they can also be grouped in different behaviors. For instance, the plumes of k, 0.5 k and 10 k
(Figures 3a, 3e and 3g, respectively) look very similar at the first sight, and the simulated heads, compared
below the river and at distances 25 and 40 m before the river, do not show a significant variation. However, the
peak concentration of the plume is slightly different. In 0.5k, the peak is between 200 and 400 m, while in 10 k,
the peak is between 50 and 100 m. In k, the concentration displays two local maxima in those two locations. A
possible explanation is the interplay between the regional flow direction (to the right) and the feeding river that
generates locally a flow in the opposite direction, that is, from the river to the left boundary. When k is higher,
more water is exchanged between the river and the groundwater and the flow velocity towards the left boundary
is higher, pushing the plume backwards.

The plumes k steady and 0.1k look similar to each other (Figures 3b and 3d). Like the first described group,
they also move towards the bottom of the aquifer, but the peak concentration is not as stretched as for the



Proceedings of the 39th JAHR World Congress
19-24 June 2022, Granada, Spain

former three cases and it arrives further, around 380 m for 0.1k and 400 m for the steady state. A reason why
k steady reaches a farther distance than 0.1k is that it is does not experience the fluctuations that can increase
the flow direction backward and therefore delay the plume. The most different final tracer distribution is
encountered for the case 0.01k (Figure 3c), which does not reach the bottom of the aquifer. Here, the magnitude
of the velocity field below the Noce River is also different from the other cases. Due to the low riverbed
conductance, the vertical velocity is not pushing the plume to the bottom of the aquifer and the plume moves
rather horizontally. This case is representative for a clogged riverbed.

While the final plume distribution is different when the hydraulic conductivity of the riverbed varies in orders
of magnitude, it is interesting to observe that the variations in the groundwater head at 25 from the river are
minimal (e.g. Figure 2a). In fact, assuming that the results for k are a measured groundwater head, MAE <
0.021, RMSE< 0.024 and NSE>0.9 for the scenarios > 0.1k for the four months simulated period. Only the
scenario of 0.01k gave poor statistical values. With respect to the calibration point, the riverbed conductance of
the Noce river is less sensitive than the river bed conductance of the Adige river. Considering that the
conductivity of the river bed can change significantly over short distance, it is important to be aware of the
different possible scenarios and the low model sensitivity to the groundwater heads, in particular when modeling
solute transport in a regional model under highly transient boundaries in this heterogeneous aquifer.

3.3 Sensitivity of dilution index at daily and hourly resolution

We extend the previous analysis of solute transport to the Adige river and to the simulations at hourly
resolution by estimating the dilution index. As mentioned earlier, the hourly resolution accounts for the subdaily
fluctuations typical of rivers under hydropeaking. First of all, we place an initial solute concentration near the
Adige River at the same relative distance as the plume near the Noce River. Here, the plume moves towards
the river and starts leaving the system after 15 days. To keep only the period in which the tracer is present only
in the aquifer and for comparison purposes, we present in Figure 4 the dilution index for both time resolutions
and both rivers during the first 15 days. Despite the differences found in the location and distribution of the tracer
concentration in section 3.2, the dilution index reaches similar values for all the transient simulated scenarios
(Figure 4a), only the steady state scenario displays a different dilution. The hourly simulations (Figure 4c), on
the contrary, show a broader range of the dilution index. The lowest final dilution value is the same as in the
daily simulation: the steady state scenario. However, the dilution index after 15 days increases as the vertical
hydraulic conductivity of the Noce Rive increases. Considering hourly resolution rather than a daily one may be
particularly important when analyzing contaminant plumes. For instance, a daily resolution model may show
that a plume has already diluted to no-harmful concentrations, while the same model but at hourly resolution
may reveal that the peak concentrations are still dangerous for the environment.

Similar to the analysis of the Noce, we compared the scenarios with the simulated head 25 m to the left of
the Adige River for the hourly simulations (Figure 2b). The different riverbed conductances of the transient
simulations are not sensitive to the groundwater head in that point (MAE<0.031, RMSE<0.032 and NSE>0.99),
except for 0.01k (MAE=0.19, RMSE=0.21 and NSE=0.75), where the groundwater head is higher than the other
cases, since less water from the aquifer goes into the river. At the calibration point, it is possible to notice
changes in the simulated groundwater head, showing that the groundwater head propagation is also sensitive
to the hydraulic conductivity of the riverbed. Unlike the plume near the Noce that is affected by the subdaily river
fluctuations, the behavior of the dilution index of the plume near the Adige river is controlled by the advection
forces leading the plume towards the river (Figures 4b and 4d). In fact, the dilution index looks almost the same
for all transient scenarios and the steady state model, except for 0.01k. In this case, the low riverbed
conductance leads to a lower velocity of the aquifer water feeding the river. Similar to the Noce, the hourly
resolution also leads to larger values of the dilution index, and it increases the difference between the higher
and lowest dilution value (0.01k in this case).

Overall, our results emphasize both the necessity to account for sub-daily fluctuations rather than using the
mean daily values when studying solute transport in highly transient systems and the heterogeneous response
of surface water —groundwater interaction in two rivers, both affected by hydropeaking under similar hydrological
and geological conditions.
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Figure 4. Dilution index for both rivers for the hourly and daily simulations during the first 15 days.

4. CONCLUSIONS

In this work, we modeled an aquifer cross-section of an Alpine valley differently impacted by two rivers
affected by hydropeaking. We performed simulations at daily scale to consider seasonal fluctuations, and at
hourly resolution to consider the effect of sub-daily fluctuationns. We compared scenarios with different
hydraulic conductivity of the river bed by analyzing variations in the groundwater head, the distribution of a
tracer plume and the dilution index. Our results show that in a natural system, the interplay between the river
fluctuations, and of the hydraulic conductivity of the aquifer and of the river bed can lead to a complex transport
dynamic. In particular, the effect of sub-daily river stage fluctuations can be a relevant to correctly quantify the
dilution index of a plume passing close to the river.
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