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Abstract. Supply of aggregate materials for every construction requires mining of sand and gravel,
which leads to the formation of a myriad of freshwater lakes, a now common feature of the landscape
in the valleys of large rivers. Typically small in size and shallow, they are filled with waters from the
adjacent aquifers and directly exposed to the atmosphere. The creation of gravel pit lakes has various
and contrasting effects on their immediate environment. This article first provides a review of these
impacts from the hydrodynamic point of view, and illustrates them on simple numerical test cases. It
also introduces the gravel pit lake module developed for the occasion within the integrated modelling
platform CaWaQS, which formulation was tested on the same test cases against the Lak package,
its Modflow counterpart. By accurately simulating gravel pit lake interactions with groundwater in
different configurations, this modelling exercise also aims to identify the preponderant factors leading
water level fluctuations of those artificial lakes, whose temporal monitoring will soon be accessible to
satellite observation.

Keywords. Gravel pit lake, Groundwater–lake interaction, Numerical modelling, In silico experiments,
Natural resources.
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1. Introduction

The low-carbon transition requires an increasing
amount of raw materials, from the most traditional,
such as aggregates, to the most emerging and rare

∗Corresponding author.

metals, raising the question of their availability
[de Marsily and Tardieu, 2018]. In particular, sand
and gravel will be needed for large-scale infrastruc-
ture development such as for wind turbine foun-
dations and structures or for insulation materials.
Although sand is one of the most abundant materials
on Earth [Sverdrup et al., 2017], its exploitation faces
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major environmental issues, associated economi-
cal difficulties and even regional scarcity concerns
[Ioannidou et al., 2020], in particular when it comes
to its quality requirements. Population growth, rapid
urbanisation and infrastructure development have
led to increasing demand since the 1950s [OECD,
2019]. Mostly used in the construction industry as
a key ingredient in the production of concrete, for
road bases and land reclamation, sand and gravel are
the world’s most consumed primary materials after
water, up to 50 billion tonnes produced each year
[Bendixen et al., 2021], at unsustainable levels far
greater than their natural renewal [Bendixen et al.,
2019, Peduzzi, 2014].

Sand and gravel resources are derived from var-
ious geomorphological settings such as beach de-
posits, streambeds, river floodplains and terraces, al-
luvial fans, and glacial deposits. Extraction of mate-
rial from terraces and upland areas is generally per-
ceived as having less impact than removing sand
and gravel from active floodplains and stream chan-
nels [Kondolf, 1997, Sandercock and Ladson, 2014].
However, when aggregates are mined below the wa-
ter table, artificial water bodies fed by groundwa-
ter appear as a new landscape feature. These thou-
sands of gravel pit lakes are now a common freshwa-
ter lake type significantly influencing the morphol-
ogy of the watershed, the natural hydrologic system
and regional biogeochemical cycles [e.g., Mollema
and Antonellini, 2016]. In these environments, sur-
face water and groundwater will mix and interact
with the atmosphere. By offering open water sur-
faces where direct evaporation can occur, sustained
by groundwater inflow, gravel pit lakes are generally
recognised as a sink for adjacent aquifers in temper-
ate and Mediterranean climates [Mollema and An-
tonellini, 2016], particularly in dry years [Schanen,
1998], although they may also act as a temporary
buffer reservoir [Sinoquet, 1987], especially during
low-amplitude floods [Czernichowski-Lauriol, 1998].
This freshwater loss is of concern, in areas where
the mining of sand and gravel from those productive
reservoirs is already in competing use with drinking
water supply.

Furthermore, gravel pit lakes, characterised by
infinite transmissivity and a unit storage coeffi-
cient, also alter the hydraulic gradient in the adja-
cent aquifer, causing the water table to rise or fall
and thus disturbing the groundwater drainage pat-

tern [Peaudecerf, 1975]. By establishing a surface
of equipotential head, gravel pit lake levels may
nonetheless be representative of the average ground-
water level, like giant piezometers. With the develop-
ment of ever more efficient remote sensing systems,
satellite observation will soon provide regular mon-
itoring of temporal fluctuations of open continental
water surfaces with unprecedented precision. De-
spite their small size, gravel pit lakes are a good can-
didate for future monitoring by the SWOT (Surface
Water and Ocean Topography) satellite [Ottlé et al.,
2020]. For landscapes where few in situ groundwater
level measurements are available, gravel pit lakes
could be used as proxy indicators of local water re-
source trends. This will require the use of a modelling
tool for the coupled gravel pit-aquifer system.

A lot of effort has recently been put into analysing
lake–aquifer interactions but future work still needs
to assess the potential of using the lakes, and in
particular the increasingly common gravel pit lakes,
as monitoring wells of shallow groundwater for
better water resources planning and management
[Shrestha et al., 2021]. Understanding how gravel pit
lake level will fluctuate in response to groundwater
exchange, overland flow and atmospheric conditions
(precipitation and evaporation) is therefore funda-
mental for this purpose, especially as artificial lakes
interact differently with groundwater compared to
natural lakes [El-Zehairy et al., 2018]. Special empha-
sis in this paper is on the dynamics of these interac-
tions. By first reviewing the results of field and nu-
merical studies, we recall which consequences gravel
mining may have on groundwater systems from a
quantitative point of view. We then present the nu-
merical code we have developed in order to simulate
the gravel pit lake/aquifer interaction and introduce
the test case used to validate the lake module. On the
basis of the same test case, we finally illustrate nu-
merically the hydrodynamic effects associated with
gravel pit lakes and also discuss the main factors
influencing lake level changes.

2. A brief review of the hydrodynamical im-
pacts of gravel pit lakes

The interactions between gravel pit lakes and their
environment have received attention for many years
and have recently been summarised by Mollema and
Antonellini [2016]. This additional state of knowledge
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Figure 1. Illustration of gravel pit lake–aquifer interactions over time. The terms of the water balance
are: precipitation P , land actual evapotranspiration ETa , open-water evaporation E , diffuse runoff R,
infiltration I , groundwater inflow Qin, groundwater outflow Qout.

report is meant to be an overview of relevant in-
formation on the hydrodynamic aspects associated
with the presence of gravel pit lakes. The main ele-
ments discussed in this section are summarised in
Figure 1.

2.1. Characteristics of gravel pit lakes

By definition, a gravel pit lake develops where sand
and gravel extraction extends below the water ta-
ble. Gravel excavations are therefore typically found
in areas with a shallow water table, in floodplains
and adjoining terraces of large rivers, in glacial val-
leys or coastal areas, where most coarse-grained sed-
iments were deposited. Scattered throughout these
landscapes, pit lakes are permanent water bodies of
recent formation, mostly dredged since the second
half of the last century. Usually located near urban
areas, where aggregates are needed, water-filled pits
are used for a variety of purposes, as reservoirs for
water supply and irrigation, for recreational activi-
ties, and wildlife habitat. As such, they play an im-
portant ecological role [Seelen et al., 2021].

The gravel pit pools are usually small, with a sur-
face area varying from a few hundred square me-
tres to several hectares. Many of them have steep
sides, uneven but relatively flat bottoms and irregular
shorelines [e.g., Hindák and Hindáková, 2003, Kon-
dolf, 1997]. Their maximum depth depends on the
thickness of the gravel layers, which is usually lim-
ited, resulting in generally shallow lakes but they tend
to be deeper that natural lakes [Vucic et al., 2019]
and some can reach a depth of several tens of metres
[Mollema and Antonellini, 2016].

Gravel pit lakes are often in close proximity to each
other, with large areas of the plains turning into open

pits, up to nearly 25% [Peckenham et al., 2009], but
they are usually disconnected from permanent wa-
tercourses, except during exceptional floods [Kon-
dolf, 1997]. They therefore generally have no natu-
ral surface inlet and outlet. When they are located in
relatively flat floodplains, diffuse runoff is also lim-
ited. In contrast, they are in close hydrologic conti-
nuity with the surrounding groundwater body [Søn-
dergaard et al., 2018], as highly permeable sand and
gravel deposits allow significant groundwater seep-
age. Groundwater inflow is thus considered a key
component in the water balance of quarry lakes. This
inflow returns either downstream to the aquifer or
to the atmosphere, making most of these artificial
lakes so called flow-through or seepage lakes [Wilson,
1984].

2.2. Hydrodynamic effects associated with gravel
pit lakes

Gravel pits are young objects in the landscape whose
environmental effects have been observed in situ for
about 50 years. A number of studies on their hydro-
dynamical impacts have been published since the
pioneering work of Peaudecerf [1975] and Vanden-
beusch [1975] in France, Wrobel [1980] in Germany
or Wilson [1984] and Morgan-Jones et al. [1984] in
Great Britain. Most of them have been carried out
in temperate and western countries where sand and
gravel mining was historically practised [Koehnken
and Rintoul, 2018] and are summarised in Table 1.

A major concern in the development of aggregate
mines is to avoid or minimise negative effects on lo-
cal water resources. Peaudecerf [1975] was among
the first to consider their impacts on groundwater
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Table 1. Summary of the scientific literature on the hydrodynamic impacts of gravel pit lakes, by site and
in chronological order

Reference Site Deposit type

Vandenbeusch [1975]
Garonne River, France AlluvialSaplairoles et al. [2007]

Bessière et al. [2013]

Morgan-Jones et al. [1984] River Colne, England Alluvial

Wilson [1984] Rivers Thames and Avon, England Gravel terraces

Durbec [1986]
Rhine River, France Alluvial

Sinoquet [1987]

Marsland and Hall [1989] Southern coastline, England Beach

Mazenc et al. [1990] Oise River, France Alluvial

Panel [1991] Marne River, France Alluvial

Blanchard et al. [1991]
Loire River, France Alluvial

Mimoun [2004]

Hatva [1994] Finland Glaciofluvial

Mead [1995] Thurston county, Washington, USA
Unconsolidated deposits of
glacial and nonglacial origin

Schanen [1998] Seine River, France Alluvial

Kattner et al. [2000] Danube River, Germany Alluvial

Michalek [2001] Columbia River, Oregon, USA Floodplain

Green et al. [2005] Minnesota, USA
Unconsolidated deposits of
glacial and nonglacial origin

Kuchovský et al. [2008] Morava River, Czech Republic Alluvial

Peckenham et al. [2009] Hancock county, Maine, USA
Unconsolidated deposits of
glacial and nonglacial origin

Smerdon et al. [2012] Boreal Plains, Canada Glacial outwash plains

Apaydın [2012] Kazan Plain, Turkey Fluvial

Mollema and Antonellini [2016] River Meuse, the Netherlands Alluvial

Mollema and Antonellini [2016] Adriatic coast, Italy Coastal areas

and to question the compatibility of simultaneous
water abstraction and gravel mining. First, gravel ex-
traction produces an area of high permeability within
the aquifer, which alters the direction of groundwa-
ter, either by providing preferred groundwater flow
paths towards the lake or conversely, as an obstacle
to groundwater flow due to clogging of the pit bed
and banks. Second, what was previously the water ta-
ble becomes an horizontal lake surface. As a result,
groundwater levels immediately adjacent to the open
pit must fall upgradient and increase at its downgra-
dient end (Figure 1). Wrobel [1980] postulates that

the initial level of the gravel pit lake should theo-
retically stabilise at the height of the pre-extraction
water table that existed approximately halfway be-
tween the upstream and downstream ends of the
open pit. He calls the line where the pre-extraction
water table intersects the surface of the lake the “Kip-
pungslinie”. It divides the lake into an upstream sec-
tion where groundwater inflow is prevalent, and a
downstream area where outflow takes place. Any fur-
ther shift in the position of this line would thus deter-
mine the presence and extent of lake sealing [Wilson,
1984]. The effects of existing mines on groundwater
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have been confirmed by field observations of local
changes in groundwater levels [Morgan-Jones et al.,
1984], of up to a few tens of centimetres in the im-
mediate perimeter of the gravel pits and measurable
over a maximum of several hundred metres around
the gravel pit [e.g., Bessière et al., 2013, Gravost, 1988,
Sinoquet, 1987]. Assessing these changes quantita-
tively, however, is often difficult due to the lack of
site-specific data on water levels prior to gravel min-
ing.

Changes in groundwater levels can affect the wa-
ter supply of nearby wetlands [Green et al., 2005],
streams [Kuchovský et al., 2008] or other surface wa-
ter features [Smerdon et al., 2012], either adversely
upstream of the lake or favourably where downgradi-
ent increases in water levels create opportunities for
wetland enhancement [Maliva et al., 2010]. Of ma-
jor concern and source of land-use conflicts is the
potential impact on groundwater supply, as the de-
posits that contain significant aggregate resources
also host valuable unconfined aquifers [e.g., Apay-
dın, 2012, Nadeau et al., 2015]. Marsland and Hall
[1989] recall in this respect the dispute between the
“water” and “gravel” interests during the 1970s in
Kent County, England. The former argued that the
water resource available for abstraction would de-
crease due to evaporative losses from open water sur-
faces. The latter replied that the additional storage
provided by lakes mitigated the drawdowns of the
neighbouring production wells and that it was water
withdrawal that was the cause of the decline in water
levels. Marsland and Hall [1989] eventually conclude
that the average groundwater level had fallen due to
both gravel extraction and groundwater abstraction,
making this coastal aquifer more vulnerable to saline
intrusion.

It is still necessary to clarify in which direction ag-
gregates extraction affects the water balance compo-
nents (Figure 1). When examined on a monthly ba-
sis, precipitation generally exceeds open-water evap-
oration in winter and the gravel pit lakes recharge the
aquifer; however evaporation exceeds precipitation
in other months of the year, resulting in a loss to the
aquifer [Wilson, 1984].

On one hand, the removal of vegetated, low-
permeability soil layers in the excavation area can
promote enhanced recharge and a higher rate of
water cycling [Smerdon et al., 2012], provided that
the lakes capture available excess precipitation and

spring snowmelt [Hatva, 1994], river water infiltra-
tion [Kattner et al., 2000] or local surface water runoff
[Apaydın, 2012]. However, the topography is often flat
in the vicinity of gravel pits and they are also designed
to be protected from surface water intrusion which
could cause pollution in the aquifer [Saplairoles et al.,
2007].

Furthermore, removing the gravel itself increases
the storage capacity, which can act to maintain lo-
cally higher aquifer water levels. Particularly dur-
ing floods or after a rainfall event, gravel pit lakes
may temporary act as a buffer reservoir to dampen
groundwater level fluctuations, depending mainly on
the hydraulic conductivity of the aquifer [Sinoquet,
1987]. However, the storage volume available at the
time of overflow may be negligible so that this ef-
fect is only observed for small overflows in spring and
summer, but is cancelled out for large floods [Mazenc
et al., 1990]. Gravel mines can instead facilitate the
transfer of water [Mazenc et al., 1990] or even be
captured by the active channel in case of flooding
when they are located close to a watercourse [Kon-
dolf, 1997].

On the other hand, the gravel pits create win-
dows through the unsaturated soil layer into the
aquifer, which is directly exposed to the atmosphere
and thus, to increased water losses through evapora-
tion, which can lead to a water balance deficit, espe-
cially during dry years [Saplairoles et al., 2007, Scha-
nen, 1998]. Two processes operate that are difficult
to quantify, direct evaporation from the open wa-
ter surface and transpiration by emergent plants, de-
pending on meteorological factors and local condi-
tions such as the depth of the water body, the pres-
ence of riparian trees along the shoreline [Hayashi
and van der Kamp, 2021] or the connection with
the surrounding groundwater body that replenishes
the evaporated water. In most cases, evaporation
from the artificial pond should be larger larger than
actual land evapotranspiration notably in temper-
ate and Mediterranean climates [Mollema and An-
tonellini, 2016], even though it can be substantially
smaller than potential evapotranspiration [Hayashi
and van der Kamp, 2021]. Evaporation losses from
gravel pit lakes have been estimated at an average
of 6 to 11 m3 per day and per hectare of pits [Panel,
1991, Schanen, 1998] but varies according to the hy-
drological year. In addition to the amount of water
that would have infiltrated in the absence of the quar-
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ries, it may represent a significant share of the renew-
able resource, especially as compared to groundwa-
ter withdrawals, and given the relatively small area
occupied by the water bodies [Bessière et al., 2013]. If
the lakes are concentrated in close proximity to each
other, the cumulative effect of their large number
may be sufficient to cause a measurable drop in the
water table [Marsland and Hall, 1989, Wilson, 1984].

In conclusion, the increase in open water result-
ing from gravel extraction surely affects the water
balance of their catchment. The processes involved
are, however, often difficult to quantify, vary from
one year to another and depend on the regional con-
text, including previous land use prior to the land-
water conversion. For example, one should also con-
sider former groundwater-consuming activities such
as irrigation in areas replaced by gravel pits [Maliva
et al., 2010]. One of the major hydrological impacts
of the flooded gravel pits is their significant open wa-
ter evaporation, which is expected to increase fur-
ther under climate change [Mollema and Antonellini,
2016], as does the global evaporative water loss, es-
pecially from artificial lakes [Zhan et al., 2019, Zhao
et al., 2022].

2.3. Factors that matter

The aforementioned impacts of gravel pits on
groundwater flow patterns depend on several key
factors: (i) the extent of clogging of the sides and the
bottom of the lakes, (ii) the geometry of the excava-
tions, (iii) their position with respect to the general
direction of groundwater flow, and (iv) the charac-
teristics of the aquifer itself, which influence the
hydraulic gradient.

Clogging occurs as the result of a series of phe-
nomena leading to a decrease in the permeability
of the solid matrix at the interface between surface
water and groundwater. Among the mechanisms in-
volved in clogging, the most important is the sed-
imentation of fine particles in suspension, the ori-
gin of which lies partly in the extraction and pro-
cessing phase itself, when silt and clay tend to be
washed out of the gravel as it is excavated [Wilson,
1984]. The partial filling of the excavations by the low-
permeability overburden in the restoration phase is
a further source of fine sediment and another clog-
ging factor [Vandenbeusch, 1975]. To a lesser extent,

chemical and biological processes are also respon-
sible for progressive clogging over time. Indeed var-
ious geochemical reactions of oxidation–reduction,
precipitation/dissolution or dissolved complex for-
mation take place in the lake water when it mixes
with groundwater and can lead to clogging of the lake
boundary [Wilson, 1984]. The development of algae,
bacterial flora or rooted aquatic vegetation in sum-
mer and the deposition of organic matter in winter
will also cause biological clogging [Blanchard et al.,
1991].

The amount of clogging in gravel pit lake varies
significantly depending on a number of factors such
as the morphology of the pit and in particular the
slope of the banks, the mining method and subse-
quent reclamation, the current use of the lake, the
presence of vegetation on the banks, or the turbid-
ity of the lake water. According to field observations,
clogging is not evenly distributed along the banks
(Figure 1): it is usually predominant on the down-
stream banks of the gravel pits, in the direction of
flow [Vandenbeusch, 1975], and preferentially occurs
on their lower fringe [Blanchard et al., 1991], whereas
there is little or no clogging when the slope is greater
than 20% [Eberentz and Rinck, 1987, Gravost, 1988].
The lake bottom is also subject to long-lasting clog-
ging, particularly due to the collapse of the steep
slopes [Zhang et al., 2019], but otherwise does not
vary significantly throughout the pit. Clogging starts
from the first stages of mining and is generally estab-
lished within a few years from the cessation of exca-
vation [Muellegger et al., 2013, Vandenbeusch, 1975].
It increases over time but with less intensity [Eber-
entz and Rinck, 1987], at a variable rate of evolution
that depends mainly on the quality of the lake water
[Wilson, 1984], and eventually becomes impercepti-
ble to field measurements [Darmendrail, 1986]. Ob-
servations made in situ show clogged layers of vary-
ing thickness, from 0.5 to 1.5 m, and hydraulic con-
ductivity between 10−8 and 10−3 m/s [Durbec, 1986,
Schanen et al., 1998].

The level of the lake, compared to the average pre-
existing water table in the gravel pit area, is a good
indicator of the presence and extent of lake seal-
ing [Wilson, 1984]. Likewise, variations in the level
of the gravel pit lake that are not synchronised with
those of the water table and of smaller amplitude
characterise the buffering role played by partially
clogged reservoirs [Sinoquet, 1987]. Indeed, sealing
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of the downstream boundary of gravel lake influ-
ences the long-term lake and groundwater levels,
by raising the water level in the lake, as well as in
the aquifer up-gradient from the lake, while down-
stream, the water table is lowered and the hydraulic
gradient is locally increased [Peaudecerf, 1975, Van-
denbeusch, 1975] (Figure 1). It is sufficient to main-
tain lake–aquifer exchanges [Sinoquet, 1987] but the
low-permeability gravel lake sediments notably re-
duce the rate of groundwater seepage through the
banks [Schanen, 1998, Wilson, 1984]. In the case of
deep gravel pits and because clogging occurs primar-
ily at depth, a low water table during a dry period will
not favour groundwater seepage on the lower banks,
whereas efficient exchanges between the lake and the
aquifer are still possible when the water level can
reach the upper unclogged fringes of the banks [Eber-
entz and Rinck, 1987, Mead, 1995].

The ageing of a water-filled gravel pit therefore
results in a gradual slowing down of its exchanges
with the adjacent aquifer. Several techniques are now
available to estimate groundwater inflow and outflow
in lakes and map their spatial distribution and tem-
poral variability, using for example seepage meters,
onshore and offshore geophysical measurements, or
environmental tracers such as stable isotopes and
temperature [Kidmose et al., 2011, Masse-Dufresne
et al., 2021].

With regard to the influence of shape and size
of the excavations on lake–groundwater interactions,
Peaudecerf [1975] mentions that the disturbance of
the original equipotential lines will be accentuated if
gravel pit lakes are excavated in line parallel to the
regional hydraulic gradient whereas elongated ex-
cavations, with their long axis perpendicular to the
groundwater flow direction, will have relatively little
effect on flow conditions. The creation of small wa-
ter bodies rather than a large pond is also preferable
to limit the risk of causing temporary overflows dur-
ing high-flow periods [Mazenc et al., 1990]. This is an
important point to take into account when digging a
gravel pit to avoid any potential overflow, should the
raised lake level downstream exceed the topographic
surface, especially when the latter is flat (Figure 1).
Other lake parameters, such as the lake bed slope,
have been identified as controlling the amount and
spatial distribution of seepage [Genereux and Ban-
dopadhyay, 2001], while excavation depth will have
virtually no effect [Peaudecerf, 1975].

As for the position of the open water body within
the regional flow system, it is obviously important for
the gravel pit lake’s water budget [Peaudecerf, 1975]:
as numerically simulated by Cheng and Anderson
[1994], groundwater inflow and outflow in lakes lo-
cated lower in a watershed are likely to be higher and
more important to the budget of lakes relative to pre-
cipitation than for uppermost lakes since lakes lo-
cated in the discharge area intercept deeper ground-
water than in the upper portion of the watershed
where groundwater flows to and from the lakes origi-
nate from more variable shallow flow system.

Last but not least, it has long been known to what
extent the hydrodynamic properties of the porous
medium itself strongly influence the interaction of
lakes and groundwater [Winter, 1976]. The magni-
tude of seepage is often governed by the regional
groundwater conditions, i.e. hydraulic head gradient,
anisotropy and heterogeneity of the aquifer which
determine the background height of the water table
relative to the lake level, especially on the downslope
side of the lake.

2.4. Modelling gravel pit lakes

The large volume of literature referred to above pro-
vides guidelines for sand and gravel mining opera-
tions, well known to professionals, which aim to en-
sure a balance between responsible economic de-
velopment and mitigation strategies to protect local
water resources and avoid overflows. Mining poli-
cies vary considerably between states and local ju-
risdictions but in most countries, sand mining is
not only formally regulated by national mining leg-
islation but must also comply with environmental
legislation [Botta et al., 2009]. Accordingly, an inte-
grated environmental assessment, management and
monitoring programme must be implemented in or-
der to obtain permission to start operating a sand
and gravel quarry. In this context, relatively simple
groundwater modelling is now commonly used in
planning aggregate excavation to make predictive
and quantitative assessments.

The models make it possible to assist in the man-
agement of water resources [Fouché et al., 2020]
and examine the impact of various developments
or restoration plans. The impact of gravel extraction
on groundwater conditions is usually investigated by
simulating three states [Kuchovský et al., 2008, Panel,
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1991]: pre-mining, with the presence of the existing
open pits and integrating future gravel pits. In par-
ticular, the models enable the predictions of the cu-
mulative effects of multiple extractions at the scale of
the entire alluvial system [Bessière et al., 2013] or to
consider that all remaining alluvial resources are ex-
ploited [Mazenc et al., 1990]. Field observations are
used to adjust selected hydraulic parameters used
in the hydrodynamic model such as the degree of
clogging of the gravel pit banks [Durbec, 1986]. On
theoretical case studies, sensitivity analyses are per-
formed to assess the dominant parameters determin-
ing the response of the aquifer-gravel pit lake system.

Such numerical studies of lake–groundwater in-
teractions are mainly conducted on natural lakes,
from the early work of Winter [1976] who examined
the general principles of these interactions to the
more recent investigations of Jazayeri et al. [2021]
who modelled the effects of lakes on groundwater
wave propagation. They are also instructive with re-
spect to artificial lakes when they aim to identify
the main factors controlling lake–groundwater sys-
tems by varying lake and aquifer characteristics [e.g.,
Genereux and Bandopadhyay, 2001].

Different types of representation have been used
to simulate the hydraulic effect of gravel pit lakes in
groundwater flow models: (i) the simplest way is to
specify the lake level as a constant head over the areal
extent of the pit, assuming that it does not vary as a
result of atmospheric exchanges or interactions with
surface water and groundwater [e.g., Mimoun, 2004];
(ii) the famous and widely used “high K” technique,
which proved to adequately simulate lakes [Winter,
1976], where they are considered to be a domain of
very high hydraulic conductivity, of specific recharge
and with a storage coefficient equal to 1 [e.g., Bessière
et al., 2013, Durbec, 1986, Michalek, 2001, Mimoun,
2004]; (iii) as the latter method is nevertheless sub-
ject to some numerical instabilities and faces difficul-
ties in representing the seepage through the clogged
boundaries of the lake, it may be necessary to con-
sider more sophisticated lake modules [e.g., Smerdon
et al., 2012, Zhang et al., 2019], such as the Lak pack-
age developed for Modflow [Merritt and Konikow,
2000] or the new Slm package [Lu et al., 2021]. One
of the particularities of lake packages is that they al-
low lake water levels to fluctuate in response to the
lake–aquifer interaction, driven by the conductance
of the interfaces.

3. Numerical modelling of groundwater-gravel
pit lake exchanges

The next step was to provide the integrated mod-
elling platform CaWaQS with such a tool capable of
simulating the fluctuations in gravel pit lake water
levels, in relation to their environment. We chose to
develop a library dedicated to the hydrological sim-
ulation of gravel pits, given the modular architecture
of CaWaQS and thus, on the basis of the one already
available in Modflow [Harbaugh, 2005]. This module
is based on the calculation of the water balance of the
gravel pit, taking into account precipitation, evapo-
ration, runoff and exchanges with adjacent aquifers.
It has therefore been validated on a simplified allu-
vial plain case by comparing its performances with
those of its counterpart and precursor, the Lak3 pack-
age [Merritt and Konikow, 2000].

3.1. Including a lake module in the CaWaQS hy-
drosystems modelling platform

3.1.1. The CaWaQS platform

CaWaQS (CAtchment WAter Quality Simulator) is
a distributed and modular modelling platform for
regional hydrosystems [Flipo, 2005, Labarthe, 2016].
This tool couples specific packages to simulate wa-
ter transfers within and between the different reser-
voirs of the water cycle, from the surface to the un-
derground compartment. The platform is conceptu-
ally divided into three components representing the
surface, the unsaturated and saturated zones. Among
its various libraries, it includes a package for the cal-
culation of hydraulic heads in multi-layer aquifer sys-
tems, applying a semi-implicit finite volume scheme
for the numerical resolution of the groundwater flow
equation. We relied on the functionalities already ex-
isting in this library to develop a new module to sim-
ulate the interactions between the aquifer and a sur-
face water body in order to estimate the hydrody-
namic impacts of gravel pits.

3.1.2. Mathematical formulation of the gravel pit lake
module

The gravel pit lake module is designed to compute
the lake level based on the volumetric exchanges of
water into and out of the lake with the atmosphere,
surface waters and adjacent aquifers, summarised
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in the overall lake water balance. As described in
Equation (1), the lake water level is controlled by the
balance between the following terms of dimension
(L3·T−1): direct precipitation onto the lake P , diffuse
runoff R, evaporation E , groundwater inflow Qin and
outflow Qout from the aquifers, both laterally through
the gravel pit banks and vertically across its bed. As
gravel pit lakes usually have no permanent surface
inflow or outflow streams, this term was not included
in their water budget. During a given period ∆t (T),

ht
g −ht−1

g

∆t
= P −E +R +Qin −Qout

A
, (1)

where the first term (L·T−1) expresses the rate of lake
water level hg (L) change between the current time
step t and the previous time step t −1, and A (L2) is
the surface area of the gravel pit. The exchange rate
of water per unit area q (L·T−1) across a gravel pit-
aquifer interface depends on the hydraulic head gra-
dient between the two units and on a specific con-
ductance C (T−1), i.e., a conductance per unit inter-
face area, that is based on the material properties and
grid cell dimensions. According to Darcy’s law:

q =C (ha −hg ), (2)

where ha (L) is the hydraulic head in the aquifer.
As written, q is positive when the flow of water is
from the aquifer to the lake. C (T−1) is equal to the
harmonic mean of the specific conductances of the
aquifer and of the lakebed:

1

C
= ∆l

Ka
+ b

Kg
, (3)

with ∆l (L) the half size of the aquifer mesh in the di-
rection of flow, Ka the hydraulic conductivity of the
aquifer (L·T−1), b (L) the thickness of the bed or banks
of the gravel pit and Kg their hydraulic conductivity
(L·T−1). Groundwater seepage Qin−Qout is the sum of
all individual flows exchanged through the N gravel
pit-aquifer interfaces: Qin−Qout =∑N

n Cn(ht
an−ht−1

g ),
where han is the hydraulic head in the adjacent ele-
ment of the nth aquifer-gravel pit interface at time
step t , hg is the lake level at time step t −1 and Cn is
the conductance (L2·T−1) of the nth aquifer-gravel pit
interface. Equation (1) is an explicit scheme, used for
steady state resolution. In transient state, an implicit
or semi-implicit scheme can also be introduced, us-
ing hg = (1 − θ)ht−1

g + θht
g , where 0 ≤ θ ≤ 1. In or-

der to determine the equilibrium state of the system,

hydraulic heads in the aquifer and lake level are cal-
culated iteratively, until convergence. The lake water
level from the lake water balance is determined after
solving the groundwater flow equation:

hg = P −E +R +∑N
n Cnhan∑N

n Cn
. (4)

In transient state, the calculated lake water level
in the (t − 1)th iteration is first used as a Dirichlet
boundary condition when solving the groundwater
equation then calculated at the current time step ac-
cording to the following equation:

ht
g =

ht−1
g +∆t

P−E+R+(
∑N

n Cn ht
an−(1−θ)ht−1

g
∑N

n Cn )

A

1+ θ∆t
A

∑N
n Cn

. (5)

3.2. Validation on a test case

The numerical performance of the gravel pit pack-
age was evaluated by comparison with the state-
of-the-art Lak package [Merritt and Konikow, 2000]
associated with Modflow [Harbaugh, 2005], on a
test case consisting of a gravel pit connected to two
aquifers, as representative conditions in alluvial ag-
gregate mining areas, such as those found in the allu-
vial plain of the Seine River, upstream of Paris, France
[Schanen, 1998].

3.2.1. Case description

A gravel pit lake, 250 m wide and 500 m long in
the direction of flow thus covering about 14 ha, is dug
into a 6 m thick first layer of alluvial deposits down
to a 20 m thick second layer of chalk, in the centre
of a domain of dimensions 3125 m × 3125 m, with
a grid cell size of 62.5 × 62.5 m (Figure 2). The top
surface of the model is flat, at an altitude of 126 m.
The alluvial aquifer is fed to the west by a lateral flow
of 1.85×10−3 m3·s−1, at the surface by a recharge of
about 218 mm/year and is hydraulically connected
to the chalk aquifer, itself bounded by no flow condi-
tions on each side and at the bottom. Constant head
boundaries were placed along the eastern edge of the
first alluvial layer and no flow boundaries, parallel to
the west to east groundwater flow. Both aquifer layers
are confined, with a horizontal hydraulic conductiv-
ity of respectively 6×10−3 m·s−1 for the top layer and
5×10−4 m·s−1 for the deeper aquifer, and a vertical-
to-horizontal anisotropy ratio of 0.1.
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Figure 2. Description of the hypothetical two-
layer case study.

The surface runoff is considered to be zero. The
gravel pit is fed by precipitation of 675 mm/year but
is subject to a higher evaporation of 710 mm/year.
The same specific conductance is chosen for the bed
and the banks of the gravel pit, which translates using
Equation (3) into equivalent specific conductances of
4.0×10−5 s−1 for the vertical interfaces separating the
gravel pit from the alluvial deposits and 4.5×10−6 s−1

for the horizontal interfaces between the lake bottom
and the chalk. Multiplying by the surface area of the
interface gives conductances Cn of 1.5×10−2 m2·s−1

and 1.8×10−2 m2·s−1 respectively.
Two simulations were carried out, in steady and

transient states, using a time step of one day and the
explicit procedure for the lake scheme. The thresh-
old for groundwater convergence was set to 0.0001 m.
The forcings remain constant during the transient
simulation, which is initialised under arbitrary con-
ditions but sufficiently far from the steady state, with
the initial lake level at its minimum and contrast-
ing conditions in the two aquifers. For a sufficiently
long simulation, the transient solution must con-
verge towards the simulated steady-state. The pro-
posed setup and model parameters are summarised
in Table 2.

3.2.2. Simulation results

A first set of simulations made it possible to en-
sure the similarity of the results produced by the
two codes CaWaQS and Modflow in the absence
of a gravel pit. In steady-state, the simulated head
differences over the study area are less than 1 mm
and negligible in terms of calculation accuracy. The

Figure 3. Simulation results for validation.

introduction of a gravel pit has an impact on the
distribution of equipotential lines and therefore on
the flow pattern in the vicinity of the water body,
converging upstream and diverging downstream
(Figure 3a). The water table is lowered upstream of
the gravel pit lake up to more than 8 cm, while a high
hydraulic gradient develops downstream (Figure 3b).
Between the two models CaWaQS and Modflow,
the simulated head differences in the alluvial aquifer
do not exceed 0.1 mm, within the margin of error of
the case without a gravel pit. The water budget of
the gravel pit is detailed in Table 3. The atmospheric
moisture deficit E − P of 35 mm·year−1 results in a
net inflow to the gravel pit of the same magnitude,
of which nearly three quarters are from the alluvial
aquifer. There is no difference between the flows
calculated by each code.

When using the explicit procedure at a daily time
step, the simulated lake level evolution was almost
identical between the lake module of CaWaQS and
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Table 2. Definition of the study area: model setup and parameters

Alluvium
(layer 1)

Chalk
(layer 2)

Gravel pit
(bed & banks)

River

Horizontal hydraulic conductivity Kh (m·s−1) 6×10−3 5×10−4

Vertical hydraulic conductivity Kv (m·s−1) 6×10−4 5×10−5

Storage S (-) 0.06 0.001

Thickness e (m) 6 20

Specific conductance Cg (s−1) 5×10−5

Initial conditions h0 (m) 123 122 120 124.5

Boundary conditions

Dirichlet hr (m) 124.5

Neumann qlat (m3·s−1) 1.85×10−3

Recharge I (m·s−1) 6.9×10−9

Precipitations P (m·s−1) 2.14×10−8

Evaporation E (m·s−1) 2.25×10−8

Table 3. Gravel pit lake water balance in steady-state

Precipitation
(m3·day−1)

Evaporation
(m3·day−1)

Groundwater flows (m3·day−1)

Inflow Outflow

InV InH OutV OutH

CaWaQS
260.0 273.4 436.1 164.3 425.1 161.9

Modflow

V and H indicate flow through vertical interfaces between the gravel pit and the first layer and through
horizontal interfaces between the gravel pit and the deeper layer, respectively.

Lak, despite some differences at the beginning of the
simulation, maximum on the first day (0.1 m). By de-
creasing the time step from one to half and then a
quarter day, the transient CaWaQS model results in
a consistent lake level, whatever the time step, with a
maximum difference of less than 0.5 m at the begin-
ning of the simulation, equivalent to that obtained
with Modflow (0.48 m versus 0.42 m respectively)
but which lasts longer. The temporal evolution of
the heads simulated by the two numerical codes is
compared at a time step of 0.25 day at two points
in the alluvial aquifer, upstream and downstream of
the gravel pit (see location in Figure 3a), and in the
gravel pit itself. Figure 4a illustrates the convergence
of the water levels in the aquifer and the gravel pit
lake towards their equilibrium values. For the gravel
pit, the difference in lake level is maximum on the
first day of simulation (0.021 m) and decreases with

time (Figure 4). It is higher, although still acceptable,
than that obtained at the same point in the alluvial
aquifer in the absence of a gravel pit (0.002 m). Wa-
ter balance calculations for the lake show a similar
evolution of the inflow and outflow of the gravel pit
from one code to another (Figure 5). After an initial
filling phase, the lake acts as a flow-through system,
with the rate of groundwater inflow nevertheless al-
ways exceeding the outflow (see steady-state water
balance in Table 3).

Thus validated and operational, the lake module
has been integrated into the modelling platform as
a specific library, which can be activated if needed.
The test case configuration was taken as the baseline
model for further sensitivity analysis to explore the
impact of the introduction of a gravel pit lake on the
behaviour of a hydrogeological system composed of
two connected aquifers in interaction with a river.
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Figure 4. Detailed comparison CaWaQS–Modflow at three points (see location in Figure 3a) under
transient conditions (explicit scheme, 0.25 day time step).



Anne Jost et al. 13

Figure 5. Flows into and out of the gravel pit lake during the transient run, as simulated by the two codes.

4. Numerical experiments characterising
gravel pit lake–aquifer interactions

In a third step, in silico experiments are run to il-
lustrate the general principles governing the interac-
tions between a gravel pit lake and the aquifer system
in which it is embedded, principles which were re-
called in the first part of the present work. The mod-
elling approach offers the possibility of quantifying
the exchange flows between the gravel pit and the
aquifers and of simulating the changes in lake level
and water table following gravel excavation. We first
simulate the gravel pit lake–groundwater system un-
der steady-state conditions. By varying the various
parameters that could impact groundwater seepage
to the lake and local water levels, we analyse their rel-
ative significance. We then examine the response of
the gravel pit lake to cyclic transient boundary con-
ditions, whose influence on the seasonal water bal-
ance terms is also investigated.

4.1. Simulations design

Steady-state simulations were carried out from the
base case (#1) using various configurations relative
to (i) geometrical factors (#2 to #8): size, shape and
depth of the gravel pit lake, number of lakes, lake
orientation with respect to the direction of flow, dis-
tance of the gravel pit from the river, (ii) hydro-
dynamical factors (#9 to #15): hydraulic conductiv-
ity contrasts within the groundwater system, ratio
of horizontal to vertical hydraulic conductivity and
clogging of the lake bed and banks, and (iii) meteo-
rological factors (#16 to #19): groundwater recharge

(I and qlat) and atmospheric moisture deficit (E −P ).
The values of the parameters chosen for the tests are
shown in Table 4. Although hypothetical settings are
simulated, it is expected that these values and the se-
lected magnitude in their change from the baseline
conditions are realistic and representative of gravel
pit lake environments.

Two sets of transient simulations are used, one in-
volving a step change in water inflow and the other a
sinusoidal variation in its boundary conditions. The
first set, based on all the simulations carried out in
steady-state and defined as initial conditions, con-
sists of cancelling all the recharge terms of the lake–
groundwater system (qlat, I and P − E) and follow-
ing the rate of gravel pit lake level recession until a
new equilibrium is approached. The response time
τc of the gravel pit lake is then deduced. This char-
acteristic time is given by the exponential decay con-
stant, adjusted between 10 and 90% of the total lake
level change due to the cessation of recharge, in order
to take into account the time necessary for the sys-
tem to reach a purely exponential decay [Cuthbert,
2014]. A value of 0.06 is assigned to the storage coef-
ficient of the upper aquifer and of 0.001 for the lower
aquifer, resulting in hydraulic diffusivity T /S of 0.6
and 10 m2·s−1, respectively.

Additional transient simulations are developed to
examine the response of the groundwater–lake sys-
tem to periodically oscillating recharge (I and P −E)
and boundary conditions (qlat, hr ), independently at
first and then by applying all the forcings simulta-
neously. The sinusoidal input signal is expressed in
the form of a cos(ωt ), where a is the driving force
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Table 4. Design of the steady-state simulations: model parameters

Simulations Geometrical factors

Size (m2) Shape Depth (m) Number Orientation Position

#1 ref. 140,625 Rectangular 6 1 Parallel Central

#2 size 257,812.5

#3 square Square

#4 depth 20

#5×3 46,875 3 Perpendicular

#6 ppdcl Perpendicular

#7 up Upstream

#8 down Downstream

Hydrodynamical factors

Transmissivity T (m2·s−1) Anisotropy
Kv /Kh

Clogging Cg (s−1)

Alluvium Chalk

#1 ref. 3.6×10−2 10−2 0.1 5×10−5

#9 homo 3.6×10−2 1 Bed 5.09×10−5

#10 Tall 3.6×10−1

#11 Tch 10−4

#12 α 0.5

#13 noC No clogging

#14 C4 All but upstream 10−8

#15 Ctot All banks & bed 10−8

Meteorological factors

qlat (m3·s−1) I (m·s−1)/(mm·year−1) P −E (m·s−1)/(mm·year−1)

#1 ref. 1.85×10−3 6.9×10−9 / 218 −1.1×10−9 / −35

#16 E+ −1.38×10−8 / −44

#17 P 1.1×10−9 / 35

#18 P+ 1.38×10−8 = 2× I #1 / 44

#19 q+ 6.51×10−2 = I #1 1.96×10−10 = q lat#1 / 6

amplitude (L, L·T−1 or L3·T−1), ω = 2π/To is the os-
cillation frequency (T−1), To is the oscillation period
(T) and t is the time (T). At the river boundary, the
head amplitude is about 0.3 m. In this scenario, mean
driving forces were applied so that qlat = I = 2.23×
10−2 m3·s−1 and I = E −P = 2.36× 10−9 m·s−1. The
period is 1 year, i.e., seasonal variations are investi-
gated. The resulting cyclic stresses are illustrated in
Figure 7. Steady-state groundwater heads and lake
level are used as initial conditions and the transient
model is run with daily time steps until a quasi-
steady oscillatory state is reached. Models are used
to evaluate the response of the gravel pit lake’s level

to periodically changing hydraulic conditions, for dif-
ferent configurations involving increasing clogging of
the lake (ref., C4 and Ctot).

4.2. Simulation results

4.2.1. Steady-state analysis

The hydrodynamic disturbance caused by the
gravel pit lake, as simulated by the gravel pit lake–
aquifer system models, is assessed using several cri-
teria (see Table 5) that measure (i) the impacts in
terms of groundwater and lake levels, as compared
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Table 5. Main results of the steady-state and transient simulations: water levels and balance components

Simulations Water levels Water balance

∆h−
(m)

∆h+
(m)

hL

(m)
κ

(%)
τc

(days)
Qin E/(Qin +P )

(%)
InV
(%)

InH
(%)

τr

(years)(m3·day−1) (%)

#1 ref. −0.084 0.038 125.037 70 73 600 10 32 73 27 3.2

#2 size −0.116 0.035 125.017 77 84 851 15 38 72 28 4.2

#3 square −0.059 0.019 125.035 73 74 569 10 33 73 27 3.4

#4 depth −0.088 0.033 125.033 73 71 738 13 27 84 16 2.6

#5×3 −0.032 0.004 125.048 75 74 729 13 28 79 21 2.7

#6 ppdcl −0.040 0.004 125.054 80 75 590 10 32 74 26 3.3

#7 up −0.050 0 125.201 Ø 85 225 4 56 73 27 8.9

#8 down −0.122 0.074 124.718 63 60 988 17 22 73 27 1.8

#9 homo −0.055 0.023 124.841 71 78 661 11 30 35 65 2.8

#10 Tall −0.009 0.006 124.568 62 10 180 3 62 78 22 9.9

#11 Tch −0.106 0.049 125.182 69 94 583 10 32 100 0 3.4

#12 α −0.084 0.037 125.034 70 71 627 11 31 65 35 3.1

#13 noC −0.091 0.031 125.029 75 70 840 15 25 90 10 2.3

#14 C4 −0.038 0.143 125.143 103 102 25 <1 96 100 0 79.7

#15 Ctot −0.171 0.019 124.950 −4 1110 13 <1 100 7 93 142.6

#16 E+ −0.110 0.011 125.011 87 73 667 12 35 72 28 2.9

#17 P −0.079 0.042 125.042 66 73 589 10 30 73 27 3.3

#18 P+ −0.053 0.069 125.068 47 73 524 9 28 73 27 3.7

#19 q+ −0.134 0.095 125.205 58 73 1138 20 20 73 27 1.8

∆h− and ∆h+ are respectively the maximal fall and rise in water levels along a flow path across the gravel
pit lake, compared to the equivalent case without a lake, hL is the simulated gravel pit lake level, κ is the
position of the Kippungslinie within the lake as counted from upstream, τc is the response time of the gravel
pit lake, Qin is the groundwater inflow to the gravel pit lake, also expressed as a percentage of total flow in
the aquifer system, E/(Qin +P ) is the fraction of precipitated water and inflowing groundwater evaporated
from the gravel pit lake, InV and InH are inflows through vertical interfaces between the gravel pit and the
alluvial layer and through horizontal interfaces between the gravel pit and the chalk layer, respectively, here
expressed as a percentage of total inflow Qin, and τr is the water residence time of the gravel pit lake. Numbers
in bold are discussed more specifically in the text.

to equivalent baseline simulations with no gravel pit:
to this end, we calculate the difference in water levels
and the position of the Kippungslinie (κ); (ii) changes
in the water budget components, (iii) the water resi-
dence time of the gravel pit lake.

For the reference simulation #1, the steady-state
model results in a gravel pit lake level of 125.037 m,
a level that corresponds to the pre-extraction wa-
ter table established at a distance of 70% of its size
from its upstream side. For an unclogged gravel pit
lake, it moves not at mid-point of the gravel pit lake

[Wilson, 1984] but downward at 75%. This is in line
with the parabolic water table profile, here related to
the specified recharge and which should apply fur-
ther in the case of an unconfined shallow aquifer.
The position of the Kippungslinie therefore reflects
not only the presence and extent of the lake seal-
ing as expected [Wilson, 1984, simulations #14 and
#15] but also the recharge conditions of the system
(see simulations #16, #18 and #19). A positive at-
mospheric lake balance (#18) equilibrates the lake
at mid-point while as the E −P deficit increases, so
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decreases the predicted level of the gravel pit lake
(#16, Figure 6a), as well as the water table down-
stream of the lake. The main changes in lake water
levels are nonetheless predicted as a consequence of
lake sealing. While the two simulated water table pro-
files in the case of clogged lake (#14 and #15) are sim-
ilar, characterised by slight rise and fall respectively
upstream and downstream of the lake, e.g., a limited
impact on alluvial groundwater levels, the predicted
lake levels are opposite. A partially clogged lake gives
rise to a high lake level (125.143 m), as often de-
scribed in the literature [e.g., Peaudecerf, 1975] and
acts as a reservoir fed by the alluvial aquifer upstream
(100% of inflowing groundwater) and mainly drained
by the chalk aquifer. In contrast, if totally sealed, the
gravel pit lake ends as a terminal lake, with a low level
(124.950 m), nearly 20 cm lower, mainly fed by the
deep aquifer and where groundwater inflow exactly
compensates for the atmospheric moisture deficit. A
high hydraulic head gradient, of 3.3‰, i.e., more than
ten times greater than the initial gradient, is found
upstream of the excavation, as opposed to its down-
stream location in C4 simulation. The hydraulic gra-
dients on either side of the lake are all the more pro-
nounced as the clogging is significant. In the absence
of clogging, the transition between the gravel pit lake
and the water table is smoothed. In this case, the sim-
ulated water table is similar to that obtained from an
additional run using the “high K” technique (referred
to as #13b in Figure 6a).

In the chosen configuration, with a Dirichlet
boundary condition downstream and a Neumann
boundary condition upstream, the impact of the
gravel pit lake on groundwater levels is mainly felt
upstream, where the water table is generally lowered
as compared to the pre-extraction levels, whereas
the lake influence is rather limited downstream of
the gravel pit lake (Figure 6). The intensity of the
response of the aquifer system to the creation of the
water body is also conditioned by the position of the
lake along the flow line. Far from the low points of the
valley, only a limited drop in the water table is simu-
lated (#7, Figure 6b). It is even more pronounced the
closer the gravel pit lake is to the river (#8), where the
initial water table gradient is higher. This is also the
case when the transmissivity of the system decreases
(#11, for the chalk aquifer, Figure 6c). On the other
hand, in a highly permeable aquifer (#10, for the
alluvial aquifer), the change in water table from the

pre-extraction situation will be difficult to measure
(see Table 5). The impact of the gravel pit on ground-
water levels can finally be reduced by choosing a
gravel pit layout perpendicular to the flow, which
offers a larger exchange surface to the flow (#6 and
#3), by favouring the number of water bodies (#5,
Figure 6b) rather than a single large lake (#2), whose
level could end up higher than the natural ground
level downstream.

With regards to the water balance, groundwater
exchange with the gravel pit lake represents, in the
examples considered here, up to 20% of the total flow
circulating in the aquifer system. It is enhanced when
a higher upstream groundwater flow is intercepted by
the water body (#19 and #8), especially if the gravel
pit is larger or deeper (#2 and #4), and it is gener-
ally accompanied by a decrease in inflowing water
evaporated from the lake. A greater number of wa-
ter bodies also means an increased rate of water cy-
cling (#5). Two parameters of the model again play
a major role in controlling the lake seepage, namely
the bed and banks conductance (#14 and #15) and
the hydraulic conductivity of the superficial aquifer
(#10). Indeed, the rate of groundwater input to the
lake becomes a negligible component of the overall
water balance when clogging is severe. With respect
to the hydraulic conductivity of the alluvial aquifer,
the model results indicate that there is a reduction
in groundwater inflow to the lake, which is related to
the lower hydraulic gradient, while the conductance
of the lake/aquifer interface remains dominated by
bank clogging.

For an isotropic and homogeneous porous media
(#9), upward flux of deep groundwater into the gravel
pit lake is predominant due to the larger area offered
to the flow by the bottom of the gravel pit. However, if
the medium is anisotropic and the hydraulic conduc-
tivity decreases with depth, results show that the ma-
jority (three quarters in the reference case) of the lake
inseepage comes from the shallow aquifer (horizon-
tal conductance of the interfaces one order of mag-
nitude higher than the vertical conductance in simu-
lation #1). The share of flow through the lake bottom
may increase in case of clogging if it is homogeneous
(see noC, ref. and Ctot simulations). The relative con-
tributions of the two aquifers are indeed variable and
depend on the hydraulic conductivity contrast be-
tween the two units (#9–11), the ratio of horizontal to
vertical hydraulic conductivity (#12) and the extent
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Figure 6. Selected results of the steady-state simulations along a west–east flow line and across the water
body, for different configurations of the gravel pit (see location in Figure 3a).
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Figure 7. Theoretical response of the gravel
pit lake level, and of selected upstream and
downstream water levels in the alluvial aquifer
(see location in Figure 3a), here represented by
their amplitude, to various simple sinusoidal
hydraulic stresses applied to the lake and the
aquifer (shown in black in the figure). Results
correspond to baseline simulation, except (e),
for a partially clogged gravel pit lake (C4 simu-
lation). Also plotted in (d), the equivalent up-
stream groundwater level simulated in the ab-
sence of a gravel pit. The graphs share a com-
mon x-axis.

of lake sealing (#13–15). They are highly dependent
on local groundwater flow conditions, according to
whether the gravel pit is complete and rests on a low
permeability layer (no exchange via the bottom of the
gravel pit in the case tested here, #11), on the verti-
cal heterogeneity of the bank clogging, or on whether
the banks are more clogged than the bottom of the
gravel pit due to the partial backfilling of the excava-
tion with the overburden.

The computation of the water residence time τr

in the gravel pit lake summarises the previous obser-
vations concerning the level at which the gravel pit
lake equilibrates and its exchanges with the aquifers.
In this theoretical case study, the water retention
time is around 3 years. In particular, it is variable
along a flow path, here five times higher upstream
than downstream (down versus up simulations). It
becomes longer as the amount of seepage is reduced
(e.g., Tall simulation), mainly with the ageing of the
gravel pit and the subsequent clogging (residence
time more than one order of magnitude higher than
the median).

4.2.2. Transient analysis

The transient numerical models are used to inves-
tigate the dynamic changes in gravel pit lake water
level as a result of variations in the balance between
inputs and outputs of water. Estimating gravel pit
lake response times provides information on the time
required for the lake level to adjust to these changes.
They are shown in Table 5 for each of the 19 cases.
The calculated τc values range from 2 to 3 months.
It is dependent on the horizontal distance away from
the divide, and is longer for the lake in the most up-
gradient position. The lake response is also defined
by the size of the gravel pit. The results mainly illus-
trate how the response for any gravel pit lake is deter-
mined by the hydrodynamics properties of the lake–
groundwater system. The larger the hydraulic diffu-
sivity of the shallow aquifer, the shorter the time to
reach the equilibrium lake level and conversely when
the gravel pit lies on a low permeability bedrock. Fi-
nally, τc depends largely on the connectivity between
the gravel pit lake and groundwater, i.e., on the con-
ductance of their interfaces. Significantly slower re-
sponses, up to 3 years, are simulated as a result of
sealing of the bed and banks of the gravel pit lake.

For small lakes such as those in gravel pits, how-
ever, relatively short response times are expected and
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Table 6. Results of the baseline transient simulations under the action of each stress separately and then
all together: amplitude H and phase shift φ of the gravel pit lake level and of the alluvial groundwater
level at about 100 m upstream and downstream of the lake

Stress Upstream Gravel pit lake Downstream

H (m) φ (days) H (m) φ (days) H (m) φ (days)

I 0.122 52 0.110 56 0.096 51

qlat 0.172 56 0.145 65 0.120 65

hr 0.089 56 0.090 53 0.093 40

P −E 0.028 42 0.033 36 0.024 38

All 0.410 55 0.375 58 0.328 53

No gravel pit 0.455 48 — — 0.336 44

All C4 0.387 60 0.370 80 0.282 46

All Ctot 0.369 44 0.130 91 0.216 46

Also presented are the results of an equivalent simulation with no gravel pit lake, in response to the periodic
variations of the first three hydraulic stresses, and two additional simulations involving respectively a
partially and a totally clogged gravel pit lake.

hence an ability to propagate forcings whose period
of fluctuations is of the same order as the response
time, i.e., also short. In this theoretical case study, the
annual period is close to 2πτc . For lower frequency
components, the gravel pit lake will remain approx-
imately in equilibrium while high frequency signals
will be attenuated independently of τc , the lake act-
ing as a low pass filter [Mason et al., 1994].

We now examine the one-year response of the
gravel pit lake to such periodic forcing, once the
lake level has reached a pseudo-sinusoidal steady-
state. Figure 7 illustrates the rise and fall of wa-
ter levels around the average in the gravel pit lake
and in the shallow aquifer about 100 m upstream
and downstream of the lake, in response to seasonal
varying groundwater (Figure 7a for I ; not shown for
recharge flux qlat across the lateral boundary) and
lake recharge (Figure 7b), river head (Figure 7c) and
to all hydraulic stresses considered together (Fig-
ure 7d), for the base case. Water table fluctuations are
greater near the groundwater divide than in the dis-
charge area, except where changes in the river level
are the main driver, for example during high-flow pe-
riods. Their simulated amplitude H and phase φ val-
ues are summarised in Table 6. Relative to the no-
lake case, the results show that the presence of the
gravel pit lake dampens the groundwater wave prop-
agation, as the water table exhibits smaller ampli-
tude and increased phase lag (see also Figure 7d),

underlining the dominant role of the storage effect of
the lake, as pointed out by Jazayeri et al. [2021]. Re-
garding the gravel pit lake’s level itself, slower read-
justments also occur in response to the sinusoidal
variation in groundwater recharge, as compared to
the aquifer, to be related to the response time τc of
the gravel pit lake. The influence of the varying pre-
cipitation inputs and evaporation outputs into/from
the lake is felt beyond its physical extent on either
side of the lake, as illustrated in plot Figure 7b, but
is expected to be of limited extent, due to the small
amplitude involved, and masked by the variability of
groundwater seepage (Figure 7d).

How the sealing layer on the banks and at the bot-
tom of the lake influences the attenuation and phase
shift of the input signal within the lake–aquifer sys-
tem is illustrated using the cases of a partially and
a totally clogged gravel pits (C4 and Ctot). Due to
the longer response time of the water-filled pit, a
further attenuation in amplitude and a significant
shift in phase (from 58 to 81 or even 91 days) of the
lake’s response are simulated (shown for C4 case in
Figure 7e), while contrasting effects on signal prop-
agation are noted when comparing upstream and
downstream of the alluvial aquifer on either side of
the lake.

The water regime of the gravel pit lake is not only
the result of precipitation inputs exceeding evapora-
tion outputs or vice versa but is mainly determined
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Figure 8. Water balance of the gravel pit lake: the monthly averages of net atmospheric inputs (P −E),
net seepage from the alluvial and chalk aquifers (Qin −Qout), and variations in the gravel pit storage are
shown for the reference transient simulation, under the effect of all applied stresses.

by the seasonal variability of net groundwater flow
Qin −Qout. Assessing groundwater–lake exchanges is
therefore a key element in the overall understanding
of gravel pit lake hydrology. The simulated seasonal
distribution of the lake water balance components
over a hydrological year supposed to start in Octo-
ber is presented in Figure 8, where positive values in-
dicate fluxes recharging the pit lake. During the wet
season, water storage in the lake is provided by net
influx of groundwater and direct precipitations, in
proportions that will depend on local climate, hydro-
geological conditions and gravel pit lake hydraulic
properties. During the dry season, the surface water
evaporation is mainly compensated by the release of
water stored during the preceding high-flow period,
with an additional groundwater supply, at the end of
the dry period in the baseline case or in the case of a
completely clogged gravel pit (C4).

5. Conclusion

The theoretical numerical case studies, conducted in
this work under steady-state and transient regimes
for a single gravel pit lake, illustrate the diversity of
the situations that can be encountered under real-
world conditions. They are useful for understanding
the mechanisms that govern the temporal and spa-
tial occurrence of groundwater-gravel pit lake inter-
actions. The intensity of their exchanges is one of
the particularities of these man-made lakes, which
distinguishes them from natural lakes, although the

importance of this process is increasingly recognised
even for the latter [e.g., Hokanson et al., 2022]. The
gravel pit lake water level and its changes are primar-
ily dependent on the variability of the groundwater
contribution, while the balance between precipita-
tion and evaporation plays a secondary role. The sig-
nificant amount of groundwater through-flow, com-
bined with the small size of the open pits, results in
short residence times. Low values, ranging from a few
days to one and a half years, are indeed generally
compiled for gravel pits [Schanen, 1998, Weilhartner
et al., 2012]. This has implications for the nutrient
budget of the gravel pit lake and hence, their ecol-
ogy and the effective management of these aquatic
ecosystems. Accurate spatial and temporal quantifi-
cation of groundwater inflow and outflow to the lake
is a prerequisite for estimating the mass balance of its
dissolved components.

Despite the interannual variability due to surface
water evaporation is generally outweighed by the
through-flow of groundwater, it is still a potential
sink term for the aquifer system. More investigation
is needed to obtain valid estimations of the magni-
tude and seasonal distribution of open water evapo-
ration in the particular case of gravel pit lakes. In this
respect, state-of-the-art thermodynamic lake mod-
els [Ottlé et al., 2020] or isotope mass balance mod-
els [Gibson, 2002] should prove useful in estimat-
ing the evaporation losses. A generalisation of stud-
ies on gravel pit lakes to any type of climatic con-
text is also awaited, as well as a broad assessment
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of how groundwater-gravel pit lake interactions may
be modified as a result of climate change, following
the pioneer work of Mollema and Antonellini [2016].
Given their small size, it is expected that gravel pit
lakes will have a more sensitive short-term response
to seasonal events than to low-frequency climatic
events such as droughts, but this needs to be checked
against the geographical context of each site.

Assessing the response of the gravel pit lake–
aquifer system to changes in climate conditions and
land use may require further modelling develop-
ments to take into account a wider range of processes
such as a more comprehensive description of vertical
flows in the vadose zone, whether to better estimate
infiltration and evapotranspiration processes or ad-
ditional delays in water transfer to the aquifer. Also,
there is less understanding of how extreme events,
such as flash floods or droughts, may influence this
behaviour [Cross et al., 2014] and additional cou-
pling of the subsurface to the surface would be use-
ful in this respect. This is indeed one of the limita-
tions of the simple modelling approach we have de-
veloped within the CaWaQS platform, as well as the
simplification of solving the flow equation only for a
confined aquifer for the moment. In this latter case,
this leads in particular to a slight overestimation of
the flows exchanged with the shallow aquifer (of the
order of +5%) at the expense of the deep aquifer
(−10%), as compared to the results of an additional
baseline run carried out using Lak-Modflow in un-
confined mode. Greater numerical stability and ease
of deployment at the scale of a real case study with
multiple water bodies are however expected.

The next step is to use this mathematical tool for
modelling purposes in such a regional case study. Al-
though gravel pit lakes are becoming an increasingly
common type of freshwater and their local impacts
are regularly examined, they are more rarely studied
on a regional scale. To fill this gap, we are currently
developing an application in the alluvial plain of the
Seine River, upstream of Paris. In the so-called Bassée
region, a thousand small water bodies resulting from
post-war sand and gravel extraction are scattered
across the floodplain. The existence of numerous wa-
ter level records on well-maintained sites, future ac-
curate remote sensing of their temporal variations by
the SWOT satellite, and the present numerical code
will be of great benefit in deciphering the cumula-
tive effect of a multitude of gravel pits of different

shape and size in a heterogeneous hydrogeological
environment. Such a combination of tools will also
be useful in monitoring water resources in strategic
areas where water and aggregate resources coexist.
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