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Abstract

The behaviour of a transient groundwater mound in response to infiltration from surface
basins has been studied for at least the past 80 years. Although analytical solutions are known

for a large variety of situations, some common settings still lack a solution.

We remind and show that integrating the line-sink solution developed for pumping an
unconfined aquifer by Hantush (1964a; 1965), considering the surface of the recharging area,
is identical to his well-known solution for groundwater mounding below a rectangular basin
(Hantush, 1967). This implies from a general standpoint that the principle of superposition
can be used for directly implementing pumping wells, as well as aquifer boundaries, to a
unique solution. Moreover, we show that other line-sink solutions, provided that partial
differential equations behaviour is linear, can be used with a spatial superposition method for

addressing a variety of hydrogeological settings.

Based on this trivial principle and on existing line-sink solutions, we propose several
analytical solutions able to consider a rectangular recharging area and a pumping well in an
unconfined aquifer: (i) near a stream, (ii) between a stream and a no-flow boundary, with and
without the influence of natural recharge, (iii) near a stream that partially penetrates the
aquifer and (iv) for a multi-layer aquifer. For cases including streams, transient solutions of

the impact on streamflow rate are also established.

The proposed analytical solutions will be useful applications for Managed Aquifer Recharge,
in particular the design of structures for artificially recharging an aquifer, possibly pumped by

one or several wells.
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1. Introduction

Managed Aquifer Recharge (MAR) with surface water or treated wastewater, through
trenches, basins, wells, dammed streams, canals, etc., is commonly used for limiting water-
table decline, storing surface or storm water, controlling seawater intrusion, reducing land
subsidence, or improving the quality of the injected water through geopurification (e.g.,
Bouwer, 2002; Aish, 2010; Ganot et al., 2017). MAR based on systems such as basins, dams,
and specific irrigation practices (Yihdego, 2017), is used for enhancing groundwater resources
in regions facing water scarcity because of limited precipitation and/or where aquifers are
over-exploited (e.g., Dillon, 2005; Dillon et al., 2009; Bhuiyan, 2015; Massuel et al., 2014;
Boisson et al., 2014, Lee et al., 2015; Stafford et al., 2015; Kacimov et al., 2016, Nicolas et
al., 2019).

Before constructing MAR systems, their future efficiency must be evaluated, which requires
fieldwork and drilling, monitoring of ground and surface water, and knowledge of aquifer
properties (Dillon, 2005). Before starting detailed investigations and their subsequent
modelling, analytical models can be used for a preliminary assessment of MAR opportunities.
Such an assessment would be useful for different purposes, such as siting and pre-designing
the recharging structures, assessing the groundwater mounding, evaluating the amount of

water that can be stored and, finally, assess the impact of the MAR on nearby streams.

Since the early 1950s, several analytical solutions were developed for defining the growth and
decay of groundwater mounds. These solutions consider infiltration from rectangular or
circular basins with constant or transient recharging rates (Baumann, 1952; Glover, 1960;
Hantush, 1967; Hunt, 1971; Marino, 1975; Latinopoulos, 1981; Warner et al., 1989; Rao and
Sarma, 1981, Rai and Singh, 1996; Rai et al., 1998, 2001). For most of these solutions, flow
from the recharge basin is assumed to be horizontal (Dupuit-Forchheimer assumption),
occurring through an infinite, uniform and isotropic aquifer. Several authors evaluated these
solutions against numerical modelling (e.g., Warner et al. 1989; Carleton, 2010) and showed
that the seminal solution given by Hantush (1967) -one of the most widely used and cited
(Finnemore, 1995; Zomorodi, 2005)- is very accurate. This solution assumes an infinite,
unconfined, isotropic and horizontal aquifer (with Dupuit-Forchheimer assumption), and was
obtained from an approximation of the Boussinesq partial differential equation (linearized
form see Appendix A-1) by means of Laplace transform (Hantush, 1964a, b, 1967).
Additional solutions were developed for considering other boundary conditions; these
included a recharging area in aquifers with no-flow and constant-head boundaries (Marino,

3
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1974; Rao and Sarma, 1981, 1984; Latinopoulos, 1984; Molden et al., 1984; Manglik et al.,
1997), or pumping wells near the MAR structure (Manglik et al., 2004). A recent solution also
considered sloping aquifers (Zlotnik et al., 2017). Carleton (2010) conducted numerical
experiments for evaluating the effect of vertical anisotropy in hydraulic conductivity on the
shape of mounding; his results showed that the greater the horizontal hydraulic conductivity
(i.e. Kp/K>1), the more the height of mounding by classical analytical solutions (e.g.
Hantush, 1967) will be underestimated.

Existing works present analytical solutions for tackling complex hydrogeological settings, but
some common settings still lack a solution. Such settings include, for example, assessment of
the impact of MAR on a stream where an infiltration basin and pumping wells are located
between the stream and a no-flow boundary, with or without natural recharge. Others are
where infiltration basins and pumping wells are located close to a clogged stream, or the case

of a multi-layer aquifer system.

We first remind and demonstrate that the Hantush (1967) solution can be found by integrating
the line sink solution developed for pumping-test interpretation in an unconfined aquifer
(Hantush, 1964a, 1965) over the surface of the recharging area. Then, based on existing line
sink solutions and the application of the principle of superposition because of the linear
property of partial differential equations, we present and discuss solutions where the aquifer is
space-limited (Dirichlet’s and/or no-flow boundary conditions), where a stream partially
penetrates the aquifer, and for a multi-layer aquifer system. Theoretical cases (Fig. 1) are
presented for a recharging area and a pumping well in four unconfined aquifer settings: i) an
aquifer near a river (Fig. 1a); ii) an aquifer with a river and a no-flow boundary (strip aquifer),
with and without the influence of natural recharge (Fig. 1b); iii) an aquifer near a stream with
a clogged streambed that partially penetrates the aquifer (Fig. 1c); and iv) a recharging top-
layer aquifer and pumping at the bottom of a semi-confined aquifer (Fig. 1d). In addition, we
provide approximate but useful transient solutions for evaluating the impact of MAR (in terms

of flow rate) on the stream, for the presented cases.

Our study seeks alternative transient analytical solutions based on the spatial superposition
method for computing groundwater mounding (or depletion), or its impact on a stream while
recharging and pumping unconfined aquifers. These solutions are useful and could be

implemented in operational tools for engineers designing recharge structures, and/or
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improving the management of existing MAR structures. We do not suggest that the proposed
solutions should replace existing analytical or numerical models used for modelling
groundwater mounding. Rather, they are meant to supplement existing models for improving

the design of such engineered systems.

2. Mathematical statements

Assuming an unconfined, infinite and horizontal aquifer, characterized by constant and
uniform hydraulic conductivity and storativity (storage coefficient), and that groundwater
flow is horizontal (Dupuit-Forchheimer assumption), Hantush (1964a, b, 1965) obtained an
analytical solution of the hydraulic head for a well pumping in such an aquifer, from a
linearized form of the Boussinesq equation (Appendix A-2) and by using Laplace transform.
In this solution, the well is vertical, fully penetrates the aquifer and is pumped with a constant
pumping rate Qpump (here Qpump <0). Because of the Hantush’s linearization (see Hantush,
19644, b; 1965), the solution is applicable only when the declining levels with respect to the
initial water-table depth do not exceed one-half of the initial aquifer thickness (ie: ho-
h<0.5hp). The transient evolution of hydraulic head at a location Xops, Yobs Can be deduced

from:

Q 2
ZPump (xobs: Yobs» t) = h* — h02 = %W (z:_vt) (l)

with hg the initial hydraulic head, h (or h(Xops,Yobs;t)) the hydraulic head at t, v = K?E the

diffusivity, r = {/x,ps% + Vops2, the distance to the pumping well, K the hydraulic
conductivity of the aquifer and S the aquifer storativity. W(u) is the well-function (or

exponential integral, E1(u)), b is a constant of linearization that can be approximated by the
average aquifer thickness at the point of interest (b = %(h0 + h;)) and t the period at the end

of which h is to be evaluated (Hantush, 1965; Warner et al.1989). Usually, b is estimated after
several successive iterations (Hantush, 1967; Marino, 1967). Note that Eq. 1 is identical to the
Theis solution (Theis, 1935) for a fully penetrating well in a confined isotropic aquifer, where
drawdown is small in comparison to the aquifer thickness (ho-h<<ho), with S here being the

aquifer storage coefficient and b the aquifer thickness (in this case b=constant).

Because of the linear behaviour of the Hantush partial differential equation and assuming that

the percolating water directly enters the aquifer (absence of vadose zone), Eq. 1 can be
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integrated into a rectangular surface to give a solution of groundwater mounding for a
rectangular basin (Fig.2). Therefore, with a total recharging rate Qgech (Qrech>0) the
integration of Eq. 1 leads to the following expression:

+x, tYyL 5 5
Qrech — Xobs)” + (V — Yobs)
ZRech(xobs' Yobs» t) = hz f f 4‘xLe;L o3 vt 008 dx dy
_xL —YL

)
Where 2x, and 2y, characterize the rectangular recharging area lengths along the x-axis and
the y-axis respectively. x=y=0 at the centre of the rectangle.
Assuming that the recharging rate, R, is uniformly distributed on the rectangular recharging

area (2x.x2y.), Qrech Can be expressed as a function of R (R = %), and it is shown that
Eq. 2 is identical to the analytical solution of groundwater mounding for a rectangular basin
with a uniform percolation rate (Fig.2), proposed by Hantush (1967); Eq. 3. Appendix B
presents the demonstration. Note that the demonstration exposed in appendix presents
similarities to that presented in Polubarinova-Kochina book (1977) and the one used for
modelling drawdown of a pumping test in a well that intersects fractures (Dewandel et al.,
2018).

2
Zpech (Xobs) Yobs) t) = h* — he

f [ obs + Erf (xLZ\/_obs)] [E f( \/;bs) +Erf (h;/;bs)] dr

(3)

Assumptions and mathematical hypothesis of Eq. 3 are the same as the ones exposed before
(see also Hantush 1967): unconfined, infinite and horizontal aquifer; Dupuit-Forchheimer
assumption, the solution is a valid for h-hy<0.5h and the infiltrating water directly enters the

aquifer. Aquifer parameters are defined before.

Though ‘mathematically trivial’, these solutions can be easily used or combined for a large
variety of hydrogeological settings based on mainly four interesting points. First, as already
suggested by Hantush (1967), the principle of superposition (image-well theory) can be used
with Eq. 3 for defining aquifer boundaries. For example, Molden et al. (1984) used this
principle for modelling groundwater mounding from a rectangular basin near a stream, using

Glover’s (1960) analytical solution. However, their solution assumes that the mound’s height
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is negligible compared to the initial saturated thickness (ie, h-hy = hg), which is not the case
here. Second, it is possible to combine Z pumping terms (Zpump in Eq. 1) and recharging areas
(Zrech In Eg. 3)—and, by extension, aquifer boundaries—in a unique analytical solution for
computing hydraulic head where recharging area and pumping wells are located in a space-
limited aquifer, such as between a river (using Dirichlet’s condition) and a no-flow boundary.
Third, Equation 1 can be integrated over any surface geometry (not necessarily a rectangle or
a circle) and aquifer boundaries (if any) need not to be parallel or perpendicular to the basin
geometry. Fourth and last, other line-sink solutions can be applied to consider other aquifer
settings, provided that corresponding governing partial differential equation is linear and the
use of the spatial superposition method. A similar theoretical approach was used by Zlotnik et
al. (2017), who estimated the groundwater mounding of a rectangular basin in a sloping
aquifer from the appropriate well solution (Hantush, 1964a, b). However, as Molden et al.
(1984), their solution assumes that the mound’s height is negligible compared to the initial
saturated thickness and no solution including aquifer limits or stream was proposed.

Applying this principle of superposition, we propose alternative settings including a stream
that partially penetrates the aquifer and a multi-layer aquifer system. In the following, Z

terms and other integrals were evaluated using the Gauss-Legendre quadrature.

3. Theoretical examples with a stream fully penetrating the aquifer
3.1 Solutions for a rectangular recharging area and a pumping well near a stream

3.1.1. Hydraulic-head solution

As noted above and because of the linear behaviour of the partial differential equation, an
analytical solution can be obtained using the principle of superposition (image-well theory,
Ferris et al., 1962; Kruseman and de Ridder, 1994; Dewandel et al., 2014) for a rectangular
recharging area and a pumping well near a stream; Figs. 1a and 3a). The aquifer is unconfined
and horizontal, and characterized by its hydraulic conductivity (K) and its storativity (S), and
the stream fully penetrates the aquifer (constant-head boundary or Dirichlet’s condition). For
simplicity, the solution being provided in Z terms, the hydraulic-head solution can be deduced
from the following expression:

Real ‘recharge’ Imaginary ‘recharge’
A A

[ L |
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hz - hoz = [ZRech(xobs' Yobs» t) - ZRech(Zd — Xobs» Yobs» t)]

- [ZPump (xobs — Xw>Yobs — Yw» t) - ZPump (Zd - (xobs + xw)! Yobs — Yw» t)]

Real ‘well’ Imaginary ‘well’

(4)

where Zpump refers to Eq. 1 and Zgen to Eq. 3. x=y=0 at the centre of the rectangular
recharging area; x, and vy, are the coordinates of the pumping well, and d is the distance
between the centre of the recharging area and the stream (Fig. 3a). Because of the

linearization of partial differential equation, the solution is a valid for |h-hy|<0.5ho.

Figure 4a gives an example of hydraulic head computations with Eq. 4 after 60 days of
recharge, without and with a pumping well after 60 days of pumping. The recharging area is a
square of 40 m sides, with a constant infiltration rate of 2.96x10°® m/s (or a total infiltration
rate of 17 m%h). The well is offset 140 m from the centre of the recharging area, between it
and the stream. The pumping rate equals the infiltration rate (i.e. 17 m*h). The aquifer is
characterized by K=10"* m/s, $=0.05. The stream is 200 metres from the centre of the

recharging area.

3.1.2. Impact of recharging area and pumping well on streamflow rate

There are at least two ways to evaluate the impact in terms of streamflow rate (Aq). First, it

can be deduced from integration of the hydraulic-head gradient along the stream:

= pr+oo0 dh(d,y,t)
Aq=Kb [ a—xydy (5)

— 00

where h(d,y,t) refers to Eq. 4.

Second, and because of the linearity of partial differential equation, it can stem from two
separate computations, one for the pumping well and another for the recharging area. For the
pumping well (with coordinates x,, and y,), the impact on the stream is given by Glover and
Balmer (1954):

S(d_ w)z
Aunmp = QPumpErfC< fTL) (63-)

where Qpump IS the pumping rate (Qpump<0) and Erfc the complementary error function. Note
that, at the edge of the stream, b is replaced by ho, since drawdown is nil at x=d
(h(d,£00,t)=h).
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For the recharge area, since the hydraulic-head solution for a rectangular recharging area is
identical to the integration of the well solution for an unconfined aquifer over the same area,
the superposition principle is still valid for evaluating the impact on the stream with Eq. 6a.

Therefore:

L Q h S(d - x)z L Qrech S(d - x)z
Aq —f f A —— |dxdy = Erfc| |————— |dx
Rech —x, -y, 4xLyL 4Khyt _xp 2x;, 4Khyt

(6b)

An approximation of this solution can be obtained, if the x-length of the rectangular
recharging area is small compared to the distance between recharging area and stream (d-
X >>2x,, in practice a ratio of five is enough). Therefore, Eq. 6b becomes the solution
provided by Glover and Balmer (1954):

2

Aqrecnh = QrechETfC

4Khyt
(6c)
With Qrecn = 4x.Y.LR (Qrecn>0); R the uniform infiltration rate.
The approximate form of Eq. 5 can now be written as:
8 = Miecn + By = QreanFrfe| ||+ Qpumplrfe | [a—r
4Khot 4K hot
(7)

which is easier to manipulate and of interesting practical use, as it allows adding as many

terms as there are recharging areas and pumping wells.

Figure 4b shows computations of the impact on the stream for the settings described on
figures la and 3a. Aquifer parameters are the same as in Figure 4a. As expected, the
integration of a hydraulic-head gradient along the stream (Eg. 5) and the approximate solution
(Eq. 7) give similar results. These results show that over short times (<10 days) the
streamflow rate is reduced because of the short distance between well and stream. Over longer
times (>20 days), the contribution of the recharging area becomes noticeable and the

depletion flow-rate reduces, the impact on the stream reducing over time. By contrast, when
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the pumping well is located on the other side of the recharging area (x,=-140 m), the
behaviour is reversed. After a short time, most water comes from the recharging area and
streamflow increases. Then, the flow rate decreases because of the impact of the pumping

well on the stream. However, in both cases, the equilibrium—nil influence on the stream as

Qpump=Qrech (i.6. Qrecn = —Qpump)—Will be reached only after a very long time. When
considering one recharging area and one pumping well, a nil impact right from the start of
recharging and pumping occurs where these systems are equidistant from the stream (cf.
Eq. 7).

3.2 Solutions for a rectangular recharging area and a pumping well between a stream and a
no-flow boundary

3.2.1. Hydraulic-head solution

A solution for the hydraulic head for a rectangular recharging area and a pumping well
between two parallel boundaries can also be found using the superposition principle, still
because of the linearity of partial differential equation (e.g. Dewandel et al., 2014). Therefore,
a generic solution for both terms (i.e. recharging area and pumping well) can be used for

computing the hydraulic head in this setting:

Zotimic =Z + Z pn/2+1cn/2z (2nL + 2d = Xops) Yobs: t) + Z (bc)n/zz (=2nL — X,ps) Yobs: t)

n=0,2,4.. n=24.

+ Z (bc)n/ZZ (2nL = Xops, Yobs: t) + Z pn/2-1cn/2z (—(2nL — 2d) — X,ps, Yobs: t)

n=24.. n=2,4.

(8a)

where b and c are coefficients associated with each boundary, b or c=1 for a no-flow
boundary, and b or c=-1 for a constant-head boundary (stream, i.e Dirichlet’s condition); d is
the distance between the centre of the recharging area and the stream, and 2L is the distance
between both limits (Fig. 3b), x=y=0 at the centre of the recharging area. For the pumping
well, Xops has to be replaced by Xops-Xw, Yobs BY Yobs-Yw, and d by d-x,; x,, and y,, are coordinates
of the pumping well. For the case of a rectangular recharging area, and a pumping well
between a stream and a no-flow boundary, b=-1 and c=1. Note that this solution can be used
for two parallel no-flow boundaries (b=c=1) or two streams (b=c=-1). To solve Eq.8a (but
also the following EQs.9), we used an algorithm based on an iterative process, where the
number of images is defined when the absolute value given by the n™ computation becomes

negligible. In the presented case (Fig.4c), computations were stopped when the value is lower

10



259
260

261
262

263

264

265

266
267

268
269
270
271
272
273
274
275

276

277
278

279

280
281

Hydrogeology Journal https://doi.org/10.1007/s10040-020-02294-9 - Feb.2021

than 4.10”, which corresponds to 15 image wells. This criterion insures a high accuracy of

computation.

As for the previous case, the aquifer is unconfined and horizontal, and characterized by its

hydraulic conductivity (K), its storativity (S), and the solution is a valid for |h-ho|<0.5ho.

The hydraulic-head solution can now be found from:

2 2 _
h* — ho - ZZLimitRech + ZZLimit_Pump

(8b)

where Zsimit_rech, refers to the component of the recharging rectangular area and Zy imit_pump t0

the pumping well. Both expanded expressions are given in Appendix C.

Figure 4c gives examples of hydraulic-head computations with Equation 8b. Aquifer
parameters, distance to stream, infiltration rate, pumping location and flow rate are identical
to the previous case (Fig. 4a). The no-flow boundary is located at 400 m from the centre of
the recharging area, creating a 700 m-wide strip aquifer. Hydraulic-head computations were
done with and without pumping from the well after 60 days of recharging and pumping.
Compared to the example without a no-flow boundary (Fig. 4a), the hydraulic head is slightly
higher everywhere for the case without pumping. With an active pumping well, the head is

slightly higher west of the recharging area, and slightly lower because of pumping to the east.

3.2.2. Impact of recharging area and pumping well on streamflow rate

As above, the impact on streamflow can be evaluated either from Eq. 5, or separately. For the

pumping well, the impact on stream flow is given by Leliévre (1969):

’S(d—xw)z
Erfc( 4K hyt )

N n 4nl + (d — x,,) 4nL — (d — xy,)
+ 123( 1) (Erf < N ) Erfc<—2 RhS ))‘

(92)

Aunmp = QPump

For the recharging area and using the same development as in the previous case, an

approximate solution can be found, if (d-x_)>>2x,. It takes a similar form:

11



282

283
284

285

286
287
288
289
290
291
292
293
294

295
296

297
298
299
300
301
302
303
304
305
306
307
308
309

310

Hydrogeology Journal https://doi.org/10.1007/s10040-020-02294-9 - Feb.2021

Brf Sd? +i(1)nEf<4nL+d> Ef<4nL—d>
rfc - T\ S T2 ) N\ e
4Khyt 2./Khot/S 2y/Khot/S

n=1,2,3.

Aqrech = Qrech

(9 b)

Under this condition, the impact on streamflow results from the sum of the two components in
a form like Eq. 7 (Aq = Aqgecn + Aqpump)- This form is also easier to manipulate and allows

adding as many terms as there are recharging areas and pumping wells.

Figure 4d shows computations of the impact on stream flow for the setting described on
Figure 4c. The aquifer parameters are the same as in Figure 4a. As before, the integration of a
hydraulic-head gradient along the stream (Eq.5) and the approximate solution
(Eq. 9a+Eq. 9b) are in good agreement. The impact on streamflow, for a pumping well
located east of the recharging area, or one to the west between the recharge area and the no-
flow boundary, is similar to that on Figure 4b: river depletion linked to the pumping well and
flow towards the river linked to the recharging area, respectively. However, compared to the
semi-finite aquifer, the relaxation time is shorter and a quasi-steady-state is reached earlier

because of the limited extent of the aquifer.

3.2.3. Steady-state solution of hydraulic head for an infinite strip aquifer along the y-axis,

limited by a river and a no-flow boundary: the case of natural recharging

In this case, b=-1 and c=1, 2x,=2L, d=L, y, —o0 and t—oo (steady-state) in the solution for the
recharging area (Eq. C-2). Figure 5a shows the computation of hydraulic heads for natural
recharge only. Aquifer parameters, distance to stream and distance to no-flow boundary are
identical to those on Figure 4c. We consider a uniform distribution of natural recharge (R) at a
rate of 1.27x10® m/s (i.e. 400 mm/year). The solution is the same as that of Bruggeman
(1999; sol. 21.11, p. 24; and Eq. 10, below), which corresponds to the hydraulic-head profile
for a steady-state condition caused by recharge from precipitation (R) through an infinite strip
of width 2L, bounded on one side by a stream and on the other by a no-flow boundary. The
error to Bruggeman’s solution is very low (standardized root mean square error: 1.3x107).
Other tests are presented in Appendix C. Even for the extreme case of a very thin aquifer
(ho=1.5 m; Appendix C), we found very consistent results, with little differences probably
linked to numerical error (standardized Root Mean Square Error <2x107®). Furthermore, the

small errors prove that the numerical evaluation of the integrals is accurate.

Consequently, for a long time span (i.e. steady-state; t—o0), the solution tends to:

12



311

312

313
314
315
316
317
318
319
320

321

322

323
324
325

326

327

328
329

330
331
332

333

Hydrogeology Journal https://doi.org/10.1007/s10040-020-02294-9 - Feb.2021

R
ZNaturalRech = h* — ho2 = E(‘LLZ - (X + L)z)
(10)
with x=0 at the centre of the strip.

To include a mean annual aquifer recharge with artificial recharging areas and pumping wells,
Eq. 10 can be combined with Eq. 8b, providing an analytical solution for the hydraulic head in

the hydrogeological setting presented above (h?—h,? = ZaLimitgeen T ZaLimitpymy T

Znaturairech)- 1he impact on the stream of the recharging structure and the pumping well, can
also be evaluated from Eq. 5, but both are identical to the previous case (Egs. 9a, b) because
of the superposition theory. Figure 5b shows an example with a recharging area and a
pumping well at 140 m from the centre of the recharging area, after 1 day and 60 days of

recharging and pumping. All other parameters are the same as above (Figure 4c).

4. Theoretical examples for other aquifer settings

Here we explore how other line-sink solutions can consider other aquifer settings, provided
that governing partial differential equations are linear. For a pumping well, a generic solution
of hydraulic head is given by:

QPump
2nK

Zpump (Xobss Yobsi t) = h? — h02 = f(xobs' Yobs: t b,a, By )

(11a)

where f(Xops,Yobs:t,b, a3, 7...) is a line-sink solution, for example an existing analytical solution
for a well pumping a specific unconfined aquifer defined by parameters «,f,y..., with
QPump<O-

For a rectangular recharging area—but this is applicable to all surface geometry—and
assuming a uniform percolation rate, Eq. 2 can be generalized using spatial superposition

method as follows:

XL tYL
R _
ZRech(xobs'yobs' t) = h? — ho2 = H _[ _[ f(xobsryobs:trb:arﬁry ---)dx dy
XL VL

(11b)
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Eqg. 11b may have an analytical form, or it can be evaluated numerically (e.g. by Gauss-
Legendre quadrature). Combined with Eq. 11a, one obtains the solution for a setting where
artificial recharge takes place through a rectangular area and pumping from a well. Because of
the linearization of partial differential equations, the solution is a valid for h-hy<0.5ho. In the
following, no boundary condition were implemented, therefore /(+w,y,t)= h(x,+0,t)=hq (Or
Z(+0,y,t)=Z(x,+00,t)=0).

4.1. Solutions for partial stream penetration and a partially clogged streambed

4.1.1. Hydraulic-head solution

The solutions are derived from Hunt’s (1999) analytical solutions. In this conceptual model
(Fig. 1c), the groundwater flux is assumed to be horizontal (Dupuit-Forchheimer assumption),
the aquifer is unconfined, infinite and horizontal, and characterized by its hydraulic
conductivity and storativity. This solution assumes that streambed penetration of the aquifer
and dimensions of the streambed cross section are all relatively small compared to aquifer
thickness, and that stream level is constant and maintained at the initial groundwater level
(i.e., ho). It also assumes that the streambed is partially clogged and that a linear relationship
exists between the seepage rate through the streambed and the change in hydraulic head

across the semi-pervious clogging layer.

4.1.2. Hydraulic-head solution

Assuming the linearized form of the Boussinesq equation as in Hantush (1967), for an
unconfined aquifer, and after a change of variables (see Appendix D), Hunt’s (1999) solution
for hydraulic head and for a pumping well, expressed in term of Z, can be re-written as

follows:

2
ZHuntPump (Xobs) Yobsi t) = h? — h,

1 - 2
w <xobs2 + YObsz> _ f w ((d +|d - xobsl - ZKbLn(u)//l) + yobsz) du]

_ QPump
2nK

4vt 4vt

(12a)

with 1 = %k"; b is the stream width, 5’ the streambed thickness, &£’ the streambed hydraulic

conductivity, and Qpump (<0) the pumping flow-rate. Here, x=y=0 at the pumping well. Note

that when A—0 (i.e. impervious streambed), Eq. 12a gives Eq.1; and also when A—oo (Stream

14



361
362

363
364
365

366

367

368
369
370
371
372
373

374

375

376

377

Hydrogeology Journal https://doi.org/10.1007/s10040-020-02294-9 - Feb.2021

fully penetrating the aquifer), Eq. 12a gives the hydraulic-head solution for a pumping well
near a stream with zero drawdown (Theis, 1941; Glover and Balmer, 1954; see also § 3.1.1.).

According to the demonstration given in section 2, the hydraulic-head solution for a
rectangular recharging area can be found by integrating Eq. 12a into the rectangular area
(2x.%2y,). Therefore, we obtain:

ZHuntRect(xobs' Yobs» t) = hz - ho2
_ R_b ft [ETf (xL + xobs) + ET'f (xL - xobs)] X [E?"f (yL + yobs) + ETf (yL - yobs)] dr
25 | Jo 2\/vt 2\vt 2\/vt 24/vt

fﬂE f <xL + (d + Id = xops| + ZKEL"(”)/’U)
00

2\/vt
x, — (d + |d = xops| + 2KbLn(w) /1) ] + Vobs
+Erf< N ) [Ef( Nz )

+ Erf (J’sz/%bsﬂ dud‘r}

(12b)
with x=y=0 at the centre of the recharging area.

As mentioned before, this solution also assumes that the percolating water directly enters the
aquifer (no vadose zone). Therefore, the sum of both Z terms, similar to Eq. 8 (h? — h,* =
Zyuntrect + Zrunerump), 9iVes the hydraulic-head solution for a rectangular recharging area
and a pumping well located near a partially clogged stream. As before, the solution assumes
that the decline, or rise, of the groundwater mound in case of recharging, should not exceed
one-half of the initial saturated thickness (|h-ho|<0.5ho).

4.1.3. Impact of recharging area and pumping well on stream flow rate

According to Hunt (1999), the impact on a stream is given by:

+00

Aq =2 j h(d, y, O)dy

(13a)

and can also be evaluated separately for the pumping well (Hunt, 1999) as:
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A B £ S(d — x,,)?
qHuntPump - QPump ch 4K5t

A%t A(d—xy) 2 _ 2
_ e(4SKE+ 2Kb )Erfc A t_ + S(d fW)
4SKbt 4K bt

(13b)

For the rectangular recharging area, an approximate solution can also be given if (d-x )>>2x,_
for the impact on the stream. It takes a similar form, while replacing d-x, by d and Qpymp by
Qrech (Qrecnh = 4x,y;) In EQ. 13b. Eq. 13a, with the appropriate solution for h, can also be
used. Therefore, an approximate solution involving a recharging area and a pumping well is

also found, taking a similar form as the previous cases (i.e., Aq = AqQrechrunt +

AQPumpHunt)-

Figures 6a and b give computation examples of hydraulic head and impact on streamflow rate
for the aquifer setting described above, with various stream leakance values (A= o, 10, 5.10
® 10°, 5.10° and 10® m/s), the stream being 10 m wide. Aquifer properties are identical to
previous examples (K=10" m/s, S= 0.05, hy=12 m) and the stream is offset 300 m from the
centre of the recharging area (x.=y,=40 m, R=2.96x10° m/s). The pumping well is located
between the stream and the recharging area, 140 m from the centre of the latter. The
recharging area and pumping well have equal injection/pumping rate (Qrech=Qpump=17 m3/h).
For A= oo, the hydraulic head profile and its impact on the stream are, as expected, identical to
Eq. 4 (stream fully penetrating the aquifer). For lower A values the clogging increases and
stream-aquifer exchanges are reduced, the hydraulic head being lower near the stream.
Consequently, the impact on streamflow rate is lowered and delayed as A decreases (Fig. 6b).
This figure also shows that the approximate solution for evaluating the impact on the stream

(Eq. 13b, with Aq = Aqrechiunt + Adpumprunt) 1S In good agreement with Eq. 13a.

4.2. Solutions for a rectangular recharging area and a pumping well in a multi-aquifer system

In this last case, we consider a recharging area on top of a multi-layer aquifer (Fig. 1d). The
recharging area feeds an unconfined aquifer layer and pumping occurs in the deeper semi-
confined layer. Recharging of the top layer induces a rise in hydraulic head in the deeper

layer, but pumping there induces depletion in the upper layer. The system is characterized by
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an upper aquifer with hydraulic conductivity K; and storage coefficient (or storativity) S;, and
a deeper aquifer with transmissivity T, and storage coefficient S,. The aquifers are separated
by an aquitard of hydraulic conductivity £” and thickness e’. Horizontal flow is assumed in
both aquifers. The line-sink solutions for this conceptual model are extensions of the Hunt and
Scott (2007) two-aquifer model.

For the given example (Figs. 7a, b, c), K1=10* m/s, $,=0.05 and hy=12 m are identical to
previous cases, as are T,=10™ m?/s, $,=10° and ratio & /e’=5x10"" s*. The recharging area and
pumping distances are the same as before. Figures 7a and b are two examples of hydraulic-
head profiles at t=1 day and t=60 days in the top unconfined layer (Fig. 7a), and drawdown or
rise in the deeper layer (Fig. 7b). A comparison between our solution and Hantush’s one with
a pumping well (Eq. 4 with K=10" m/s, hy=12 m, $=0.05 and d—) reveals that, near the
recharging area, hydraulic heads from our solution are lower than Hantush’s. This difference
stems from the percolation of water towards the deeper aquifer layer (Fig. 7b). The recharging
area induces a rise of water levels in the deep aquifer of up to 0.7 m at t=1 day and up to
1.1 m at t=60 days. Hydraulic heads in the top aquifer layer are impacted by the well pumping
from the deeper layer; these heads are depleted by up to 0.6 m and 1.4 m after t=1 day and 60

days, respectively.

To evaluate the flow rate entering the deeper aquifer layer, we computed the accumulated
volume that was abstracted/recharged up to a given time from/into each aquifer. This
computation was done by integrating the difference in hydraulic head in the x-y plane of the
top layer, multiplying this difference by the aquifer storativity, and subtracting the resulting
volume from the volume of water added by recharging. Finally, a vertical drainage rate was
computed for the entire system and compared to the rate stemming from the recharging area

only (without pumping).

In the example shown on Fig. 7c, recharging and pumping rates are identical. Drainage results
not only from the recharging area (top layer) to the deeper layer, but also from pumping the
deep layer (percolation from the top layer). Over longer times, the computed drainage rate
(16.6 m*/h) almost counterbalances the pumping rate from the deeper aquifer layer
(17.0 m*/h). However, comparing this result to the situation where there is only a recharging
area (without pumping well) shows that drainage rate from the recharging area to the deeper
aquifer layer is minor (0.4 m®h). This shows that pumping in the deeper layer has a greater

drainage effect on the top aquifer layer because of the large cone of depression induced by
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pumping, than the water infiltrating from the top layer and recharging the deep aquifer. In the
latter case, only a small amount of water infiltrated by the recharging basin benefits the

pumping well.

5. Discussion and Conclusions

The integration of the line-sink solution developed for unconfined aquifers (Hantush, 1964a,
b, 1965) over the surface of a recharging area is mathematically identical to the well-known
solution of Hantush (1967). The latter solution allows characterizing the rise and decline of a
groundwater mound in response to uniform infiltration from a rectangular basin, obtained
from a linearized form of the Boussinesq equation and Laplace transform (see the text for
mathematical assumptions). This is a consequence of the linearity of the partial differential
equation, and implies that the principle of superposition can be used to directly implement

aquifer boundaries, as earlier suggested by Hantush (1967), as well as pumping wells.

Therefore, analytical solutions for hydraulic head are first proposed for two common
hydrogeological settings: (i) a rectangular recharging area and a pumping well near a stream
(Dirichlet’s condition), and (ii) a rectangular recharging area and a pumping well between a
stream and a no-flow boundary. We show that, under steady-state conditions, the analytical
solution developed for the second setting is equivalent to Bruggeman’s (1999) solution for a
hydraulic-head profile resulting from recharge over an infinite strip bounded on one side by a
stream and on the other side by a no-flow boundary. Therefore, a solution is proposed for the

hydrogeological setting (ii) and the influence of natural recharge.

We also propose transient solutions for evaluating the impact on streamflow rate of a
recharging area and a pumping well. Even though, rigorously, the impact must be computed
by integrating the hydraulic gradient along the stream (Eg.5), we demonstrate that
approximate solutions provide accurate results that can be used in most cases, as long as the
distance from the side of the recharging area to the stream is small in comparison to the x-
length of the recharging area. Such approximate solutions are identical to the existing
analytical solution for evaluating the impact of a pumping well on a stream (e.g., Glover and
Balmer, 1954; Leliévre, 1969), and can be combined for separately evaluating the impacts
from the recharging area and the pumping well. From a practical viewpoint, these solutions
can be used with any number of recharging areas and pumping wells. In the given examples,

where infiltration and pumping rates are equal, equilibrium, i.e. nil impact on streamflow rate,
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was not reached even after one year. This result shows that managed artificial recharge design
must account for transient behaviour, and that the location of recharging areas and pumping
wells must be carefully considered to avoid streamflow rate depletion, or contrarily that a

significant part of the recharging water percolates straight into the stream.

We also propose a generic analytical solution for modelling transient hydraulic head in more
complex aquifer settings with impact on streamflow rates, based on the integration of
solutions over the recharging area. This provides the possibility of using other line-sink
solutions for considering other aquifer settings, provided that governing partial differential
equations are linear. We first derived from Hunt (1999) a solution involving a rectangular
recharging area and a pumping well near a stream (with a clogged streambed) that partially
penetrates the aquifer. Our results show that the solution proposed by Hunt (1999) for
evaluating the impact of a pumping well on a stream, also appears to be a good approximation

for evaluating the impact of a recharging area.

An example for a multi-layer aquifer, with and without a pumping well, is also given. . The
solution computes hydraulic head in both layers, while recharging and pumping the upper and
deeper layers, respectively. This solution allows evaluating the rise and/or decline of water
levels in both layers, as well as evaluating the vertical drainage flow-rate between the upper
and deeper layers. In the example shown, the impact on the deeper aquifer of the recharging
area in terms of vertical drainage is lower than the impact of pumping the deeper aquifer on
the near-surface layer, illustrating that only little water infiltrating from the basin really
benefits the deeper aquifer.

Impacts on streamflow rate are given for the whole stream, but it may be of interest to
evaluate it over a particular length. This can be achieved with Eqg.5 or Eq.13a while
integrating solutions for the appropriate interval. The total volume of stream depletion or rise
over a certain time, can be evaluated by integrating the flow-rate solution over that period.
Analytical solutions for the cases presented on Figures 2 and 3 can be found, e.g., in Hantush
(1965) and Lelievre (1969). We also consider that other existing analytical solutions, obtained
for stream depletion created by a well on other aquifer settings (e.g. Hunt, 2014), may be

valid approximate solutions for evaluating the impact of recharging areas.

Recharging or pumping-rate variations, not considered here, can also be incorporated using
the principle of superposition on Z terms (e.g. Hantush, 1967). The solutions developed here

are applicable when the rise or decline in the unconfined aquifer is less than one-half of the
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initial saturated aquifer thickness (|h-hg|<0.5hg, hy being the initial hydraulic head). However,
investigations by Marino (1967) with similar analytical expressions showed that they give
good results, even when the water table rise is much larger than the initial saturated thickness.
This is consistent with the trials presented in Appendix C. Finally, the proposed solutions
assume that the percolating water directly enters the aquifer. Extensions to account for non-
instantaneous drainage from the vadose zone above the water table could be considered using
Moench’s (1996) solution.

In conclusion, the generic solution proposed above develops valid solutions for any surface
geometry, not necessarily rectangular or circular, and for aquifer boundaries that are not
necessarily parallel or at right angle to the basin geometry. In addition, the solution helps
testing a large panel of hydrogeological settings, including a stream flowing on the top layer
of a multi-layer aquifer that is recharged and pumped (with the solutions of Hunt, 2009), or
where only the deep layer is pumped (Ward and Lough, 2011), or an aquifer that is recharged
and where pumping takes place through a fracture (Dewandel et al., 2018). Future works
should also focus on unconfined and anisotropic aquifers, with the problem that in this case

hydraulic head depends on depth (Neuman, 1975).
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APPENDICES
Appendix A.

A-1. Groundwater flow of groundwater mounding for a rectangular basin with a uniform
percolation rate (Fig.2) is defined by the following nonlinear Boussinesq equation:

a

ax(KhZ—Z)Jf;—y(KhZ—Z)JFR:SZ—'Z A-1

With K the hydraulic conductivity of the aquifer, S the aquifer storativity and R the recharging
rate.

Boundary conditions are h(x,y,0) = hy; h(£,y,t) = h(x, too,t) = h,

Defining Z = h? — hy*, and assuming a homogeneous and isotropic aquifer (K=constant),
Hantush (1967) obtained the following approximate partial differential equation:

3%z 9%z 2R 10z

oty Tva A2
with h-hy<0.5hg, v = K?_ b is a constant of linearization b = %(h0 + hy).

0Z(0,y,t) _ 0Z(x,0,t) _
ax - dy -

Boundary conditions: Z(x,y,0) = 0; Z(f+o,y,t) = Z(x,too,t) = 0; 0

A-2. Hantush’s approximate partial differential equation for a well pumping an unconfined,
infinite and horizontal aquifer (Hantush, 1964, 1965).

8%z 9%z _ 19z A-3
axz ' 9y  vat

Z = h% — hy?, with he-h<0.5h,

Boundary conditions:

Z(x,y,0) = 0; Z(£o0,y,t) = Z(x,too,t) = 0; Lim, 4 r;’—f = _Q,;?p

Qpump is the pumping rate (<0) and r the distance to the pumping well.

Appendix B.

Integration of Eq. 1 into a rectangular surface of lengths 2x,x2y, and considering that the

recharging rate, R, is uniformly distributed on the rectangular recharging area (2x.x2y,), i.e.

R = $Bech Eq 2 phecomes:

4xLyL
+x, tyL ) 5
R (x — Xops)” + (Y — Yobs)
ZReCh(xobs' Yobs: t) = h'2 B hoz - 277_'_K f f W< = 4vt = dx dy
—XL —YL

B-1
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oo e Y -a/t

Then, because of the properties of exponential integrals [W( ) J, It ey dy = f dt],
it follows

+xp VLt —(x—Xobs)?—(Y—Yobs)*

4vT

ZRech(xobs'JIobs't) ZHK,[ f f T deXdy

=X =y, 0

B-2

According to the Fubini theorem (i.e. t, x and y are independent variables), the order of

integration can be inverted, resulting in:

t txp —(x-— xobs) +yL _(y_:)’obs)z

R e 4t e 4t
Zgech(Xobs) Yobs t) ZTIK_[ f ——F—dx Tdydf
0~ -yL

\ J
Y

(a) (b) B-3

(x— xobs)

Performing a change of variable 9 = N the (a) term in Eq. B-3 can be rewritten as:

+XL —(x—Xops)® (xL—xops)/2VVT

e 4vt 5
dx = j 2vve " q9
Nz Vv

—XL —(xp+xops)/2VVT
B-4
The right part in Eq. B-4 can be separated into two terms related to the Erf function

[ e du = [E FI? =—(E f(b) — Erf(a))], therefore:

(xL_xobs)/z\/_

et = () e ()

B-5

Changing the variable 9’ = (yz—j_b) on term (b) in Eq. B-3, and using the same procedure as

described before, the (b) term can be rewritten

+YL —(Y—Yobs)?
e 4vt

e e

2Vt 2t

—YVL

B-6
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Finally, combining equations B-5 and B-6, and since v = K?E, we obtain:

ZRECh (xOIJSl yobs; t) = hZ - hoz

= I;—E! [Erf (xL;:/;bs) + Erf (xsz/;bs)] X [Erf (yL;\_/;bs) + Erf (yLZ:/ng)] dt

B-7

Equation B-7 demonstrates that the well solution for an unconfined and isotropic aquifer
(Hantush, 1964a, 1965) integrated into a rectangular plane is exactly the same as Hantush’s
analytical solution for a rectangular recharging area with a uniform distribution of the
recharge flux (Eg. 13 in Hantush, 1967).

Appendix C.

The hydraulic-head solution for a rectangular recharging area and a pumping well between
two parallel boundaries (constant head or no-flow boundary).

Xw and y,: coordinates of the pumping well, d: the distance between the centre of the
recharging area and the stream. 2L is the distance between both limits. x=y=0 at the centre of
the recharging area. v = K?b. Below are presented the general solutions for hydraulic head

between two parallel limits; b and c are coefficients, b or c=1 for a no-flow boundary, and b
or c=-1 for is a constant-head boundary (Dirichlet’s condition).
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Term for the pumping well:

— 12 2
ZZLimit_Pump (Xobss Yobs: t) = h* — h,

_ Q w (xobs - xw)z + (yobs - yw)z
2nK 4vt

+ Z bn/2+1cn/2 w ((ZnL +2d — Xobs T xw)z + (yobs - yw)2>
4vt

n= 024

- — 2 _ 2
+ Z (bc)"/z (( 2nlL xobs+xw) +(3’obs YW) )

4vt

Z bc)"/z w <(27’lL — Xops T xw)z + (yobs - yw)2>

4vt

+ Z pn/2-1.n/2 <(—27’lL + 2d — xops + xw)z + (yobs - yw)z)}
4vt

n=2,4.

Eq. C-1

Term for the rectanqular recharging area:

— B2 2
ZZLimitRech(xabsryabsr t) =h* - ha

Sl o (e o () )

+ Z pn/2+1n/2 I[E xL +2nL + 2d — xobs) 4B f(xL 2nL — 2d+x0bs>]
n=0,2,4.. 2Vvt 2\vt

% [ET (}’L +)’obs) +Erf( yObs)]d

o ﬁ”) ( o G

+ Z (be)n/2 f[E f(xL + 2nL — xobs) +E f( L, — 2nlL +xob5)]

n=24.. 2\t 2\t
YL + yobs — Yobs
Er ( ) +Er ( )] dr
e (e f
[e9) t
n Z pn/2-1on/2 f [Erf (xL —2nL+2d — xobs> + Erf (xL +2nL —2d + xobs)]
n=z4. 2Vt 2\t

o (22 a2

Eqg. C-2
The graph below compares the solution Eq. C-2 with b=-1, c=1, 2x,=2L, d=L, y,— and
t—o0, to Bruggeman’s steady-state solution (1999; sol. 21.11, p.24). This case corresponds to
the hydraulic-head profile caused by recharge from precipitation (R) through an infinite strip
of width 2L bounded on one side by a stream and on the other by a no-flow boundary. Aquifer
parameters are: K=10" m/s, $=0.05, 2L=800 m, R=1.27x10® m/s (or 400 mm/year), and ho
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varying from 1.5 to 12 m. The insert shows standardized Root Mean Square Error values
(RMSE-D) for the five cases.

16 - Annual recharge

14 -

12 -

10 4 eesss . 5
g , [ T
< . . ho (m) [RMSE-D (1) 4 R

12 1.3E-05 E

41 No-flow o| 1.4€-05 ‘

~, e 1.58-05 O Bruggeman A
2 { boundary o ot os — Eq.C-2 with t—soo M
I e e e
-400 -200 0 200 400
distance (m)
Appendix D.

The hydraulic-head solution for a pumping well near a stream with a partially clogged
streambed that partially penetrates the aquifer (Hunt, 1999), modified for an unconfined
condition (linearized Boussinesq solution as in Hantush 1967) is:

2
ZHuntPump (Xobs) Yobsi t) = h* — h,

co — 2
w (xobs2 +yob52> _J e—HW ((d + |d - xobsl + ZKbe/l) + yobsz> del

_ QPump
2nK

4vt 4vt

0

Eq. D-1
with Azgk"; b: stream width, »’": streambed thickness and k’”: streambed hydraulic

conductivity.

The right part of Eg. D-1 can be rearranged with the following change of variable
0 =—Ln(u) then= —%du : Ln= natural logarithm.
Then Eq. D-1 becomes:

2
ZHuntPump (Xobs) Yobsi t) = h? — h,

1 — 2
_ Q w <xobs2 + yob52> _ f w ((d +|d - xobsl - ZKbLn(u)/A) + yobsz> du
0

2nK 4vt 4vt

Eq. D-2
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Figure captions

Figure 1. Conceptual models of the theoretical examples presented. a) Recharging and
pumping an isotropic aquifer near a stream (Dirichlet’s condition). b) Recharging and
pumping an isotropic aquifer limited in space by a stream (Dirichlet’s condition) and a no-
flow boundary (strip aquifer), with and without the influence of natural recharge. c)
Recharging and pumping an aquifer near a stream with a clogged streambed that partially
penetrates the aquifer. d) Recharging an unconfined and isotropic top layer aquifer and

pumping a bottom semi-confined aquifer.

Figure 2. Definition sketch (plan and section views) of the Hantush’s (1967) conceptual

model of groundwater mounding from a rectangular recharging area.

Figure 3. Definition sketch of: a) recharging and pumping an isotropic aquifer near a stream,
b) recharging and pumping an isotropic aquifer limited in space by a stream (Dirichlet’s
condition) and a no-flow boundary (strip aquifer). Similar to Figs. 1a and b.

Figure 4. Hydraulic-head profiles after 60 days (a and c), and impacts on streamflow rate (b
and d; <0: decrease of streamflow rate and >0: increase). a) and b) Recharging and pumping
an isotropic aquifer near a stream (refer to Figs. la and 3a). c) and d) Recharging and
pumping an isotropic aquifer limited in space by a river and a no-flow boundary (strip aquifer,
refer to Figs. 1b and 3b). K=10" m/s, S= 0.05, hy=12 m, x_=y,=40 m, R=2.96x10° m/s and
Qpump=17 m*/h.

Figure 5. Recharging and pumping an isotropic aquifer limited in space by a stream and a no-
flow boundary (strip aquifer) with the influence of natural recharge, hydraulic head profiles.
a) Without pumping, in this case the solution is identical Bruggeman (1999) solution
(standardized RMSE=2.22x10 m). b) With a recharging area and a pumping well at 140 m
from the centre of the recharging area after 1 day and 60 days of recharging and pumping.
K=10" m/s, S= 0.05, hp=12 m, x =y =40 m, R=2.96x10° m/s, Qpum=17 mh and
Rnatrecn=1.27x10° m/s.

Figure 6. Recharging and pumping an isotropic aquifer near a stream that partially penetrates

the aquifer with clogged streambed (Fig. 1c). a) Hydraulic head profile after 60 days. b)
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Impact on streamflow rate, for various stream-leakance coefficients (A=, 10, 5.10°, 107,
5.10° and 10° mi/s). Stream width: 10 m, K=10* m/s, S= 0.05, ho=12 m, x.=y,=40 m,
R=2.96x10° m/s and Qpump=17 m°h,

Figure 7. Multi-aquifer system, recharging the top aquifer and pumping the deepest one. a)
Hydraulic-head profiles in the upper aquifer and b) drawdown of water level in the deeper
aquifer after 1 day and 60 days. ¢) Total drainage flow-rate induced by the recharging area
and by the pumping well, compared to the case with the recharging area only (without
pumping well). K;=10* m/s, $,=0.05, hy=12 m, T,=10"* m%s, $,=1073, k’/e’=5x10" m?s,
X =y, =40 m, R=2.96x10° m/s and Qpymp=17 m*/h.
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