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Abstract

In this paperinversemodelingis usedto characterize the regime of a karaguifer subjected to
extensive pumping in aonduit located upstream ofts main outlet. Thesystemicapproach ussa
transfer modelthat is based on computing the convolution integral of up to several sigreds
efficient rainfall pumping to simulate flow rates and groundwater levelshoth the karstconduit
and the carbonate matrix at thaquiferoutlet and in several parts of the catchment area. The model
is a semdistributed lumped modeivhich simulates the hydrological response of a heterogeneous
karst aquifer made up different hydrologic compartmentsand isapplied to the Lez karst system
France.Groundwater is abstractedhear the « C « S unfajor outlet at a higher rate than the low
water spring dischaye, thereby mobilizingstored groundwater during lowwater periods ~Z $]A

uv P uvsg[eX

The model sresults are very satisfactory, especially for the karst system quileére the water

levels are particularly well reproduced. The model can also simute naturaj i.e., nonpumping,
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state of the karst system anthereby estimate the impact of active management on the water

resource.

Highlights

Characterization of karst functioninginga lumped semdistributed approach

Interpretation of a very longimes series of groundwater lexeina karst system

New insights orthe mobilization of stored reservdsy pumping within a karst system

Keywords

Impulse response
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Groundwater level fluctuations
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Introduction

Numerical malels for karst aquifers usually fall within two main categories (Goldscheider and Drew
2007): lumpeeparameter or reservoir models (Dreiss 1983; Pinault et al., 2001£004) and
distributed physical models (Birk et al., 2003; Liedl et al., 2008)ing to the high degree of
heterogeneity of karst aquifers, distributed modé€Rirk et al., 2000; Teutsch and Sauter, 1998)

be relatively difficult toimplement and calibratdbecatse of difficulties in obtaininghe necessary
input data. Thee difficulties have limitedhe use of such modelsin karst hydrogeologyDuat

porosity mode$ with implementation of discrete pipe netwoskvithin a limestone matriXCornaton
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and Perrochet, 2002represent a promising approador testing hypothesesn the conceptual
representation of water interactiosa betweenthe matrix and pipe network Howeverbecausethe
available data on karst condugeometry are generallyvery limited, this modeling approach is
difficult to implement The lumpeeparameter modeis simpler and considers the karst as a whole; it
uses the relationship between rainfall and dischafig@ariate analysis) to characterize the karst flow
regime, andcan potentially be used fa karst hydrosysterin which these data are availablBénic
Jukic and Jukic 2003; Dorfliger et al., 2009; Padilla and Fdisich 2008; Jukic and Dedigkic 2009;
MartinezSantos and Andreu 2010, Moussu et al., 2011, Long and Mabhler,. 200&kver, some
karst aquifers are characterized by geographical or hydrogeologighsystemsthat can be
considered as homogeneous units Hte scale of interest which potentially are hydraulically
connected to each other dhe scale othe karst catchnent area. In such cases, a lumped parameter
model appliedto the overall catchment cannot take this hydrodynamic heterogeneity into account.
One option, if the necessary data are available, is to consider a lumped parameter modeling
approach for each subsiem and then to aggregate the results in order to represent the overall flow
regime of the karst aquifer aits outlet. This is an intermediate approach between the lumped
parameter model and the distributed physical model, dade is termeda semidistributed lumped

parameter model.

Karst aquifers can form major groundwater reservoirs (Bakalowicz 2005) and are locally pumped to

meet growing drinkingA § E & <u]E u v8e p U Jv % ES] po EU 3} %o} %o 0
uv P uvs[ SZE}IUPZ % puhdin Rar§t@hduiSiZ the vicinity ofits outlet enables

optimal exploitation of a karsgroundwater by avoiding the negative effects of large lovater

discharge variations at the springs. Active management can thus be defined as pumping at a flow
rategr § E $Z v $3Z <%A@E|WP[]JoYAEP & § ¢} « 3} u} ]Jo]l 8Z «ul( EJ[-
(Avias 1995). These reserves are then replenished during the following rainy sesssding inless

intense floods at the start of the season (Fleury et28108). In such cases the karst system is

3
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characterized by two distinct types of flow regime: (i) a higiter flow regime when the natural
outlet discharge is greater than the pumping rate and the system functions naturally; and (ii) a low
water flow regme when the natural outlet discharge is lower than the pumping rateg the
pumped flow rate is the sum of the natural outlet discharge plus the mobilized karst storage flow
desaturating theconduitsand the matrix (Maréchal et al., 2008). Generaliena karst system has

Vv E%0}]8 }A E 0}VP % E]} U v} } « EA 3]}ve }( §Z +Ce*3 u[s v §
andit istherefore J((] pos 8} E }veSEN 8§ SZ «C «disaiargg weldtipdBhighis@ Jv( oo

a similarto attemptingto determinehydrological processes in usigged basins (Sivapalan 2003).

The Lez spring karst systein southern Francehas been a ideal site since the 1970s for studying

and modelinga flow regime. D}+8 }( $§Z vpu (E] o u} o- A 0} %o (}JE Sp CJvF
hydrodynamics with a view tgroundwaterexploitation are based othe laws for draining several

reservoirs (Guilbot 1975Thiery et al., 1983Fleury et al., 2008)These modelsre thus unable to

describe the functioning of the various hydrogeological units of the hydrosystem, and especially that

of the western compartment of the Matelles Fault (Massili 2011; Massili et al, ZDAé& )main aim of

our workherewas to develop a lumped parater modeling approach suitable for (i) a karst system

whose overall flow regime results from the juxtaposition of identified subsystems, and (ii) a system

§Z 8 Aep E Z 3]A uv P uvsd[ (JE o0}vP % E]} }( 8Jlu v (JE Az
in particularat the outlet, is unknown.The final objective of this wonlwasto developa modeling
approachthat is able to predictthe water levels and spring discharge thatthe impactof global

changescenarion the Lez karst systeeouldbe assessed

Study area

The Lez karst system forms part of the North Montpellieran Garrigue hydrogeological unit delimited
by the Héraultriver (to the west) andthe Vidourleriver (to the north and eastFigurel). The Lez

karst aquifer, between 650 and 800 m thiikswithin the Upper Jurassic layess both sides of the

4
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MatellesCorconne Fault (here termatle ZD § o8 posS[¢X dZ «u]( & ] pv }v(]v ]Jv §Z

compartment of this fault and locally confined in the eastern compartmBigure2a). Thebaseand

top of the Lez karst aquifer in the eastern compartment are respectively Calkwadordian marls
(Middle Jurassic) and a thick succession of Lower Valanginian (Lower Cretaceous) marls and marly
limestone the aquifer itselfstraddlesin the Upper Jurass and the Berriasian (Lower Cretaceous).
The Karstification of the main conduit beldtg top wall in the eastern compartment was confirmed
as-10 m (a.s.l.) by divingand down to-48 m (a.s.l.) by drillingF{gure3). The geometry of the
conduit isknownonly between the springand a fewboreholeslocated 400 meters awayhis lack of
knowledge at the watershed scabeohibitsthe application of anglistributed modeling approachA
southward structuring of the aquifer, with the development of karstification at depth and an
underground drainage in the direction of the Mediterranean, is probable and almost certainly related
to the Messinian salinity @is (Clauzon et al., 2005; Avias 1992). However, the compressive tsctoni
of the Eocene PyrenedRrovengal phase, in addition to filling the paleatlet with impermeable
Miocene and Pliocene sediments from the Messinian canyons, gave this large kaifer aqu

[ }v(]v | ciasacferwith the presence of upstream overflow springs, such as the Lez spring and

the intermittent Lirou spring.

The Lez spring with its overflow at 65 m (a.s.l.) is the main ofndet the karst systemThe area of

the hydrogeological catchment is estimated to be 380 kn#sdu on the geology, identification of

the impervious structural limits, dye tracingsnd groundwater level dynamics in the network of

} » A §]}v }E Z}o + UE]VP 3Z & A }AVThienset als %9063Figw¢s). }v p]s
Several recharge zones can be identified within this basin according to the nature of the exposed
geological formatia: (i) the Jurassic limestormitcrop (between 80 and 100 kfhis the main area of
recharge from effective rainfa{Figure 1) (ii) the Cretaceous marlimestone formations (120 km?),

which are much less permeable than the Jurassic, provide leakagee taniherlying Jurassic and

contain identified loss zones with direct recharge to the underlying Jurassic aquifer from surface

5



116 streams (swallow holes) and in particular along tectonic faults; (iii) the Tertiary formations (160 km?)

117  whichare generallymperviousand which contribute insignificantly to the karst aquifer recharge.

118 The Lez spring has been supplying the city of Montpellier since 1854. Prior to 1968, the resource was
119 exploited throughspring overflow collectionwhich rangedbetween 25 and 600 ¢ (Paloc 1979).

120 From 1968 to 1982, abstraction was carried out by pumping in the panhole at a rate of some 800 I/s.
121 dZ]e % E]} A+ 5Z % @& op &} Z S]A uv Puvs[}(8Z >11 E+3 «C
122  the summer periods being greater than thatural discharge without any pumpingythe end of the

123 1970s increased demand for drinkiagter supplyhad motivated the managers to extract the

124  resource at a rate higher than 800 I/s. For this reason, in 1982 deep wells were drilled into the main
125  karstconduitupstream of the spring in order to obtain a maximum yield of 2000 I/s (Avias 1995). The
126 current pumped rates athe low-water stage (between 1200 and 1700 I/s) are greater than those
127 pumped at high water (900 I/s). The maximum pumping rate is fired at 1700 I/s so that the

128 minimum water level Figure4) is no lower than 35 m.a.s,li.e.,, 30 m below theelevation of the

129 spring[ outlet. A reserve flow of 160 I/s returns to the Lez River downstream of the spring when the

130 springisnot overflowing.

131 dZ | E+8 *C+3 u[* v SUE o ]+ Z,@Pausdhievier spiinglhasibeen tapped since

132 1854 (Paloc 1979). Howevethe pumping rate (Qp) has been measured since 1974 %@d * % EJVP [
133 residual overflow discharges (Qr) were reliably meaduretween1987 and 2007. The natural high

134  water flows over this period can be estimated by the equation Qn = QrFi@pré3a) vthe natural

135 dischargegQn) estimated from these measurements are showRigureba.

136 At lowwater stage Figure3b), the pumping rate (Qp) is between 1200 and 1700 I/s, which is higher
137 than the natural discharge (Qn) would have been in the absence of pumping. The pumping caused
138 the spring to dry ugQr =0). Accordinglythe pumped discharge (Qp) during the lovater period is

139 interpreted as the sum of the flow that would have occurred naturally in the absence of pumping
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(Qn) and the storage flow (Qs) mobilized by the pumping: Qp = Qn+Qs. The yielédlitam the
karst storage (Qs) is interpreted as coming from depletion of the kanstluitsand mobilization of
matrix water from the carbonatesin which the karst drainage networkas beendeveloped

(Maréchal et al, 2008). Pumping thus mobilizes the KarsC 3 u[s A § E € -bady ersZ &

E

not at all ee] 0 puv E 3Z | E+3[+ v SUE o (o}A ina BPyaring afZie ]« E (o

piezometric head (H4) in the karsdbnduit(35m <h4 < 65m a.s.|; Figure3b).

The Suquet borehold={gure2a) intersects the karstonduitconnected tothe Lirou springwhich is

the main outletfrom the Western compartment of the Lez karst syst@Paloc 1987)it thusenables

a description ofthe overall hydrodynamics othis part of the systemDuring highwater periods

(H2>65 m.a.s.l.) thgroundwaterlevelresponse to effective rainfall recharge is very similar to that

recorded at the Claret observation borehole. This is locateddarauitin the immediate vicinity of

the Matelles Fault (Fig. 1), which is one of the main drainage axié® ddarst systen{Lacas 1976;

Drogue and Grillot 197@érard 1983; Karam 1989). During faxater periods (hZ65 m.a.s.l.),

groundwatero A o u}v]3}E]JvP & A o §Z [E]sv }( ZPE}uv A 3§ E

two aquifer compartments locatedroeither side of the Matelles Fau(Figure4). The groundwater

level in the western compartment (Suquet borehole) is no longer influenced by drawdoaused

by pumping when the groundwater head of the kazehduitat Claret is 53.5 m.a.s.l. or 52 m.a.s.l. at

the Lez observation borehol€&i§ure4). The measured groundwater levels at the Suquet observation
}E Z}o % %o v ]( }v }ve]-tyfedisconSectiafexistsin the conduit

This does not preclude a water flow from the western compartment continuing to supply tassiir

located below the Cretaceous cover in the eastern compartment, but the two hydraulic heads

measuredon eitherside of the Matelles Fault aiedependent The Suquet observation borehole is

representative of the karst system draining the western cortrpant of the Matelles Fault.

The groundwater level H3 measuredtire Laudou observation boreholé-igurel) also appears to

be influenced by the puping (Conroux 2007hut indicatesa different hydrodynamic responsigom
7
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the conduit (Lez, ClaretFigure 4), which exhibitsa much more inertial gnandwater behavior
(Conroux, 2007)one thatwe assumas representative of the matrix storage beneath the Cretaceous

cover to the east of the Matelles FauRigure2a).

Semi-distributed lumped model

The semdistributed lumped modeling approach developed for the present study is basefieon

state d knowledgeconcerningthe Lez karst system. The architecture of the hydrological mizdel

shown inFigure2b. Four submodels (or modules) was used to reproduce the hydrodynamic flow

regime of a complex karst aquifesomposedof two compartments the western and eastern parts

of the Matelles fault) v ep i & 8} v Z S]A uv P u vs[ SZE}UPZ %opu%]VvP
(Figure2a). The firsthree modules simulate (i) the natural discharge of the Lez spring (Qn), and the

water levels in (ii) the karstonduitof the westerncompartmentat the Suquet observation borehole

(4H2) and (iii) the matrix of theasterncompartmentat the Laudou obsemtion borehole @H3). The

fourth module calculates the groundwater level of the main kastduit at the Lez spring 414)

from the contributions (outputs) of the three intermediate transfer modules.

The hydrogeologianodeling was performed using transfer methods implemented with TEMPO
software (Pinault, 2001).The calculation ofthe impulse responses of the transfer modules is
achieved by inverse modeling with stress positivity. The term inverse modeling is heieteesto

the parameter identification of convolution kernels used to simulate the output from the input.
Computation of the impulse response uses regularization methods inspired by Tikonov and Arsenime
(1976), Tikonov and Goncharsky (19&rd Dietrich ad Chapman (1993), as described by Pinault et

al. (2001a).The calculation of impulse responses under stradsws to satisfying the principle of
conservation of the water mas$he impulse responses can be parametric or-parametric. In the

case of a no-parametric impulse response, the systentaemed ill-posed from a numerical point of

view because it has an infinite number of solutions. As mentioned by Doherty and Skahill (2006), the

so-called ‘Tikhov regularization th which the parameter estimatio process is formulated as a
8
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constrained minimization problengnablesan efficient and stable solution to the inverse problémn

be obtained The nathematical andhumericalbasesused in Empo software for the calculation of
impulse responses are presedten Pinault et al. (2001a). The search for a solution by the
regularization techniqueseeksto reduce the number of degrees of freedom of the optimization
problem by minimizing the norm of thigansport equation (i.e eq. 7, eqg. 9, eq. 11 and eq. 13 & thi
study) Among all possible solutions, the calculation of minimizing the norm of the solitiosto
select the one with the smallest norin orderto smooth the norparametric impulse response. As
indicated by Pinaulet al. (2001a), the regularization paramefer) is optimizedby using the method

of the curve L. This technique takes its name from the shape of the curve obtained wheiatise x
represents the norm of the solution and theaxisthe difference betweenthe model andthe
observations. The regularization parameter) is selected as close as possible to the angular points
of the curve L. This choice is a compromise between (1) afpasvery smooth solutiorwhich
produces a poor fitand (2) chodisg a vey irregular solution producing an excellent fit between the
model andthe observations. The regularization paramefer) is the absolute value of the derivative
of the curve L.The second parameter of the ngrarametric impulse response is the maximum

length overwhich the computation is performed.

The modeling approachising Tempo software enablea characteriation of the flow regime of
complex hydrosystems such @mse found in karst system@inault et al., 2001b, 2004; Dorfliger et
al.,, 2009) as welbs in more homogeneous porous media (Pinault et al. 2005; Pinault and

Schomburgk 2006; Pinault and Allier 2007).

Effective rainfall

Themodules use the same daily input data to compute the effective rainfall, with the possibility of

using several raigaugesyf being the number of rain gauges) for the rainfall data:

4 L Aoga Bbdp L RrGLs&4 Aogsa b L s
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The sunRso0f a series of rainfall data is defined so as to optimize the contribution of each rain gauge
to the transfer model of the s@E]vP[e ]+ ModldP1). The principle, given by Pinault et al.
(2005 consistsof computing the weighting factors\) of the rain gauges so that they maximize the

crosscorrelation between rainfall and system output.

The amount of effective rainfalR (t) inducing a flow variation for a time t is calculated by:

R,(t) Ryt) :(t)if Ryt) t :(t) othewise R, (t) O Eq. 1

The effective rainfallRy) is calculated by computing the threshold function Omega:

() Gr Ry (t) GTa Tat) C Eq. 2

where * is the discrete convolution produdtthe time, Ca constant, andsr and GTathe impulse
responsessuchthat GTa> 0 andGr< 0. These two impulse respons&r énd GTa)are represented
by trapezia Figure 5¢). Details of the impulse responseparameter calculation arg@resented in

Pinault et al. (2001a).

The thresholdGt) is used to express the deficit of the effective resarvéhe ground Ran decreases

the Q) threshold, following the@® « E Addh@de, whi¢ air temperature Td) increases it. The
convolution of rain with the negative part of the impulse response (Figure 5c) gives the contribution
}( & Jv SZE e heothre3hokleQlt) (Fq. 2) can becomputed using the air temperature (Ta)
because the input and output variables are redu¢eifided by their mean). Consequently, only the
variations are involved and it is these that determine the mddetcuracy (Pinautt001). The air
temperature records used in the calculation (Eq. 2) are from tHda8tin de Londres meteorological

gauging stationKigurel).

The dfective rainfallR(t) is dividedinto two componentsR(t)= R(t)+ R(t), where R(t) and R(t)

are the componentsof effective rainfall thatrespectivelyinduce theslow and fast responses of the

10
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system The fast component is assumedbe representative of thdastinfiltration whichoccurs only

after highrainfall evens. The componentR; (t) is expressed according t&, (t) by the Alpha

function [ [ft) ]:

R (t) L) uRy (1) Eq.3

where [fft) is the proportion of effective rechargég valueslie between 0 and 1). The Alpha function
enables consideration ahe norinear switching behavior of karst systesuch asZ & o p« ZwhhA [
depends on the effective rdiall overthe preceding days. The Alpha function is related to the effective

rechargeby the convolution product:

3t) *DReff Ry () Eq. 4

where * is the discrete convolution produdtthe time,and * ..« the impulse response offft) to

effective rainfallR,4 (t) . The impulse responses are represented by trapdzgu(esd).

Module 1: Transfer model for the rainfall ~ Lez spring natural discharge relationship

The first moduleFigure2b) computes the natural discharge of the Lez spring (Qn) which would flow
naturally in the absence of pumping and the mobilized storage flow (@&rse nodeling of the
natural flow consistef calculating both the slowi(and fast { B impulse responses associated with
the different types of flow that occur within the karst system. The fast transie® (nay be
e} 18 A]J3Z Z(ouezZ (0}A[X dZ]*e Vv } uE AZablisHay KEtweer the}vS]vpu]s
unsaturated and saturated zones of the karst through a temporary connection between groundwater
in the epikarst and the saturated zoneia fractures and/or subvertical conduits (Pinault et al.,
Tiii «X Z&ouhds begrligmondrated in the Fontanilles and CeRbnts karst systems to the

north of Montpellier (Aquilina et al., 2005, 2006) during periods of major recharge. The impulse

response of the fast flowi(B can also describe the contribution of losses from temporaryast®

11
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located in the catchment area of the Lez spring. In the model, the fast transfer of the rectidge (

obtained by the convolution product of a Gaussianctionwith a decreasingxponential:

T
BR L #ATLF Zst; @ N ApU: $ @ “AEB QRQI
PRI LITERPI

] Eq. 5

From a physicaliewpoint, the model reflects the recharge of a reservoir (Gaussian function)
followed by its rapid depletion represented by the decreasing exponential law. The succession of
these two phenomea is described by the convolution product (*). The paramétexpresses the
delay of the recharge process with respect to the rainfall, ewhié parameterD reflects the duration

of the event.Ais the normalization constant.

The slow transfer {Q brings into play thevariousinfiltration and depletion processes inducing a
more-or-less significant delay between the rainfall and the observed discharge. The depletion of the
saturated zone is also described by this slow transfethérapproach weadopted, the slow transfer

of the recharge { Qis described by a parametric model (Dehikic and Juckic 2003) that convolves
an analytical function consisting of two reservoirs in parallel, and the depletion of the saturated zone
is described by a decreagi exponential function. The choice of this type of parametric model can be
justified by the existence of the two karst compartments locateceither side of the Matelles Fault.

The expressiofor the two unequal parallel linear reservoirs with recession coefficikhtandk?2 is:

N _ p?2cb5 | 5?  A2c b6
i OL psA E 5 A Eqg. 6

where the parameterarepresents the flow ratio between the two reservoifhe impulse response

is presented orrigurebe.

The discharg@n(t)is computed by the following equation (Eq. 7):

Qnt)=A ({ BRf+1 ORs) Eq. 7

12
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Where * represents the discrete convolution producthe time, Qn(t)the flow of the hydrosystem,
A the recharge area of the catchment basin (where recharge occu8gnd i Qhe normalized
impulse responses (the area being the unignd Rfand Rsthe components of the effective rainfall
(Reff = Rf + R9 inducing the fast and slow transfers respectivdliie inverse modelingrocess
calculatesthe normalized impulse responsds@and i Bthe effective rainfal[R.x(t)], and the partof

effective rainfal[ [ft)] that is involved in quick flow.

The karst storage flowQd9 mobilized by the pumpinig then calculated as follows

EBLR3JMABOL 3LF3J=J@NL r .
EBLO3JMABOLT =J@NL 3JF3L B

where Qsrepresents the karst storage flou@Qp the pumping rate and Qnthe natural flow in the
absence of pumping. The karst storage fl@@g(is negative (by convention) and is assumed to be
zero when there is overflow at the outlet (high water). The karst storage vosoalculated from
Qsis differentfrom the dynamic volumé&/dwhich would have flowed in the absence of pumping, the

latter generally being assessed from the analysis of recession curves (Mangin 1975).

Module 2: Transfer model for the rainfall Lirou spring discharge relationship ( Western

compartment)

The second or Suquet modulBigure2b) simulates the hydraulic head of tleenduit (' H,) in the
Jurassic compartment west of the Matelles Fault (Suquet borelfadgirel and Figure2a) near the
Lirou overflow spring. The relationship between tteeharge iput) and the piezometry (output) is

based on computing a ngmarametric impulse response
"R L= A Odgu& Y Eq. 9

where A is the normalized impulse response (area equal to 1) of the effective rainfall recharge and
Bt L 9OH/=T:ig; a constant linked to the porosity\(s) through determination of the base
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piezometric level Fi(Pinault 2001) and the maximum value of the normalized impulse respdgge (
Yrepresents the erratic contribution that is not described and explained hy model. The
computation of the impulse responses is performed under positivity consteaidtwhile satisfying
the principle of conservation of the mass of watthre groundwater level being expressed relative to
a reference level HO. This reference leve the groundwater level in the absence of external
solicitation(effectiverecharge, pumping)The inverse modelinig set up to calculate the normalized
impulse response 4] (Figure 6c), the thresholddt) (Hgure 6b) and the effective rainfall.

Parameters are obtained through inversion by minimizing the quadratic form:

At Frting R Eq. 10
The slow component can reproduce the hydrological response of the western compartment (Figure

60). The fastomponent is nonecessary for this module.
Module 3: Transfer model for the matrix storage ( Eastern compartment)

The third or Laudou module is used to characterize the functioning of the Jurassic karst beneath the
Cretaceous cover{gure2b) in the eastern compartment of the Matelles Fault. This transfer model
takes into account the recharge by effective rainfall as well as the affeébe karst storage flow (Qs)

mobilized by pumping.
The piezometric evolution is described by the following convolution equation
*UR L = 8k Udgy & &adhe03) E Y Eq. 11

where A and A_are the normalizedon-parametricimpulse respnses (areas equal to,1)kis the
normalized impulse response of the recharge from effective rajnéamitl Ais the normalized
impulse response of the mobilized karst storage flofiepresents the erratic contribution that is not

described and explained by the model. The paramet%rsf » t§,0are positive coefficients for

expressing the conservation of the water mass:
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The term—57 #%Pis used todescribethe relative contribution of the recharge and,,#Pdescribes

the relative decrease in piezometry resulting from the karst storage fi@yvriiobilized by pumping

in the conduit of the Lez spring.

The inverse model of fissured matrix storagethe Jurassic karst beneath the Cretaceous cover is
represented inFigure 7.The inverse modeling calculat¢he threshold ) (Fgure 7b)and the
effective rainfallthe normalized impulse response of thechterge (&), and the normalized impulse
response of thekarst storage flow mobilized by pumpirfgy). The impulse responses of the two
contributions A f « tA,are shown inFigure 7b. The computation of the impulse responses is
performed under positivity constraint, the groundwater level being expressed relative to a reference

level HO.The fasttomponent is nbnecessay for this module
Module 4: Transfer model for the main conduit to the Lez springhead

Module 4 (Figure 2b) enablesa simulaion of the water level of the Lez karst conduit in the
immediate vicinity of the spring (borehole located 400 m upstream of the Lez spring) and thus to
characterize the globdlydrodynamicof the system at the outletModule 4 is a system convolved in
sequencssince the outputof Modules 2 and 3H2(t) and H3 (t)] are the input® the convolution

kernel of the simulation modéor the water level [H4 (t)].
The piezometry is calculated by the following convolution equation:
*VIP L 88k Udgy & 808k U3) E 88y U*g E 8.8A Ux, EY Eq. 13

where Adalyak f » tA are the normalizedon-parametricimpulse responses (areas equal to &;
is the normalized impulse response of the effective rainfall rechardgés the normalized implse

response of the mobilized karst storage flo@)( Ais the normalized response of the supply
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347 component from the Jurassic aquifer lying to the west of the Matelles Fault (computed by the Suquet
348 module); A is the normalized response of the supply component from the matrix (computed by the
349 Laudou modulg)and Yrepresents the erratic contribution that is not described or explained by the

350 model.

351 &a4&y48xf - tTa« are positive coefficients faxpressing the conservation of the water mass:

45 g % %
352 ia&:\—%E AL E BECE AL S Eq. 14

353 The term ay&$allows usto describethe relative decrease caused by the mobilized karst storage
354  flow (Q). The term &sdi ¥ $describeghe relative contribution of the Jurassic aquifamthe west of

355 the Matelles Fault. The ternd, &1*$allows usto describethe relative contribution from the matrix

356 reservoir. In this model, the terna. &g Pgoes notallow a descrifion of the contributionfrom the

357 effective rainfall; we fixed this parameter at 1% because we consider that most of the effective
358 & Jv( oo & Z EP Jv(}&EuU S]}tv ] 0oE C }vs Jv v §8Z
359 (U *g feTu *). This componentnables oe to describe the recharge phenomena associated with
360 the fast flow that occurs during significant flooding (Q>3000 I/s). We assumehbatomponent

361 describedrefers to direct infiltration from losses associated with the temporary streams that form

362 duringfloods

363 Results

364 Rainfall data from three weather stationwere used (Fig. 1): SauMartin de Londres (R1),
365 Montpellier-Fréjorgues (R2hnd Valflaunes (R3). The aim of the computation was to maximize the
366 crosscorrelation between Rand the overflowdischarge (Qrat the Lez spring measured between

367 1987 and 2007. The linear combination obtained fgisR

368 Rs= 0.34*R1+ 0.53*R2 + 0.13*R3 Eg. 14
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The calibration oModule 1 was based on the natural higlater discharges (Qn = Qr+Qp for the
period 19982006; Figure5a); the natural lowwater discharges are not knowithe parameters of

the transfer function Eg. 6) shown orfFigurebe are:kl = 7.4 daysk2 = 59 days,aL rd{. The
length of the impulse response is 324 dajy$ie mean transit timg(Tm) associated with the
normalized impulseesponse is the mean value of the lag (Pinault et al, 200%. average transit
time (Tm) is 42 day§.he first transfer model assumes that the regulation tiregsem memory of

the slow component of the karst system is less than a yeat §a®s;Figure5e). This assumption is
v}s E *3E] 3]A He 3Z | (E+8 sCe3 u[* *% E]JVP Plve 3} (0}A P ]v
and the lowwater periads (recession) do not exceed a year. The model was validated with the
natural highwater discharges for the 1981997 period Figure5b); it satisfaabrily reproduces the
high-water periods, and the Nash criterion of 0.67 (Nash and Stutcliff, 1970) is considered
satisfactory having been calculated on the higkater cycles for the 1982007 period. The area of

the karst catchment basin providing recharig estimated at 116 kmThe fast component (Qf) of

the recharge flowsnly during significant floods (Qn > 3000 I/s) and contributes ug teaximumy%

of the flood discharge.

ForModule 2, the reference level is that measured at low water when the hesmbmes constant
(H=60 m.a.s.l.) following groundwatédevel disconnectiorfrom the Jurassic compartment lying east

of the Matelles Fault. The groundwater level is described only by the slow component of the
recharge, the fast component beinginecessary for the simulation. The impulse response for the
slow component is shown iRigure6c. The average transit time (Tm) of the normalized impulse
response (g is 42 days. The regularization parameter (w) is 0.1. The length of the impulse response
is 96 daysModule 2 enables satisfactory reproduion of the daily changesof the groundwater

level measured at the Suquet observation borehole (high Nash criteri®.8). The model was
validated with the water levelmeasured for the 20112012 period Figure 6c¢) it satisfactorily

reproduces the highwater and lowwater periods and the Nash criterion of 82 is considered
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satisfactory. The model nevertheless tlsnto overestimate the groundwater level after the first
floods of the new hydrological cycle (autumn). The effective porodity is estimated at 0.37%,
which is a general value for the aquifer compartment drained by the Lirou overflow spring; the
Suque observation borehole taps the same drainage system just upstream of the intermittent
spring. This second transfer model was used to simulate the groundwater level of the western
compartment (19742010; Figure 9% and the output of this module 2 modelirig) one of the inputs

to the fourth module of the Lez transfer model

In Module 3, computing the effective porosity5(CL RBu /=T>0 ?, requiresa knowledge of the base
level (H) corresponding to the piezometrlevel reached by the system in the absence of recharge
and pumping(Pinault 2001, Pinault et al., 2005). Because in the present case the base vel (H
cannot be deduced from the observed piezometric recomlingto the influence of pumping, it was
chamcterizedusingthe model using trial and error to obtain a maximum Nash criterion. The base
level obtainedis H=80 ma.s.l., which is an intermediate value in the observed variation rangé (61
115 m.a.s.l.)The effective porosity3Y is estimated aD.91%.The average transit tinsgTm) of the
normalized impulse responses of the two contributisn( A f « tA) are 47 daysand 9 days
respectively(Figure 7b) The regularization parameter (w) is 0.1. The length of the impulse response
is 160 daysk-oroffsets longer than 50 daydhe nonparametric impulse response of effective rainfall
shows oscillations which correspond to noise without physical meahiagertheless, the length of

the impulse response is signifitebecause the tests conducted withshorter length for the impulse
response do not allow the modeling of the inertial response of the aquifer to effective raififédl.
third transfer modelprovides a satisfactory simulation of the daily evolution of the measured
piezometry for the calibrdon period (Nash criterion = 0.82, Figure 7a). The model was validated with
the water levet measured for the 2008011 period [Figure5d); it satisfatorily reproduces the high
water periods, and the Nash criterion of 0.69 is consideaedeptable The average recharge

contribution is estimated at about 71.5%, with the mobilized karst storage flow (Qs) explaining on
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419 average 28.5% of the measured piezint variations. When the water level drops below the
420 reference level (F=80m), the piezometric variation appears to be controlled mainly by the
421  mobilized storage flow (Qs) componenthich can thus cause drawdown in the piezometenearly

422 13 m. This third model was used to estimate tgm@undwater levelithin the karst for the period
423  before 2003 andor that after 2005. The record produced by this modeling forms one of the inputs

424  to the fourth module of the Lez transfer model (19(2008; kgure 99.

425  The impulse responsesi(a/a ks f « TA) of Module 4were computedfor the shortest possible lags
426 (4 days, Figure 8dp make the model stablesince the H2(t) and H3(t) u@ables arestrongly

427  correlated (fFgure 10). The averagdransit times (Tm) of the normalizedmpulse responses of the
428  two contributiors A f * tAyare 2.5 days and Baysrespectivelybut are lessghan 1 day (0.9 day) for

429  contributions Ayf « tA. The regularization parameter (w) is Oahd the length of the impulse

430 response is 4 day$he reference leveldiestimatedby trial and error so that the model would be as
431 close as possible to the observgmbundwater levelisH,=59.9 m.a.s.l. Note that this reference level
432 is similar to that obtaied by the Suquet method (=60 m) which reflects the momenthen the

433  Kkarst west of the Matelles Fault is piezometrically disconnected from the rest of the aquifer located

434  beneath the Cretaceous cover.

435 The model gives a very satisfactory reproductionhaf tlailychangesof the measured groundwater

436 level (calibration period from 29/04/2002 to 25/02/2004) with a Nash criterion of OFgu¢e8a)

437 and a very low standard deviation (0.02). The model has been used to simulate the groundwater
438 level of the karsttonduit for the periods before 2002 and after 200Bigure9e). The model was

439 validated with the water levelmeasured before 2002 (1972002 period) and after 2004 (2004

440 2011 period) igure5a). This transfer model gives a satisfactory simulation of the dhéyngesof

441  the water level measured in the conduit (Nash criterion = 0.68). The periods of aquifer drawdown
442  correspnding to the spring drying up are well reproduced. The simulated flood water levels are

443 some casegreater than the measured levels.
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Most of the groundwater level variation (44%, Fig@® relative to the reference level {69.9
m.a.s.l.) appears tbe explained by the impulse response of the mobilized karst storage flow (Qs).
The average contribution of the matrix reservoir to the groundwdésel variationin the karst
conduitis around 36%. The remaining part (20%) comes from the contributitredarst lying west

of the Matelles Fault. When the groundwater level in t@nduitfalls below 59.9 m.a.s.l. (reference
level), the groundwater level variations appdarbe mainly controlled by the mobilized karstorage

flow (Qs)whose average contyution becomes greater than 90%
Discussion
Sensitivity

The timeinvariant impulse response (IR) used to describe the dynamic response of a system to an
instantaneous impulse can be objectively chosen as a mathematical function selected on physical
grounds, or by the use of a nofparametric approach (Von Asmuth et al, 2002). In this study, the
choice focused on the ngparametric approach because we believe that karst processes are not well
explained by physical laws only. Indeed, the shape of the impelsgonse to an instantaneous
impulse of recharge is the result of diffuse, fractuaad conduit flows wittithe potential existence of
turbulent flows themselves conditioned by vertical and horizontal heterogeneities. In order to assess
§Z u} of- tivitw ¢d the choice of the noiparametric impulse response, rather than a
parametricone, we alsocalibrated the transfer module of Suquet borehole with a parametric model.
The convolution function used to perform tlsensitivitytest is a GaussiaBxponatial function (Eq.

5). Usingthis mode] the recharge of a reservoir is described by tl&aussianfunction
. i 6 T
[ATLF Zst; @%A @ whereas the decreasing exponential functios § '@%’6’/}‘ allows to

represent the drainagefrom the reservoir; the succession of thesewb phenomena is the
convolution product of the recharge law by the discharge law. The normalized impulse response of

the parametric model is reported in Figure, @abling acomparison with the impulse response of
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468 the nonparametric nodel. The norparametric model producesa better fit than the parametric

469 model both for the calibration period(Nash= 0.88 and 0.82, respectivesnd for the validation

470 period (Nash=0.82and0.69, respectivelyFgures 6b and 6¢. The main difference caerns the peak

471 response to the effective rechargevhich occursafter a delayof two days. The response of the
472  parametric model ismoothedcompared to that determined by the ngmarametric approachthe

473  small oscillations present on tHatter for offsetslongerthan 16 days correspond tow-levelnoise

474  without physical meaningThis resultdemonstratesthat karst phenomena & not always well
475 explainedby physical lawsi.e., the parametric function. The recession of the normalized impulse
476 responss for the parametric andhon-parametricfunctions(for lag >16 days) are vergimilar. This

477 result shows that the optimization procedure used in the Tempo software to calculate the
478 regularization parameter adhe non-parametric function producgsolutionsthat are smoothenough

479 to be comparaed to that obtained by a model of exponential decay. These results have reinforced
480 our belief that the hydrogeological functioning of the Lez karst system would be better characterized

481 by the use ofinon-parametric impulseesponse.

482  As outlined by Long and Malher (2013), the modeling performance cavetiied by using the

483 length of the u} o] v Rdlidation period. Aengthy validation period witha good fit allowsus to

484 evaluak the u} o [ability to predict the evolutin of the system under other constraints (for
485 example climate change afat resource management scenario3he modeling approach used in
486 this study provides a very satisfactory reproduction of the daily time series of the groundwater level
487 measured since 974, with a Nash criterion of @ and a low standard deviation (0.06). The time
488 seriescalculatedby the model are considered generally satisfactory, especially during periods of
489 aquifer drawdown when the pumped discharge is greater than the natural atigehin the absence

490 of pumping. In retrospect, these results validate the approach of reconstructing the natural flows of
491 the Lez. Nevertheless, for some hydrological cycles, the model appears sensitive to summer rainfall
492 episodeswhenthe calculated grondwater levelmay appear higher than the measured values. For
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the period prior to 1983, the model tends to overestimate the drawdowwisich indicate that the
natural discharges estimated by the modeling are probably underestimated. Indeed, we previously
showed that the groundwatelevel time series in the karstonduit are controlled solely by the
impulse function of the mobilized storage flow (Fig@e), as soon as the groundwater level falls
below the H reference level of 59.9 m a.s.l. The undand overestimations of the simulated low
water groundwater leved (H <65 m.a.s.l.) are therefore related to the mobilized storage flow, and
consequentiyto the natural flow estimated by modeling. An overestimation of the natural flivars

the Lez spring results in an underestimation of the mobilized storage flow. The transfer model
reflects this underestimation of Qs by simulating groundwater levels high@n the measured
values (as with 1992, for example; Figure ¥&nversely an underestimation of the natural flow
leads toa simulation of groundwater levels below the measured values (as with 2006, for example;

Figure 9e).

In order to assess the modet  ve]3]A]S8C 3§} §Z *SJu § vSu& o ]« Z EGP U
level was simulatedssuminghat the spring discharge is known to within £10%. The results of new
groundwaterlevel simulations show that the model is generally not very sensitivhgaihcertainty

in the estimated Lez flow rates (figure not give@n the other handthe results indicate that the
modeling bias, highlighted in some hydrological cycles, is caused by poor estimation of the effective
rainfall. The transfer model d¥lodule 1 appears optimistic when significant rainfall events (H> 25

mm) occur during the summer lewater period. The simulated groundwater level during these

periods therefore appears overestimated because the simulated natural flows are overestimated.

Area of pumping influence

The area of the karst catchment in which recharge occurs is estimatdze 116 km?2, which

corresponds to the area of outcropping Jurassic limestone in the hydrogeological basin (100 km?), to
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the contribution of occasional losses froentporary streamsand also to leakage from the overlying
Cretaceous. This area is comparable to the 120 km? determined by Thiery and Bérard (1983) and the
130 km?areaparameterized by Fleury et al. (2008) in their reservoir mobe¢ natural discharge of

the Lez spring estimated by modeling is 1870 1/8£2590 I/s, interannual average for the 192910

period). Also for this period, the average interannual discharge of the residual overflow ratis (Qr)

1030 I/s, the pumping rate (Q® 995 I/s and the mobilized storage flow (Q®150 I/s.

The hydrogeological model developed in this study provides interesting information on the structure
and flow regime of the Lez karst system. When the spring dries up (H <65 m.a.s.l.), the time series of
the water kvel in a karstonduitis controlled by the mobilized storage flow, which is a function of
the pumping rate and the hydrogeological state of the karst in the absence of pumping (as described
by the natural flow of Lez estimated by modeling). The amount of drawdown as a fundtibe
volume pumped from the karst storage (Vs) is shown in Figure 11. It appears linearly related to the
volume of water pumped from the karst storage, the slope of the line being estimated at 1123800 m
per meter of drawdown. In the pumped section dfi¢ water column (between 35 and 65 m.a.s.l.)

The results do not reveal any change in the hydrodynamic parameters with depth. For the water
column below 35 m.a.s.l.,, a modification of the hydraulic parameters cannot be excluded. Only a
pumping test in thisection of the water column would provide the answer. The equivalent area of
karst storage mobilized by pumping has been estimated from the slope (1123801800 n/m)

and the effective porosity (0.91%) calculated Mypdule 3 which characterizeshe karst matrix

below the Cretaceous cover. Assuming an elliptical groundwater level surface within the matrix
tending toward theconduits, the area of pumping influence around the network of kamtduitsis

estimated at 59 km2, which @nlya small fraci}v }( §Z > 1 «% E]vP[s PE}uv A § E ]V}

Active management

,C E}P }o}P] 00CU E }ve3Epu S]VP 8Z > 1 «% E]JvP[s v 3uE o (0}A u

A 0}%u vE }( 3Z <u]( €[+ A S E E *}uE =« +]v EZbased an}( Z 5]/
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drilling (1983). Analysis of theconstructednatural flows for the 19742010 period shows that the
volumes extracte@nnually are generally less than the annual recharge (Figure 11a). For the-rainfall
deficient years (1983, 1998, 2007), the pumped volsraee comparable to the volume of recharge

(Vp aVs). The volumes of water pumped from the karst storage on average represent 18% (Vs/Vp
ratio) of the mean annual pumped volumes (32.3 milliof) Figurellb). The Vs/Vp ratio rises to
30% in the rainfaltleficient years. Figurd1b also clearly showghe moment at which the active

management of the Lez resource was modified (1983).

The annual trend of the different volumes (Vn,, ¥pd Vs) and the Vs/Vp ratio are shown in Figure
12 (interannual average ovée period 19832010). The volumes of water pumped from the karst
storage vary during the year (Figure 12b), with the Vs/Vp ratio being highest in August and
representing an interannual average of 55% of the pumped volume for this month. The interannual
average Vs/Vn ratio reaches 170% in August, indicating that the volumatef pumped from the

karst storage is much higher than the average volume of water that would have flowed naturally in
the absence of pumping (interannual average of +70%). The bboXfbure 12d, ejllustratesthe

range invariability of thecalculatedratios for the summer months (July, Augumtd September). For

the rainfalldeficient years corresponding to the dry quinquennials (decile 0.8), the Vs/Vp and Vs/Vn

ratios are respectively 70% and 235% in August.

Conclusion

The methodological approach developed in this study is based on breaking down the head variations
of a karst system subjected to pumpijngnd on modeling the outlet dischargessing transfer
modek. This approacthasmade itpossible to model the groundwater level fluctuations in different
compartments of the Lez karst aquifer, the residual flows at the spang the pumped karst
storage flow. It isan overallsemidistributed approach enablinghé aggregation othe hydrological

responses ofthe variouscompartments interacting witheach other. It constitutes a modeling
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566 alternative when (i) the complexity of the karst aquifer necessitate®re elaborate approach than
567 a simple lumped modebknd (ii) the data necessary for a distributed model are not availablé.has

568 also helpedo reconstruct the natural flow of the spring in the absence of pumping. The uncertainty
569 generated by this last aspect was the subject of a sensitivity analysis thaedhbe model to be

570 relatively insensitive to the uncertainty in calculating the naturalized flow.

571 The models developed in this study reveal that the aquifer is not being overexploited. They will
572 eventually allowthe testing of various resourcemanagementscenarios and assasgnts of the

573 impacs}v ¢ §Z Slu ¢ E] ¢ }( $Z | E<+S «C &ondpitadhdl natrig and b)IthE « §
574 time series of residual flow. Theata acquired will make it possible tevaluatethe impacts of

575 climate change and antbpogenic pressures on the shednd longterm water changes in the water

576 resourcesusing wavelet analysis
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Figure captions

Figurel: Simplified map of the lithotectonic units in the study ardarassiciinestone outcrops

correspond tahe mainrecharge zones

Figure2: Interpretative geological cross section (N\WSE) of the Lez aquifer and architecture of the
models used to simulate (1) the natural Lez spring discharge fromtie6faainfall; (2) the water
level in the karst conduit (Suquet borehole) located close to the intermittent Lirou karst spring fed by
effective rainfall; (3) water level in the matrix (Laudou piezometer) fed by effective rainfall and the
storage flow (Qsmobilized by pumping; and (4) water level in main conduit (Lez borehole) fed by
effective rainfall, Jurassic contribution from aquifer located west of the Matelles Fault (2), matrix

contribution (3) and contribution of the storage flow (Qs) mobilized lwping.
Figure3: Cross section of the karst network upstream of the Lez spring.

Figure4: Changes invater levels in the karst conduit (Lez and Suquet boreholes, Claret piezometer)

and matrix (Laudou piemeter) for the period 200€2009.

Figureb: Module 1- Inverse modelling of the natural discharge of the Lez spring on a daily time step.
The observed and modelled natural discharges for flood andwkagkr periods are plotted foboth

the calibrated period (a) and simulated period (b). The Nash coefficient is 0.67 for the high waters of
the 1987t2007 period. The natural discharges for the loater periods are calculatettom the
impulse response of the slow component (e). The impulse responses of the infiltration threshold

. (t) to rainfall and air temperature are also plotted (c, d), as are the slow andntastalized

impulse responses of the effective recba (e, f).
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Figure6: Module 2- Inverse modeling of the water level in the karst conduit located close to the
intermittent Lirou spring (Suquet boreholen a daily time step(a) Infiltration threshold used in
calculating the dective rainfall.(b) Comparison between the observed and modeled water levels
from non-parametric model (c) Slownormalizedimpulse response to effective rainfall (the fast
impulse response not detectedjor nonparametric and parametric models(d) Water level

simulated for the2000t2012 period.

Figure7: Module 3- Inverse modeling of the matrix water level (Laudou piezometera olaily time
step. (&) Comparison between the observed and modeled water levels. (b)nSlomalizedimpulse
response to effective rainfall (fast impulse response not detected) and impulse response to the
mobilized karst storage flow (Qs). (¢) Hydrograph separation of the two eatel related
components (Fig. 2J piezometric variations arexpressed relative to the reference level, @ 80

m.a.s.l.). (d) Water levels simulated for th@00t2011 period.

Figure8: Module 4- Inverse modeling of the water level measured in the main karst conduit at Lez
(Lez borehole) oa daily time step(a) Comparison between the observed and modeled water levels
for the calibrated period. (b) Hydrograph separation of the four wdéeel related components of
the transfer model (Fig. 2) piezometric variations are expressed relatteethe reference level (5

59.9 m.a.s.l.)(c)Normalized impulse responses of the four components.

Figure9: (a) Comparison between the observed and modeled water levels for thet201@ period.

(b) Effective rainfaktalculated for the 1978010 period. (c) Natural spring discharge (Qn), pumping
discharge (Qp)and pumped karst storage flow (Qs) for the 192@10 period. (d)Residual spring
discharge (Qr). (e) Detail of the transfer model inputs of the water levelsuned in the main karst

conduit (water levels modeled by the transfer models 2 arf@ig§. 2)

Figurel0: Cross correlogram of piezometric data used to describédnjlaeodynamic®of the Lez karst
system.
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Figure 11: Evolution of the average monthly drawdown in terms of the pumped karst storage

volume.

Figurel2: Evolution of thevariousannual volumes of water for the 1972010 period. The evolution

of the Vs/Vpratio is plotted at annual scale.

Figurel3: (a) Trend of the variousvolumes of water (average interannual monthly for the 1983
2010 period). The trerslof the Vs/Vp and Vs/Vn ratios calculated for the 18810 periodare
plotted at monthly scale (b, c). The box plots of the Vs/Vp and Vs/Vn ratios are given for the summer

months (d and e).
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