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Abstract

The study of groundwater resources using pumping test data is usually carried out with the Theis
solution, which enables the hydraulic parameters of porous aquifers such as the transmissivity and
storage coefficient, to be estimated from the water-level drawdown. However, the data fitting can fail
and provide only an indication that the pumped aquifer has a complex structure. Here, a diagnostic
plot on log-derivative drawdown is used to identify flow regimes and thus aquifer heterogeneities,
leading to plausible conceptual models. Nevertheless, the diagnostic plot is insufficient and must be
accompanied by further modelling because of the nonuniqueness of the drawdown log-derivative
signal. The proposed approach is applied to an alluvial plain in France, known to be complex because
the deposition processes change over time, resulting in channel belts limited by low-permeability
deposits in the floodplain or three-dimensional (3D) interconnected structures. Six analytical models
were used to simulate drawdown and its derivatives during a three-day transient pumping test. The
diagnostic performed on the pumping well showed that four conceptual models, with highly
contrasted hydrodynamic behaviours, may correspond to the diagnostic. The joint use of pumping-
well and observation-well data allowed the only appropriate model to be identified—a dual-
permeability model characterizing a multilayer aquifer. The conceptual model matched the geological
observations in boreholes and corroborates the fluvial sequence stratigraphy of the alluvial plain. The
pumping test used here is a tool to explore the 3D architecture of the fluvial reservoir at the scale of
the depositional sequence in the floodplain.

Résumé

L’étude des ressources en eau souterraine a partir de données d’essais de pompage est généralement réalisée avec la solution de Theis, qui
permet d’estimer les parameétres hydrauliques des aquiféres poreux, tels que la transmissivité et le coefficient d’emmagasinement, a partir
du rabattement du niveau d’eau. Cependant, I'ajustement des données peut échouer et fournir seulement une indication relative a la
complexité de la structure de I'aquifére sollicité par pompage. Ici, un tracé de diagnostic de la dérivé du rabattement selon une échelle
logarithmique est utilisé pour identifier les régimes d’écoulement et donc les hétérogénéités de I'aquifére, conduisant a des modeéles
conceptuels plausibles. Néanmoins, le diagnostic de puits est insuffisant et doit é&tre accompagné d’une modélisation plus poussée en raison
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de la non-unicité du signal de la dérivée du rabattement selon une échelle logarithmique. L'approche proposée est appliquée a une plaine
alluviale en France, connue pour étre complexe car les processus de dép6t ont évolué au cours du temps, donnant lieu a des zones de chenaux
limitées par des dépdts peu perméables dans la plaine d’inondation ou a des structures tridimensionnelles (3D) interconnectées. Six modéles
analytiques ont été utilisés pour simuler le rabattement et ses dérivés pendant un essai de pompage transitoire de trois jours. Le diagnostic
réalisé sur le puits de pompage a montré que quatre modeles conceptuels, aux comportements hydrodynamiques trés contrastés, peuvent
correspondre au diagnostic. L'utilisation conjointe des données des puits de pompage et des puits d’observation a permis d’identifier le seul
modele approprié - un modéle a double perméabilité caractérisant un aquifére multicouche. Le modele conceptuel correspond aux
observations géologiques dans les forages et corrobore la stratigraphie séquentielle fluviale de la plaine alluviale. L’essai de pompage utilisé
ici est un outil permettant d’explorer I'architecture 3D du réservoir fluvial a I’échelle de la séquence de dépo6t dans la plaine d’inondation.

Resumen

El estudio de los recursos hidricos subterraneos a partir de los datos de los ensayos de bombeo suele realizarse con la solucién de Theis, que
permite estimar los parametros hidrdulicos de los acuiferos porosos, como la transmisividad y el coeficiente de almacenamiento, a partir del
descenso del nivel del agua. Sin embargo, el ajuste de los datos puede no funcionar y proporcionar sélo una indicacién de que el acuifero
bombeado tiene una estructura compleja. En este caso, se utiliza un diagrama de diagnéstico de la depresién logaritmica derivada para
identificar los regimenes de flujo y, por tanto, las heterogeneidades del acuifero, lo que conduce a modelos conceptuales plausibles. Sin
embargo, el diagrama de diagndstico es insuficiente y debe ir acompafiado de una modelizacién adicional debido a la no unicidad de la sefial
log-derivada de la depresion. El enfoque propuesto se aplica a una llanura aluvial en Francia, conocida por su complejidad debido a que los
procesos de deposicion cambian con el tiempo, dando lugar a franjas de canales limitadas por depdsitos de baja permeabilidad en la llanura
de inundacién o a estructuras tridimensionales (3D) interconectadas. Se utilizaron seis modelos analiticos para simular la depresién y sus
derivados durante un ensayo de bombeo transitorio de tres dias. El diagndstico realizado en el pozo de bombeo mostré que pueden
corresponder cuatro modelos conceptuales, con comportamientos hidrodinamicos muy contrastados. La utilizacién conjunta de los datos
del pozo de bombeo y del pozo de observacion permitié identificar el Ginico modelo apropiado: un modelo de doble permeabilidad que
caracteriza un acuifero multicapa. El modelo conceptual coincidié con las observaciones geoldgicas en pozos de sondeo y corrobora la
estratigrafia de la secuencia fluvial de la llanura aluvial. El ensayo de bombeo utilizado aqui es una herramienta para explorar la arquitectura
3D del depdsito fluvial a escala de la secuencia deposicional en la llanura aluvial.
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Resumo

O estudo dos recursos hidricos subterraneos utilizando dados de teste de vazdo é comumente resolvido por meio da equagdo de Theis, o
que permite que os parametros hidraulicos dos aquiferos porosos, como a transmissividade e o coeficiente de armazenamento, possam ser
estimados a partir do rebaixamento do nivel d’agua. Porém, o ajuste dos dados pode falhar, indicando apenas que o aquifero bombeado
apresenta uma estrutura complexa. Aqui, um gréfico de diagndstico da derivada logaritmica do rebaixamento é usado para identificar o
regime de fluxo e, portanto, a heterogeneidade do aquifero, levando a modelos conceituais plausiveis. Ainda assim, o grafico de diagnédstico
é insuficiente e deve ser acompanhado de mais modelos, devido ao sinal ndo Unico da derivada logaritmica do rebaixamento. A abordagem
proposta foi utilizada em uma planicie aluvial na Franga, conhecida por ser complexa, pois os processos de deposicdo mudam com o tempo,
o que resulta em um cinturdo de canais limitados por depdsitos de baixa permeabilidade na planicie de inundagdo ou por estruturas
tridimensionais (3D) interconectadas. Seis modelos analiticos foram utilizados para simular o rebaixamento, e suas fungdes derivadas,
durante um teste de bombeamento transiente de 3 dias. O diagndstico simulado para o pogo de bombeamento mostrou que quatro modelos
conceituais, cada um com comportamento hidrodindmico contrastante, podem corresponder ao diagndstico. A jungdo dos dados do pogo
de bombeamento e dos dados de pogo de observagdo permitiu a identificagdo do Unico modelo apropriado —um modelo de permeabilidade
dual caracterizando um aquifero multicamadas. O modelo conceitual coincide com as observagdes da geologia dos pogos e corrobora com a
sequéncia estratigréfica fluvial da planicie aluvial. O teste de bombeamento utilizado é uma ferramenta para explorar a arquitetura 3D do
reservatorio fluvial na escala da sequéncia deposicional da planicie de inundag3o.



Introduction

Well testing (or pumping tests) is used to characterize the hydraulic properties of an aquifer. Pumping
tests in hydrogeology are still commonly interpreted using the radial Theis solution, which is applicable
under confined conditions assuming a homogenous, isotropic and infinite aquifer of constant
thickness, and for a fully penetrating well (e.g. Theis 1935). The Theis solution, or its approximate form
(Jacob semilog straight lines; Cooper and Jacob 1946), is widely applied to pumping tests in porous
aquifers in order to estimate the aquifer transmissivity (T) and storage coefficient (or specific yield, S),
and to evaluate the operating flow rate. However, these idealized conditions are obviously rarely met
in heterogeneous and likely anisotropic fluvial aquifers, which may lead to erroneous interpretations
when using the Theis model.

The diagnostic plot method based on the analysis of both the drawdown [s (m)] and log-derivative
time series 8’ (0s/dInt), with Int being the natural logarithm of time, is a new approach to interpreting
transient well-test data (Bourdet et al. 1983, 1989). Originally developed for petroleum engineering
purposes, the method makes it possible to determine the succession of flow regimes, and therefore
to identify heterogeneities and boundary conditions, which assists in building up a conceptual model
for the aquifer (Renard 2005; Renard et al. 2009). It provides additional insight into the structure of
the aquifer, which the basic Theis approach cannot achieve. Diagnostic plot analyses have been
successfully applied in various heterogeneous aquifers such as karst (Maréchal et al. 2008, 2014,
Jazayeri Noushabadi et al. 2011; Spitzberg and Ufrecht 2013; Nassimi and Mohammadi 2017; Giese et
al. 2018), alluvial aquifers (Samani et al. 2006; Mijinyawa and Gringarten 2008; Corbett et al. 2012) or
fractured aquifers (lllman and Neuman 2000; Beauheim et al. 2004; Maréchal et al. 2004; Hammond
and Field 2014; Dewandel et al. 2018). Usually presented in a log-log graph, the decomposition of the
log-derivative signal into separate straight lines makes it possible to identify each hydraulic behaviour
and eventually computes hydrodynamic properties (T, S) for each hydraulic behaviour. The sequential
analysis of the straight lines leads to the definition of a conceptual model (Ehlig-Economides et al.
1994). The recent review by Ferroud et al. (2018) illustrated diagnostic responses and their associated
conceptual models. This method is a first step to identify the best mathematical model(s) that will
then be used for pumping test simulations and for evaluating the operating flow rate (Bourdet et al.
1983; Ehlig-Economides et al. 1994; Renard et al. 2009).

A major drawback of the diagnostic plot method, however, is its nonuniqueness, whereas
hydrogeologists look for a unique model consistent with geological and hydrodynamical data. One
flow regime, or a sequence of several flow regimes, may lead to different conceptual models, some of
which can be excluded because they are too far from the geological context where the test was
performed (Deruyck et al. 1992; Al-Bemani et al. 2003; Ferroud et al. 2018). Moreover, a diagnostic
plot that applies to the computed log-derivative signal is usually noisy, and it needs to be smoothed.
In this study, the diagnostic plot method is only one stage in the process, and the nonuniqueness will
be tackled by forward modelling of the drawdown and derivative on the pumping well and observation
wells, which is independent of the initial smoothing algorithm. To reduce erroneous interpretations
of well testing, an iterative process is needed to associate the conceptual model with drawdown
modelling and available geological data. Here, a back-and-forth approach between direct models and
diagnostic plot analysis is proposed to ascertain and confirm the flow regime identification. The
appropriate conceptual model and the identified aquifer heterogeneity are described and discussed
in the light of geological data. The diagnostic plot analysis was carried out for one pumping test. Then,
a multi-model approach (Neuman and Wierenga 2003; Enemark et al. 2019) was applied by sequential
testing of the different conceptual models according to the well diagnostic and the geological data.

The model simulates the drawdown and its log-derivative at the pumping well (PW) and for three
observation wells (OW) screened in the same aquifer. Six analytical models were tested: (1) a confined



aquifer (Theis 1935); (2) a confined aquifer with one no-flow boundary (Theis 1935); (3) a confined
aquifer with leakage from an aquitard and two no-flow boundaries (Hantush 1956); (4) a vertically
compartmented model (Dewandel et al. 2014); (5) a dualporosity model (Moench 1984); and (6) a
dual-permeability model (Hunt and Scott 2007).

The methodological approach was applied to a fluvial geological reservoir. Fluvial reservoirs are of
prime interest because they are usually productive aquifers used for drinking water supply (Zektser
and Everett 2004), but are also reservoirs for oil and gas (Larue and Friedmann 2005) or for geological
storage of CO, (Issautier et al. 2014). The three-dimensional (3D) geometry of a fluvial reservoir is
unique and relies on its geological history (Blum et al. 2013; Slatt 2013). The reservoir is composed of
layers or patches of sedimentary bodies, more or less connected, with various storage capacities and
permeabilities, resulting in a 3D heterogeneous medium. It is formed by single or multiple depositional
sequences or cycles. The main productive layers are commonly channel belts from a braided river
system, consisting of gravel and sand (Slatt 2013). Single channels in a floodplain-meandering river
system can lead to restricted aquifers, surrounded by low- to intermediate-permeability shales of
floodplain deposits. This report focuses on a fluvial reservoir with sediments deposited in an
aggradation phase. The continental depositional sequence reflects a subsidence phenomenon, or
transgressive base level, which are consistent with the geological framework of the case study in
southeast Provence, France (Bestani et al. 2016). In this context, a typical stratigraphic stacking
sequence pattern for fluvial deposits is expected (e.g. Slatt 2013; Issautier et al. 2014). Lateral and
vertical connectivity of reservoir bodies or layers result from the depositional sequence and from the
erosion, reworking, or preservation of successive sequences. When a borehole is drilled and reaches
a permeable body at depth, it is not clear whether it is a closed channel or large channel belts or
amalgamated sand bodies at the plain scale (Blum et al. 2013).

Several methods exist to study the architecture of reservoirs, e.g. geophysics (Bowling et al. 2005;
Vogelgesang et al. 2020), geological correlation between well stratigraphic logs (Durozoy 1972;
Borgomano et al. 2008; Jazayeri Noushabadi et al. 2011) or geostatistical approaches (Meier et al.
1998; de Marsily et al. 2005; Mariethoz et al. 2010). Other methods based on hydraulic tomography
provide promising results to describe the heterogeneity of hydraulic conductivity and storage
coefficient in fractured rocks, but also require a largeamount of field data (lllman 2014; Yeh et al. 2014;
Fischer et al. 2017). As already mentioned, the pumping test is one of the main methods used to
characterize hydrodynamic properties, but in-depth analysis of the data is required to identify the
reservoir structure. Diagnostic plot analysis and drawdown modelling with a set of adequate models
may confirm the geological conceptual model and vice-versa. This provides additional insight
compared to the standard characterization of reservoir properties, which depends on the scale of the
heterogeneities investigated in an alluvial domain. Issautier et al. (2014) illustrated the four major
scales in geosciences and their associated heterogeneity in a fluvial environment: microscopic (grain),
macroscopic (intrachannel), mesoscopic (channel belts), and megascopic (depositional sequence in
the floodplain) scales. A pumping test is relevant to study in-situ reservoir properties and geometry at
the megascopic scale.

The case study is located in the fluvial plain of the Huveaune River, near the town of Aubagne, 15 km
east of the city of Marseille (South-East France). This report explores how the aquifer reacted during
a 3-day pumping test with constant flow rate (324 m3/h), through the waterlevel survey of four wells—
one pumping well (PW) and three observation wells (OWs).

The aims of this study are (1) to propose an iterative process to interpret a well test through diagnostic
plot on the PW and forward modelling of the drawdown and its log-derivative with six analytical
solutions applied to the PW and three OWs; (2) to illustrate the pertinence of the diagnostic plot
method on log-derivative drawdown as a practical tool to identify aquifer heterogeneity and to be a



first step in pumping test interpretation; and (3) to ascertain the complexity of an alluvial aquifer at
the megascopic and wellfield scales and corroborate the geological conceptual model scheme using a
well-test analysis.

Materials

Hydrogeological context

The well-test site is located in south-eastern France, 15 km east of the city of Marseille, in the fluvial
plain of the Huveaune River (Fig. 1) close to the town of Aubagne. The landscape is a large flat plain of
elevation around 110 m asl and is 5 km wide in the E-W direction and 3 km long N-S. The plain is
surrounded by carbonate (mainly Jurassic and Cretaceous) hills and mountains ranging between 500
and 1,000 m asl. The plain is crossed by the Huveaune River, flowing from North to South and then
turning westward downstream to the city of Marseille where it discharges into the Mediterranean
Sea. At the regional scale, the hydrology is split in two main outflows: surface water in the Huveaune
River and groundwater flow supplying submarine karstic springs to the south of the case study area
(Arfib and Charlier 2016; Tamborski et al. 2020). At the local scale, the alluvial plain is mainly composed
of three kinds of outcropping Quaternary sediments (Fig. 1a): fluvial deposits in the western part of
the plain, silts or clayey sediments in the southern part, and alluvial fans in the north-east part fed by
the carbonate massif (Laville et al. 2018; Villeneuve et al. 2018). These Quaternary sediments overlay
Oligocene sediments trapped in a W—E subsiding tectonic structure cutting the carbonate massifs.
Oligocene sediments are made up of sequences of conglomerate, sandstone, and clay, and form the
basement for the Quaternary deposits.

The available piezometric contour map created in February 2013 during a field campaign is provided
by Gandolfiand Imbault (2014) but only for the Quaternary aquifer (Fig. 1a). It shows that groundwater
flows roughly from north to south, with flux boundary conditions (inflow at the north and west,
outflow at the south). More recent data are not available, and there has been no hydraulic head
survey. This aquifer was studied in the 1970s in order to identify drinking water resources (Caillol et
al. 1968; Durozoy 1972) and for geotechnical investigations (bridges and highway under construction).
Two pumping wells were drilled and are still active as emergency drinking water pumping plants (F1
and F2, Fig. 1a). The Huveaune River was diverted by the construction of the highway in the central
part of the plain and remains disconnected from the water table (Fig. 1a). A set of stratigraphic
descriptions on 20 boreholes, ranging from 10 to 50 m deep, is available (most of them are now
sealed). A schematic cross-section drawn with lithofacies at the plain scale is given in Fig. 1b. The
Quaternary deposits present lateral and vertical facies variability (Fig. 1a—c). The case study developed
in this report focuses on the west side of the Huveaune River, where fluvial deposits are thicker (about
40 m), standing in a paleovalley, overlying the Oligocene bedrock. Fluvial deposits are composed of
nonconsolidated sediments, seen in boreholes as an alternation of clayey gravels, marly clays, and
coarse gravels.

The pumping test site consists of four wells (Fig. 1): two large drinking water wells, F1 (named “Jeanne
d’Arc”) and F2 (named “Impdts”), and two small-diameter boreholes used as piezometers (Pz1 and
Pz2) and drilled a few days before the pumping test in 2018. The well F2 is the pumping well (PW), and
the observation-wells Pz1, F1, Pz2 (OW, no pumping) are located at a distance of 42, 170, and 311 m
from the PW, respectively. Stratigraphic logs for wells F1 and F2 show similar profiles, from bottom
upward: 12—-16 m of coarse gravels, then 15 to 18 m of sandy to silty clay and then 6 to 8 m of clayey
gravels (Fig. 1c). The other boreholes in the same area (Pz1, Pz2) exhibit the same profile (Fig. 1c),
except for a slightly thicker layer of clayey gravels at the top and a thinner layer of marly clay. The four
wells are screened (Fig. 1d) in front of the deepest decametric coarse gravel layer—21-38 m below
the ground surface (GS)—acting as the main aquifer of the area. Field observations during the drilling



of wells Pz1 and Pz2 showed that the main aquifer is confined (or semiconfined) and located below
the clay layer, but groundwater was also encountered in the first aquifer layer close to the GS.
Groundwater levels are equivalent for the main aquifer and the aquifer close to the GS. In September
2018, the groundwater level was close to 101 m asl (Fig. 2), i.e. 5-7 m deep in the boreholes.
Unfortunately, there was no piezometric well available to monitor the watertable depth in the shallow
aquifer during the pumping test.

Pumping test data

Pumping test data were recorded during a 3-day test (Fig. 2), with a constant discharge rate (324 m3/h)
at pumping-well F2 (20-23 September 2018). The pumped groundwater was discharged to the city’s
water supply, as the well F2 has a permanent connection to the potable water network of the city of
Aubagne, for emergency use. The discharge rate was monitored by the water network installation.
Small variations of around 1 m3/h were expected but were not reported. Greater variations would
have been processed as part of the well-test interpretation (Bourdet et al. 1989). Water levels were
recorded in the PW and the three OWs (Pz1, Pz2 and F1) with automatic pressure probes (time step of
one minute throughout the pumping test). In F1 and F2, pressure probes are vented (OTT sensor) and
they monitor the water height. In Pz1 and Pz2, pressure probes are absolute sensors (Schlumberger
Diver), and water height is calculated by subtracting the local atmospheric pressure recorded at the
test site (Schlumberger BaroDiver).

Well F1 had not been pumped for many months and was used only as an OW. Before the pumping
test, pumpingwell F2 (PW) had not been activated for several months, except on 19 September 2018
for a three-step drawdown test (1-2-h tests, Fig. 2). Comparison of the drawdown during the step-
drawdown test and the 3-day transient test showed a development of the PW: drawdown was lower
during the long-duration test (for equivalent flow rate). Well losses, traditionally deduced from the
step-drawdown test, would then be overestimated. A unique and accurate value is then not available,
but well losses will be computed during the modelling stage of this work. A value ranging from a few
tens to 135 s 2/m® is expected, indicating a high- performance well with low nonlinear well losses.

Recovery from the step-drawdown test was complete at the beginning of the long-duration pumping
test. The water level was monitored during the 1,769 mins after the pumping stopped to follow the
recovery of the drawdown on the F2 PW (and during ~3,220 mins on the three OWs). There was no
rainfall during the pumping test.

At the beginning of the pumping test, drawdown was rapid, and the water level dropped by 2.34 m in
3 min in the PW F2. F1 OW and Pz1 OW also had a rapid response during the first 3 min. Then the
water level fell during the 3 days of pumping, with a decreasing slope. At the end of the test, the
maximum drawdown reached 3.15 m at the PW, and it reached 1.37, 0.65 and 0.14 m respectively in
Pz1 OW, F1 OW, and Pz2 OW (Fig. 2).

Methodological approach

Log-derivative signal, diagnostic plot, and sequential interpretation

The main interest in the use of the logarithmic derivative is its sensitivity to small variations in
drawdown during a pumping test. This sensitivity is an issue and can lead to a misleading
interpretation in the event of a noisy signal (Renard et al. 2009). To avoid such a noisy signal, it is
necessary to improve the signal/noise ratio using data sampling (on a log scale) on drawdown data
and/or smoothing techniques on the calculated log-derivatives (no smoothing is performed on
drawdown data, only on derivatives). The differentiation algorithm from Bourdet et al. (1989) was



adopted here to reduce the noise effects. The smoothing of the derivative signal, if applied, must be
used carefully to avoid two issues that would not permit one to identify flow regimes: insufficient
smoothing leads to a noisy derivative signal, and too much smoothing affects the derivative signal in
a significant way. In this study, the diagnostic plot method is only one stage in the process, and the
main goal remains to select the appropriate models in a forward modelling of the drawdown and
derivative on a pumping well and observation wells. Moreover, Bourdet’s algorithm is easy to compute
for common practitioners and still useful for a rapid analysis of the diagnostic plot. Data preprocessing
may also be needed in the event of pumping flow-rate variations, barometric pressure fluctuations
and rainfall. In the case presented here, pumping flow rates and barometric pressure were constant,
and no rainfall occurred during the well test.

From the log-derivative signal, the sequential approach leads to the identification of successive flow
regimes, each characterized by straight lines with known slopes. The relationship between the slope
of derivatives and the flow regime is given, e.g. by Bourdet et al. (1983), EhligEconomides et al. (1994),
Schlumberger (2002), Renard et al. (2009). The flow regimes may reflect the aquifer geometry or
highlight the 3D structure, and thus the heterogeneities of the aquifer. Theoretical flow regimes were
summarized by Ehlig-Economides et al. (1994) and Ferroud et al. (2018). Based on these reviews, a
few derivative slope values can be exemplified: (1) a zero slope is associated with a radial flow regime
that occurs in a homogeneous aquifer; (2) a 0.25 or 0.5 slope corresponds to a bilinear or a linear flow
regime respectively, and therefore to the flow through a planar fracture or a channelized aquifer; (3)
a —0.5 slope may lead to a spherical flow regime observed in the case of a partially penetrating well;
(4) a 1.0 slope corresponds to a closed-reservoir; (5) when a

constant head boundary is reached the derivative slope follows a —1.0 slope (Renard et al. 2009) which
tends to zero for a very large amount of time (steady state); (6) a U-shape (or V-shape) is related to a
dual-porosity or dualpermeability behaviour. However, to better conceptualize the aquifer, analytical
models must be tested based on the well’s diagnostic as well as, when available, all the piezometric
information at the study site.

Models

Several assumptions are made on the different analytical models tested in this study. In all cases, the
PW and OW fully penetrate the aquifer, and the thickness of the layers is constant. Model schemes
are presented in Fig. 3 and a list of symbols is presented in Table 1 (see ‘Appendix’). The calibration of
the models was done graphically on the drawdown data and their derivatives, using BRGM calculation
codes (Dewandel et al. 2014), over the whole test and the recovery. The different analytical solutions
include wellbore storage and quadratic head losses (well losses) and are calibrated with the transient
pumping test data without user-given constraint. There is no reference to the step-drawdown test for
calibration. All the models have been chosen because they can be applied to heterogeneous aquifers
with vertical or horizontal layers or patches of contrasted storage or permeability, and a priori to fluvial
aquifer as described in section ‘Materials’.

The first model tested is the Theis (1935) model; therefore, assuming a confined, homogeneous,
isotropic, and infinite aquifer. In this model, the aquifer is characterized by two intrinsic parameters:
the transmissivity T and the storage coefficient S. Attempting to match the data with the Theis
solution, and frequently finding that it is not possible to obtain an internally consistent set of
parameters, provides an immediate indication that the pumped aquifer has a complex structure. The
second model tested is the Theis model with one no-flow boundary condition (Fig. 3a). It is a first
attempt to test a simple model, in an aquifer that is not infinite. The aquifer can be expected close to
a zone of highly contrasted hydraulic properties within the fluvial deposits.



The third model is a three-layer aquifer model with leakage from a shallow aquifer to the semiconfined
deep aquifer through a semipermeable layer (Hantush 1956; Fig. 3b). In this model, groundwater is
withdrawn by pumping only from the deep aquifer. The water level in the upper layer is assumed
constant throughout the test, i.e. not affected by the pumping. This model assumes a large difference
in hydraulic conductivity values between the pumped confined aquifer and the semipermeable layer,
which leads to a radial flow (in the confined aquifer) and a vertical flow (in the semipermeable layer),
respectively. The hydrodynamic parameters are T and S for the pumped aquifer. The semipermeable
layer is defined by the ratio K'/b’ where K'is its hydraulic conductivity and b’ its thickness. The model
was implemented with two parallel no-flow boundaries (Fig. 3b).

The fourth model, called compartmented, corresponds to a vertically stratified aquifer, as proposed
by Dewandel et al. (2014; Fig. 3c). The pumped aquifer consists of an infinite linear strip aquifer D1
impeded by two aquifers, D2 and D3, characterized by a semiinfinite lateral extension and different
properties to D1 (Fig. 3c). For the modelling, the same hydraulic properties were applied to the two
external compartments D2 and D3. The domain is defined respectively by transmissivity T1 and
storativity S; for the pumped aquifer (D1), and by transmissivity T, and storativity S, for the two
external compartments. The pumped compartment (D1) can also be characterized by a horizontal
anisotropy ratio of the transmissivity whose principal axes are parallel and normal to the strip aquifer
(Ty/Txx). This model can be suitable for a channelized aquifer with a permeability difference between
the high transmissivity channel and the remaining parts of the aquifer.

The fifth model is a dual-porosity model (Moench 1984; Fig. 3d) which is based on the concepts
proposed by Barenblatt et al. (1960). The original model assumes a fractured rock reservoir consisting
of two interacting media: (1) a low-permeability medium with primary porosity blocks; and (2) a high-
permeability and secondary porosity fissures. In an alluvial plain, the dual-porosity model can be
interpreted as thin stratigraphic sequences of differing permeability (Horne 1990; Bourdet 2002). In
Moench’s model, a fracture skin parameter was implemented to delay the hydraulic responses of the
lowpermeability matrix to the high-permeability medium (“a thin skin of low-permeability material,
deposited on the surface of the blocks and fissures”, Moench 1984). The model estimates T and S for
the two interacting media and two other specific parameters:

. . s
(1) a storativity ratio w = —=
S¢t+S,

m

with S¢ the specific storage of the high-permeability zone and Sy, the

specific storage of the matrix; and (2) an interporosity flow coefficient A = ar,,? I;—mwhere a is related
f

to the geometry of the highpermeability medium, r,, the radius of the well, and remaining terms are
the ratio of the hydraulic conductivity of the lowpermeability zone (K., to the high-permeability zone
(Ks).

The sixth model is a dual-permeability model, adapted to a multi-layered aquifer composed of three
layers, from bottom to the ground surface: a confined aquifer overlaid by a semipermeable layer and
then a top unconfined shallow aquifer (Hunt and Scott 2007; Fig. 3e). Pumping applies to the confined
aquifer. This model is similar to Hantush’s (1956) analytical solution, except that here, the pumping in
the deep aquifer causes the water-table decline of the top layer. The flow in the semipermeable layer
is still vertical; therefore, a delayed flow from the unconfined aquifer to the pumped aquifer is
considered. In this case, each layer is characterized by its own hydrodynamic parameters: (1) T and S
for the pumped aquifer; (2) K'/b’ for the semipermeable layer; (3) specific yield S, and transmissivity
To for the shallow unconfined aquifer. Considering the geological context, as for Hantush’s model, a
dual-permeability model could be satisfactory for a fluvial reservoir. Other analytical models exist, for
instance unconfined aquifers (Neuman 1972), or a well intercepting fractures (Gringarten and Ramey
1974; Dewandel et al. 2018), but they were not applied since the aquifer is confined, and there were
no faults described in the geological survey of the fluvial deposits.



Results

Log-derivative drawdown at the pumping well

Drawdown and its log-derivative for the F2 pumping test are plotted in Fig.4 (black diamond and black
empty circle respectively) for data at the PW. The nonuniqueness of the diagnostic plot leads to two
interpretations in this study case. The first interpretation of the diagnostic plot shows a sequence of
four flow regimes (Fig. 4a): (1) the increase and decrease of the log-derivative from the start to 15 min
corresponds to a wellbore storage effect and a short transition period; (2) from 15 to 70 min, a short
radial flow regime appears with a near zero slope; (3) from 70 to 1,500 min, a linear flow regime occurs
with a 0.5 slope; and (4) from 1,500 min to the end of the test, the log-derivative forms a plateau
corresponding to a late radial flow regime (zero slope). This sequence of radial-linear-radial flow
regime has been observed for channelized or compartmented aquifers (Corbett et al. 2012; Dewandel
et al. 2014). A leaky aquifer model with two no-flow boundaries can also be representative of this
sequence, if a semipermeable layer is assumed (Hantush 1956). The second interpretation shows
three flow regimes (Fig. 4b): (1) the wellbore storage effect from the beginning to 10 min; (2) from 10
to 1,500 min, a U-shape appears on the drawdown log-derivative; and (3) a late radial flow regime
from 1,500 min to the end of the test. Here, the U-shape is characteristic of the dual-porosity or
dualpermeability models considered by Moench (1984) and Hunt and Scott (2007) respectively.
Conceptually, the multiple readings of the log-derivative drawdown imply that several models need
to be tested, and in this case perfectly illustrate the nonuniqueness of the diagnostic plot analysis. An
issue must be addressed on the wellbore storage period: the 1-min time-step is insufficient to clearly
identify this period, as it should be defined by a straight-line unit slope on a log-log plot on the
drawdown and its derivative at early time. Here, the wellbore storage effect is characterized by a hump
of the derivative curve following the early-time 1-slope.

Figure 4c shows the results for the six models considered here (previously presented in the section
“Models”). Each model considers the well-bore storage properly and reproduces adequately the late
radial flow that corresponds to the global aquifer response. The Theis model, with or without one no-
flow boundary, does not reproduce the U-shape or the linear behaviour of the log-derivative signal
properly. Regarding the calculated drawdown, the Theis solution underestimates the observation at
early time and tends to be a good fit at late time. The radial flow regime on the drawdown log-
derivative associated with the Theis analytical solution clearly appears on Fig. 4c, with a plateau
beginning just after the wellbore storage effect. The transmissivity values identified using the Theis
model with or without one no-flow boundary are 9.0 x 1 072 and 5.0 x 1 072 m?/s, respectively. The
last four models also propose a good fit on drawdown and log-derivative for the late radial flow regime
of the pumping test. Model calibration gives respectively the following global transmissivity values:
(1) 1.4 x 1 0 m?/s for the leakage model with two no-flow boundaries; (2) T1 = 1.5x 10! m?/s and
T,=2.3x1072 m?/s for the compartmented model; (3) 4.8 x 1 02 m?/s for the dual-porosity model;
and (4) 4.0 x 1072 m?/s for the dual-permeability model. A difference of about a factor of 3 can be
noted between the minimum and maximum values, but all these results are suitable for a fluvial
aquifer. One main result is that given the good fit of the six models to the late radial flow regime, a
basic Theis model leads to a relevant estimation of the global aquifer responses with a calibration of
the model focused on the late data. However, it fails to propose a good description of the aquifer
geometry relative to the early sequence of flow regimes. The two models using the Theis solution were
therefore discarded in the following analyses.

Finally, the last four models (leaky, compartmented, dualporosity and dual-permeability) explain the
whole test at the pumping well, reproducing the two sequences of flow regime presented previously.
In addition, each model is realistic from a geological standpoint.



Drawdown and modelling in the PW and OWs

To reduce model ambiguities, the drawdown at the three OWs (Pz1, Pz2, F1) was simulated using each
of the four models. Results on the PW and the OWSs are plotted in Figs. 5, 6, 7 and 8, respectively for
each model (leaky, compartmented, dual-porosity and dual-permeability), giving the drawdown and
the log- derivative. For each well, the estimated hydrodynamic parameters are displayed in the tables
below the graphs on the figures. An inability to match all of the data with a single set of model
parameters is a demonstration that either the model is not appropriate or that one or more of the
observation wells is located in a zone that has properties that are substantially different from the
pumped aquifer. Table 2 (see ‘Appendix’) summarizes the main hydrodynamics parameters deduced
from the six models. The root mean square error (RMSE) is also calculated between modelled and
observed data as a common statistical tool to evaluate the accuracy of the fitting (Oehlmann et al.
2015; Giese et al. 2018). RMSE presents a rather small range of values on the pumping well, from 0.01
t0 0.17 m, for a total drawdown of 3.15 m. For the observation wells, the RMSE remains between 0.02
and 0.22 m, with the minimum values measured at Pz2 and the maximum at Pz1 (Table 2). These
values do not enable choice of one model over another. The observations are as follows:

— Leaky aquifer model with two no-flow boundaries (Fig. 5). The model simulates the wellbore
storage effect (from the start of pumping to 15 min), followed by a first radial flow regime (15-70
min). Then, a pseudolinear effect (70-1,500 min) is modelled by two parallel no-flow boundaries.
The late-time radial flow regime (1,500 min to the end) includes little leakage effect. The evaluated
transmissivity and the storage coefficient value which fit the data show some variation between
the PW and the three OWs with values ranging from 1.2 x 10 to 1.8 x 1 07! m?/s, and from 3.0 x
107! to 4.0 x 1 077 respectively. The evaluation of the storage coefficient appears more complex
with a variation within four orders of magnitude between the PW and the Pz2 OW. It was not
possible to propose a similar set of values between the PW and the Pz1 OW, although there is only
42 m between both wells. An attempt was made by varying the anisotropy (anisotropy in
transmissivity in the x,y plane) to reduce storage coefficient variations (not presented in Fig. 5), to
test a more complex aquifer scheme, but the anisotropy factor would have had to be forced to be
about 10,000 (ratio T,/T) for Pz1, which corresponds to an unrealistically high value, inconsistent
with the hydrogeological context. The highest value of the storage coefficient is simulated at the
Pz2 OW with a value of 3.0 x 1 07}, usually interpreted as an unconfined aquifer, which is
inconsistent with the geological context (semiconfined aquifer). The log-derivative signal observed
in Pz2 shows that the drawdown is still in transient behaviour, even at late-time during the pumping
test. It could be explained by (1) a large distance between PW and Pz2 (311 m), or (2) Pz2 could be
less connected to the main aquifer and have a slower response. The same type of difference is
observed for the ratio K'/b’ with a variation of two orders of magnitude between PW and Pz1. This
difference in the K'/b’ ratio is up to five orders of magnitude between Pz1 and Pz2. To reproduce
the pseudo-linear log-derivative signal with the leakage model, two no-flow boundaries were
added. The calibrated models give distances to the boundaries ranging from 91 to 5,790 m, once
again inconsistent between one simulation to another, and with the geological context. Based on
PW and OW data, the leaky aquifer model is not the appropriate model for the case study.

- Compartmented aquifer (Fig. 6). The first 15 min are still described by the wellbore storage
effect. Then, the first radial flow (15—70 min) corresponds to the properties of compartment D1,
the one where the well is sited (Fig. 3). The pseudo-linear behaviour can be interpreted as the
propagation of the pressure to two parallel compartments (D2) with properties differing from D1.
Finally, the latetime radial flow regime (from 1,500 min to the end) represents the average
behaviour of the external aquifers, and thus the average transmissivity of the two external
compartments (i.e. D2). The models give similar values of transmissivity for F2 PW, Pz1 OW and F1
OW, which were used to estimate the properties of compartments D1 and D2: T;=1.5x 107 m?/s



and T2 = 2.3 x 102 m?/s. However, for Pz2 OW, two models were proposed with the well located
either in the central compartment (i.e. in D1), or in one of the two external compartments (i.e. in
D2). With Pz2 OW located in D1, the calibrated parameters Ts, S, T, and S, were inconsistent (S;
too high, T, too low), whereas results were relevant when Pz2 is located in D2. The remaining
parameters are more problematic. The storage coefficients S; and S; (Fig. 6) show an unexpected
large difference of two to four orders of magnitude between the PW and the OWs. In addition,
varying the anisotropy ratio in compartment D1 was also tested, without any improvements,
similarly to the previous model. Anisotropy variations spanning over several orders of magnitude
and unrealistic values (up to 8,000 for Pz1) were obtained. From the combined modelling on PW
and OWs, one may conclude that the compartmented model is not appropriate either.

-~ Dual-porosity model (Fig. 7). The first 10 min correctly describes the wellbore storage effect
similarly to the other models. Then, the U-shape log-derivative behaviour (10-1,500 min) can be
interpreted as the response of the matrix, a low-permeability but porous medium, that feeds the
most permeable medium. Note that the early first radial flow corresponding to the properties of
the most permeable zones is masked by the wellbore storage effect. Then, the late-time radial flow
exhibits the global response of the aquifer; the plateau value gives an estimation of the
transmissivity of the most permeable zones. With this model, the whole data set can be reproduced
with a constant set of parameter values (T, S5, Km and S, respectively 4.8 x 102 m?/s, 2.0 x 1074,
1.0x 107 t0 2.0 x 10® m/s, 1.4 t0 9.0 x 1 0°%). The parameter set using Pz2 OW data is the only
one that differs slightly, with a large S, value (1.7 x 1 071). Conceptually, this would mean that Pz2
is in a low-permeability zone to explain the low measured drawdown (matrix); however, the
geological information (stratigraphic logs, Fig. 1c) does not indicate such a difference as compared
to PW and the other OWs, and field observation during the drilling of Pz2 showed large influx of
water, with the water inlet at about 20 m depth, corresponding to the confined aquifer observed
in F1. The parameters @ and A remain within a very similar range in the PW and the different OWs,
except for the Pz2 OW, a difference that is directly associated with its Sm, value. The plausibility of
the parameters makes the dual-porositymodel a reasonable candidate to represent the behaviour
of the whole aquifer.

Dual-permeability model (Fig. 8). The beginning of the test (start to 10 min) also corresponds to the
wellbore storage effect. Then, the U-shape (10-1,500 min) shows the effect of leakage from the
upper unconfined aquifer to the deep exploited semiconfined aquifer. Similar to the dual-porosity
model, the early first radial flow corresponding to the properties of the pumped aquifer layer is
masked by the wellbore storage effect. At late time, the radial flow regime shows the global
response of the multilayer aquifer. Here, the plateau value gives the sum of the layer’s
transmissivity (T + To). The flow in the aquifer is horizontal, whereas the flow through the aquitard
is assumed to be vertical. With the dual-permeability model, a fairly homogeneous set of
parameters can be proposed for the whole data set (i.e. for PW and OWs) with T=4.0x 1072 m?/s,
S$=3.0x10"*and K'/b' with a variation of ranging from 1.0x 1 08to 7.5x 1 077 s7%. Regarding the
top aquifer, a lower transmissivity To = 8.0 to 8.5 x 1 07 m?/s and a higher specific yield S, = 3.0 to
9.0 x 1 03 were obtained. According to the calibrated parameters (i.e. plausible and homogeneous
set) and the hydrogeological context, the dual-permeability model appears to be the best model in
this case. This conclusion is supported by the combined analysis of the logderivative signal based
on both the PW and the OWs. Based solely on the PW (Fig. 4c), such an identification was impossible
given the similar aspect of the derivative curves of the tested models.



Discussion

lterative approach between diagnostic plot analysis and modelling to give insight into

the conceptual model and water flows

In this study, the first step was to apply the Theis model to pumping-well drawdown data (drawdown
and its logderivative, Fig. 4). The results clearly showed that the Theis model is not suitable to
reproduce the log-derivative signal and therefore to propose a relevant interpretation for the pumping
test. Although a radial model is not acceptable here to describe the entire log-derivative signal,
interpreting the late-time signal provides a good estimation of the long-term behaviour of the aquifer,
and probably also some valuable information concerning the average aquifer transmissivity. Indeed,
whether the aquifer is horizontally stratified, vertically compartmented, or characterized by dual-
porosity or dual-permeability properties, at late time all these aquifer systems are characterized by a
radial flow corresponding to the global aquifer transmissivity of the system (Theis 1935; Hantush 1956;
Moench 1984; Hunt and Scott 2007; Dewandel et al. 2014). However, use of the Theis solution in such
a case does not provide relevant information about the type of aquifer investigated by the test, nor
about its geometrical structure. The Theis model with one no-flow boundary does not reproduce the
log-derivative signal (Fig. 4c), even though the no-flow boundary does reproduce at medium time an
increase in the derivative which can be erroneously attributed to a linear flow regime.

Al-Bemani et al. (2003) and Hammond and Field (2014) applied numerous analytical solutions to
drawdown and log-derivative data solely at the pumping well. In the present study, the results
obtained from the pumping-well data only are not sufficient to discriminate between the tested
models, whether from their fits or their evaluated parameters, which appeared realistic whatever the
model used. Consequently, each model applied to the PW is an acceptable candidate that may
describe the hydrogeological context. Lods et al. (2020) proposed to improve understanding by
conducting cross-borehole pumping tests with curve-fitting using several models, but without the use
of the log-derivative signal to constrain the tested models. Moreover, only one pumping well is
commonly tested in the framework of a water-supply pumping-plant characterization. Consequently,
interpretation is limited to one pumping test with drawdown monitored at the pumping well and
sometimes at a few observation wells. Bourdet’s algorithm was adopted in this study to smooth the
logderivative signal although studies have assessed its limitations regarding noisy signal (Lane et al.
1991; Escobar et al. 2004). The B-spline algorithm presents valuable improvements on the smoothing
of the diagnostic plot and the use of the second-derivative response might assess the nonuniqueness
problem of the diagnostic plot (Tago and Herndndez-Espriu 2018). Here, the nonuniqueness issue is
tackled down using four plausible analytical solutions, and the main argument to choose one over the
others is a homogeneous and plausible set of hydraulic parameters. The diagnostic plot, with its
limitations, remains only a first step in well-test interpretation, and modelling should be performed to
conclude on an appropriate model. To better understand the groundwater flows and storage in the
fluvial aquifer, models were selected based on their ability to describe the intermediate behaviour
(radial-linearradial or U-shaped) and the late radial flow regime of the log-derivative, and four other
models were selected and applied to the PW and OWs. Fluvial deposits (e.g., braided and/or
meandering environments) are systems formed by the transport and deposit of sediments along river
channels. Such deposits create layered systems in which the connection between layers controls the
flow (Ferroud et al. 2018). For this second step of the procedure, the first model was a leaky aquifer
embedded between two parallel no-flow boundaries (Hantush 1956). In this case no-flow boundaries
can also characterize facies variation between high- and low-permeability structures. The second
model was a vertically stratified, or compartmented aquifer (Dewandel et al. 2014). This kind of model
is represented by linear flow, in an elongated aquifer or an aquifer laterally restricted by low-
conductivity aquifers, as reported in highly channelized fluvial systems (Zheng et al. 2003; Bowling et
al. 2005; Corbett et al. 2012; Ferroud et al. 2018). The third model was a dual-porosity aquifer (Moench



1984), which can be represented by a patchwork of high- and low-permeability deposits, as observed
in a floodplain-meandering river system (Slatt 2013). The fourth and last model was a dual-
permeability aquifer (Hunt and Scott 2007) usually applied for layered aquifers. This horizontally
layered structure occurs in a fluvial deposit sequence at the megascopic scale (Issautier et al. 2014),
corresponding to a multilayered sequence of braided-river deposits and flood-plain deposits (Slatt
2013). Dual-property models applied to the case studied gave the best fits on PW and OW data, and
between the two models the dual-permeability model gave the most relevant aquifer parameter
values. Furthermore, the models gave the calibrated well losses. The well-losses value for the dual-
permeability model (0 s*/m®) was unexpected and may reveal that the actual radius of the well
increased. Enlarging the well radius in the model can be balanced by well losses, without changing
other parameters previously calibrated. Going back to the step-drawdown and longduration pumping
test results, it was already observed that the PW developed during the tests. This well was an old well,
dug in 1968, and the gravel pack surrounding the screen may have partially collapse or be highly
permeable, enlarging the effective radius of the pumping well. Its results present an underestimation
of the well losses with the model, but it has no effect on the aquifer parameters calibrated on the
observation wells.

In a fluvial context, Corbett et al. (2012) and Corbett and Duarte (2018) showed that well-test
responses can produce a specific log-derivative signature, with a sequence of three flow regimes:
radial, linear, and latetime radial. The intermediate linear flow, called “ramp effect”, may be observed
if the communication between layers is laterally and/or vertically restricted, and could be associated
with a channelized or multilayer aquifer. Corbett et al. (2012) pointed out that the “ramp effect” may
be observed in dual-permeability layered reservoirs when the vertical flow increases due to the
hydraulic head decrease in the high-permeability layer. In the well diagnostic presented previously,
this “ramp effect” is comparable to the 0.5 slope observed in the transitional period (U-shape, Fig. 4b).
Moreover, even if the dual-permeability model was successfully applied, the aquifer is not a simple
layered aquifer. Corbett et al. (2012) and Corbett and Duarte (2018) also showed that for a pumping
test the drawdown in fact bypasses the lower-permeability regions (usually the inter-channel
volumes). Thus, regarding the late radial flow regime observed and simulated here, which is usually
associated with a homogeneous medium, one should be aware of the highly heterogeneous structure
of this aquifer. It might lead to preferential flow through the 3D network of connected permeable
paths. Finally, in fluvial architecture, a wide range of superposed heterogeneity scales may be
distinguished. Issautier et al. (2014) studied the impact of fluvial reservoir heterogeneity on
connectivity and defined four major scales and their associated heterogeneity. Here, the pumping test
explored the megascopic scale, i.e. the heterogeneity and the connectivity of the entire deposits of
the alluvial plain. Intra-layer heterogeneity exists either in braided-river deposits, as the presence of
some shale beds, and between channels in floodplain meandering river systems. These scales are
deduced from stratigraphic observations and correlations between boreholes but are not inferred
directly from the pumping test at the aquifer scale. In this study, observation wells were used to
investigate an alternative conceptual model and were of primary value in showing the connectivity
between permeable layers or lenses in the fluvial reservoir.

Geological structure of the aquifer

A combined approach with hydrodynamical and geological data is essential to propose robust
conceptual models of aquifers (Massonnat and Bandiziol 1991; Zheng et al. 2003). A schematic
conceptual model of the studied fluvial aquifer is proposed in Fig. 9. This scheme was inferred using
previous geological data (Caillol et al. 1968; Durozoy 1972) and information provided by the pumping
test conducted in the present study. Several interpretations regarding fluvial deposit processes are
proposed here. First, the diagnostic-model approach leads to a multilayer system that confirms the
vertical lithology described at the pumping well and in the three observation wells with: (1) a confined



gravelly aquifer that may have been formed from divagation of the Huveaune River, and (2) a 20-m
thick marly layer corresponding to floodplain deposits, characterized by a low-energy water flow
(Melton 1936; Nanson and Croke 1992; Waters and Rivers Commission 2002). Nevertheless,
stratigraphic profiles north and east of the F1 and F2 wells show alternations of several gravelly layers,
marly and clayey layers, and sandy layers. These alternations indicate different deposit processes as
compared to the confined aquifer area. This could be associated with a lateral migration of the
Huveaune River as the result of a meandering behaviour (Waters and Rivers Commission 2002). The
Huveaune River plain in the area of the city of Aubagne, which has not been specifically described in
terms of geological genesis in the literature, appears to be a typical stratigraphic stacking pattern
sequence for fluvial deposits (Slatt 2013; Issautier et al. 2014). From the base upward, it shows that:

— A basal erosion surface incised the Oligocene datum (Fig. 1b, 9).

— A lower braided-river deposit fills the valley, with low accommodation space. These deposits,
generally considered as highly laterally continuous over much or all the width of the braidplain,
constitute the main confined aquifer tapped by pumping-well F2. The early time of the pumping
test (from 10 to 15 to 70 min) investigated this confined aquifer in the vicinity of the pumping well.

— Regarding the genesis of the stratigraphic sequence, as the available space increased with
aggradation in the transgressive systems tract, deposits graded from low-wandering sinuous to
high-wandering sinuous systems (from a multistory meander belt to a singlestory meander belt) in
a floodplain-meandering river system. This gave a 3D network of channel belts that are more or
less connected to the main aquifer, highlighted by the dual-permeability response of the pumping
test (“ramp effect” or U-shape transitional period and late radial).

— In the last stage, previous deposits were capped by highstand floodplain or meandering-river
deposits, depending on the available space and sedimentary supply.

Regarding the alluvial plain, other formations are present at the outcrop scale, as shown on Fig. 1. The
eastern part is defined as an alluvial fan on top of fluvial alluvium or on top of the Oligocene deposits
(Wurmian alluvial fan, Fig. 1). The southern part of the alluvial plain was once a swampy area that
resulted in the accumulation of about 30-m-thick sediments comprising silty marl, clay, sandy clay, or
silty sand, on top of Cretaceous materials (Quaternary silts, Fig. 1). This zone could be related to the
eastern alluvial fan. These two formations are not represented in the conceptual model (Fig. 9) as they
were not investigated by the pumping test. Moreover, the Huveaune River is assumed to be
disconnected from its alluvial plain based on the piezometric data (Fig. 1; Gandolfi and Imbault 2014)
and due to the deviation of the river in the 1970s. The log-derivative signal analysis does not show
evidence of the effect of a fixed-head boundary, suggesting that the river is not connected to the
aquifer (Figs. 4 and 9).

Conclusions

Alluvial aquifers are often viewed as homogeneous structures and pumping test drawdowns are
commonly interpreted using the Theis solution. While this solution and its associated assumptions
might be suitable for long-term interpretations, it is not appropriate to properly characterize the
drawdown at early or intermediate times and thus to define the geometry or the heterogeneity of the
aquifer. The use of the drawdown log-derivative s', formalized by Bourdet et al. (1989), improves the
interpretation by better constraining the various flow regimes successively observed during a pumping
test. From the flow regime succession, conceptual models and analytical solutions are available in the
literature to model aquifers, and therefore to define their intrinsic parameters. Based on a 3-day
pumping test in an alluvial aquifer, several conclusions, either methodological or local, to improve the
knowledge of the tested aquifer, can be drawn. First, the log-derivative signal analysis leads to four



adequate models on the PW, showing that the diagnostic can be nonunivocal. To overcome this issue,
drawdown, and its log-derivative on three OWs were interpreted for each model to ascertain a unique
and suitable model, through curve-fitting and fitted hydrodynamic parameters. A dual-permeability
model was selected, which implies a multilayer geometry within a confined exploited aquifer.
Geological data underline a more complex system related to alluvial deposit processes with high
heterogeneity from the microscopic to macroscopic scales. However, the correlation between the
chosen analytical model and geological data led to better knowledge of the geometry and the
structure of the alluvial plain, and thus to proposing a 3D conceptual model at the megascopic scale.
This contribution is particularly valuable by bringing the approach combining well diagnostic-
modelling-geological data to the fore as a means to identify aquifer heterogeneities, and thus to
improve water resource management. Other data sources, such as well logging, geophysical and
geochemical data, etc., can also be used to achieve this objective. It might also be of interest to
promote the use of diagnostic plot analysis and modelling to enhance the pumping test interpretation.
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Appendix

Table 1 List of symbols

Symbols Parameters Models Units

rworr Well radius or distance between PW and OWs All models m

T Transmissivity of the aquifer Theis, Theis + one no-flow boundary, leakage m?/s
and dual-permeability models

T, Ty Transmissivity of the two compartments D1 and D2 Compartmented model m?/s

S Storage coefficient Theis, Theis + one no-flow boundary, leakage Dimensionless (-)
and dual-permeability models

S, S, Storage coefficient of the two compartments D1 and D2 Compartmented model Dimensionless (-)

K'/b' Leakage coefficient Leakage and dual-permeability models S-1

Bound Distance between PW and the boundary Theis + one no-flow boundary and leakage model m

To Transmissivity of the shallow aquifer Dual-permeability model m?/s

Sy Specific yield of the shallow aquifer Dual-permeability model Dimensionless (-)

2L Width of compartment D1 Compartmented model m

T¢ Transmissivity of the high-permeability medium Dual-porosity model m?/s

St Specific storage of the high-permeability medium Dual-porosity model m-1



Km Hydraulic conductivity of the low-permeability medium Dual-porosity model

Sm Specific storage of the low-permeability medium Dual-porosity model

o Parameter related to the geometry of the high-permeability Dual-porosity model
medium

w Storativity ratio Dual-porosity model

A Interporosity flow coefficient Dual-porosity model

m/s
m-1

m-2

Dimensionless (-)
)

Dimensionless (-

Table A2: Table displaying the parameters calibrated for each analytical solution applied to pumping
test data performed on pumping well (PW) F2 and on the three observation wells (OWs) F1, Pz1 and

Pz2.
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Fig 1: a - Location of the pumping wells F1 and F2 (red triangle) and the two piezometers (purple
pentagon) installed to monitor the pumping test in F2. A simplified geological map is shown in the
background. A few elevation landmarks (dark dots and fine grey curve) highlight the location of the
pumping test in an alluvial plain with the river Huveaune (blue curve). Piezometric data in February
2013 are also presented (in fine blue curve — from Gandolfi and Imbault 2014). b — NW-SE geological
cross-section highlighting the vertical and lateral heterogeneity of the alluvial plain (dashed grey line
on the geological map and modified from Durozoy 1972). ¢ —Stratigraphic profiles of the PW and OWs

surveyed in the wellfield. d — Well details - diameters and screens
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Fig 2 : Pumping rate and water level during the three-steps drawdown test and the pumping test at well
F2 (Aubagne case study, SE France), from 19 Sept. to 25 Sept. 2018. Water levels were monitored in
four boreholes (F2 PW “Impdts” and three observation boreholes: F1 OW “Jeanne d’Arc”, Pz1 OW,

Pz2 OW).
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Ridder 1991; c - Dewandel et al. 2014, d - Moench 1984; e - Hunt and Scott 2007).
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Fig 4 : a, b and c: Drawdown (s, |black diamond) and its derivative (s’, black empty circle) \[Al]for the pumping-
test in borehole F2 PW (20-23 September 2018). Two interpretations of the diagnostic plot are presented in
Figures 4a and 4b. a: Four flow regimes are described with a well-bore storage effect from 1 to 15 min (purple
line), then a first radial flow from 15 to 70 min (green line), then a pseudo-linear regime from 70 to 1500 min
(blue line) and a late radial flow regime from 1500 min to the end of the pumping test (brown line). This flow
regime succession implies a vertically compartmented aquifer or a leaky aquifer with two no-flow boundaries; b:
Three flow regimes are described with a well-bore storage effect from 1 to 10 min (purple line), then a U-shape
from 10 to 1500 min (green line) and a late radial flow regime from 1500 min to the end of the pumping test
(brown line). This succession of flow regimes leads to a dual-porosity or a dual-permeability model; c: The
calculated drawdown from six analytical solutions (Theis, Theis + one no-flow boundary, leakage + two no-flow
boundaries, compartmented, dual-porosity, dual-permeability) are shown in various blue curves, and the
corresponding derivative signals are shown in various green curves. The Theis analytical solution is displayed as
an example of a standard interpretation with the assumption of a homogeneous, isotropic, and infinite confined
aquifer.
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Fig 5 : a— Drawdown and derivative in log-log scale of the leaky aquifer model with two no-flow

boundaries applied to the pumping well (F2) and the three observation wells (F1, Pz1, Pz2). For each

well, the calculated drawdown is shown in the blue-dashed curve, and its derivative in the green-
dashed curve. b — The table displays the model parameters and the RMSE for the PW and OWs.
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Fig 6: a— Drawdown and derivative in log-log scale of the compartmented aquifer model applied to the
pumping well (F2) and the three observation wells (F1, Pz1, Pz2). For each well, the calculated
drawdown is shown in the blue-dashed curve, and its derivative in the green-dashed curve. b — The table
displays the model parameters and the RMSE for the PW and OWSs. Two interpretations are proposed
for Pz2 OW, either Pz2 located in D1 or in D2.
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Fig 7 : a— Drawdown and derivative in log-log scale of the dual-porosity aquifer model applied to the
pumping well (F2) and the three observation wells (F1, Pz1, Pz2). For each well, the calculated
drawdown is shown in the blue-dashed curve, and its derivative in the green-dashed curve. b —The
table displays the model parameters and the RMSE for the PW and OWs.
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Fig 8: a— Drawdown and derivative in log-log scale of the dual-permeability aquifer model applied to
the pumping well (F2) and the three observation wells (F1, Pz1, Pz2). For each well, the calculated
drawdown is shown in the blue-dashed curve, and its derivative in the green-dashed curve. b —The
table displays the model parameters and the RMSE for the PW and OWs.
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Fig 9: Conceptual model of the alluvial aquifer using pumping test interpretation by diagnostic plot
and modelling, and geological knowledge.



