M odeling the effect of clay drapes on pumping
test responsein a cross-bedded aquifer using
multiple-point geostatistics
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Abstract This study investigates whether small-scale clapés can cause an
anisotropic groundwater pumping test response ahugh larger scale. The
measured drawdown values from a pumping test inctibss-bedded Brussels
Sands aquifer (Belgium) reveal an elliptical-shapathping cone. The major axis
of the pumping ellipse is parallel with the striesmall-scale clay drapes that are
observed and measured in several outcrops. Thily stivestigates (1) whether
this large-scale anisotropy can be the result ddlisecale clay drapes and (2)
whether application of multiple-point geostatistican improve the analysis of
pumping tests. This study uses the technique ofreétli multiple-point
geostatistical simulation of edge properties” whiehables simulating thin
irregularly-shaped surfaces with a smaller CPU &M demand than the
conventional multiple-point statistical methods.eTgroposed method uses model
cell edge properties for indicating the presencthiof irregularly-shaped surfaces.
Instead of pixel values, model cell edge propersigsh as edge transmissibility
indicating the presence of irregularly-shaped swsaare simulated using the
multiple-point geostatistical algorithm SNESIM. Thaodelling strategy of this
study consists of the following steps. First, anireg image displaying clay drape
occurence is constructed. Secondly, this small gall size training image is
converted into an upscaled edge training image hwiscused as input training
image to perform SNESIM simulations. The resultsigwulations indicate at
which cell edges horizontal or vertical clay drapes present. This information is
incorporated in a local 3D groundwater model of plienping test site by locally
adapting vertical leakance values and by locakgiting horizontal flow barriers.
All hydraulic parameters including the clay drapesperties are calibrated using
the measured drawdown time series in six obsemvatills. Results show that the
anisotropic pumping cone can be attributed to tlesgnce of the clay drapes.
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1 Introduction

Clay drapes are thin irregularly-shaped layersowi-permeability material that
are often observed in different types of sedimgnd@posits. Their thicknesses are
often only a few centimeters [12, 34]. Despite itHenited thicknesses, several
studies indicate that they may influence subsurfluié flow and solute transport
at different scales (16, 24, 25, 34, 36]. Howewaany studies show that the effect
of small-scale heterogeneity is limited to smaliles and averaged out on larger
scales and that consequently the type of geolopetdrogeneity that needs to be
taken into account depends on the scale of thelggrobnder consideration [1, 7,
26, 30, 31]. This study therefore investigates Wwhetsmall-scale clay drapes can
cause an anisotropic pumping test response at & rawger scale. This study is
based on measured drawdown values from a pumpatgekieal an anisotropic or
elliptical-shaped pumping cone. The major axishaf pumping ellipse is parallel
with the strike of the centimeter to meter-scakeydrapes that are observed and
measured in several outcrops and quarries. Thidy stwestigates whether this
large-scale anisotropy can be the result of sneallesclay drapes.

The small size and the complexity of the shapedislibution of clay drapes
makes it very difficult to incorporate them in afguwior reservoir flow models. In
standard upscaling approaches [8, 28], the comyimfi the clay drapes is not
preserved [34]. Multiple-point geostatistics iseghnique that has proven to be
very suitable for simulating the spatial distriloutiof such complex structures [2,
4, 5, 14, 16, 32, 33]. In large-scale three-dimamai grids this method may
however be computationally very intensive. [17]rtfere developed the method
of “direct multiple-point geostatistical simulatioof edge properties” which
enables simulating thin irregularly-shaped surfagitk a smaller CPU and RAM
demand than the conventional multiple-point statdtmethods. This method has
been applied on simple test cases [17] and theepresudy is the first to apply
this method on a full-scale three-dimensional gawaiter model. In this way, this
study investigates whether the combined approachusihg multiple-point
geostatistics and edge properties is an efficiedt alid method for integrating
small-scale features in larger scale models.

A last goal of this paper is to determine the adtedefits of explicitly
incorporating clay drape presence for inverse mogaf pumping tests. Several
authors have shown that incorporating heterogenesty results in improved
correspondence between calculated and observeduigdneads (e.g.,[10, 19, 20,
29]. However, some authors show that incorporatauglitional data about
heterogeneity does not always results in bettdreaion results heads (e.g. [11]).
This paper quantifies the change in calibrationorenwhen clay drapes are
incorporated in groundwater flow models.



2 Material and methods

The methodology followed in this study consistshaf following steps. First, field
data is obtained in an extensive field campaign pimp sedimentary
heterogeneity and small-scale air permeability. o8dly, a training image
displaying clay drape occurrence is constructededbasn the geological and
hydrogeological field data obtained from this fi@dmpaign. Thirdly, this small
grid cell size training image is converted into @rscaled edge training image
which is used as input training image to performESIN simulations. The
resulting simulations indicate at which cell edbesizontal or vertical clay drapes
are present. This information is incorporated oGl 3D groundwater model of
the pumping test site by locally adapting vertieglkance values and by locally
inserting horizontal flow barriers. All hydraulicappmeters including the clay
drapes properties are calibrated using the measiregidown time series in six
observation wells.

2.1 Geological setting

The pumping test site is situated in Bierbeek neaven (Belgium) as shown on
Figure 1. The subsurface geology in this area st ®f a 4m-thick cover of
sandy loam from Pleistocene age, 35m of Middle-Bec8russels Sands and 12
m of low permeable Early-Eocene leper Clay. All pimg and observation wells
of the pumping test are screened in the BrussetglsSaThe Brussels Sands
formation is an early Middle-Eocene shallow marsend deposit in Central
Belgium (Figure 1). Its geological features areeestvely covered in [12] and
[13]. This aquifer is a major source of groundwareBelgium and was studied at
the regional scale by [27]. The most interestirafiee of these sands in terms of
groundwater flow and transport is the complex geiclal heterogeneity
originating in its depositional history. The Bruss&ands are a tidal sandbar
deposit. Its deposition started when a strong SSN¥ENidal current in the early
Middle-Eocene produced longitudinal troughs, thatrevafterwards filled by
sandbar deposits. In these sandbar deposits, sedimeeatures such as cross-
bedding, mud drapes and reactivation surfaces lawadantly present [12, 13].
The orientation of most of these structures isteelao the NNE-orientation of the
main tidal flow during deposition.
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Figure 1 Map of Belgium showing Brussels Sands optenod subcrop area (shaded part)
(modified after [12] and inset showing the locatiof the pumping test site and the
Bierbeek quarry

2.2 Pumping test

In February 1993, a pumping test was performedi@ntigek (Belgium) under the
authority of the company TUC RAIL N.V. in the framerk of high-speed train
infrastructure works. One pumping well (PP1) and abservations wells were
constructed in the 35m-thick coarse facies of thesBels Sands (Figure 2). The
pumping test was interpreted by inverse modelingpgus numerical method
described in [21]. This analysis showed that thst twalibration was obtained
assuming horizontal anisotropy in the coarse faoiethe Brussels Sands. The
principal direction of maximal horizontal hydrautionductivity corresponds to N
115°48' E [35]. This principal orientation is exigcperpendicular to the SSW-
NNE orientation of the main tidal flow during dejtam and the mud drapes in
the Brussels Sands.



central zone
groundwater model

0 10m
—

Figure 2 Pumping test configuration showing the pumg well (white circle) and
observation wells (black circles) and the orieotatand delineation of the central inner
zone of the local groundwater model

2.3 In situ mapping and measurement of clay drape properties

The Brussels Sands outcrops in the Bierbeek qu@aeyused as an analog for the
Brussels Sands found in the subsurface at the mgrgist site. This quarry is
located at approximately 500 m from the pumping wte (Figure 1). This
outcrop of approximately 1200 m2 was mapped inibdeféh regard to the spatial
distribution of sedimentary structures and perméggbin [18]. From the
hydrogeological point of view in the present stuthe main interest lies in the
occurrence and geometry of structures with high lamdhydraulic conductivity.
In this perspective, the Brussels Sands can bededas consisting of horizontal
permeable sand layers of approximately 1m thic&raglated by horizontal low-
permeable clay-rich bottomsets and inclined lowapeable clay drapes. Figure 3
shows a field picture and a geological interpretatdf the typical clay-sand
patterns in the Bierbeek quarry. More details alibatspatial distribution of the
small-scale sedimentary structures and permealiilithe Brussels Sands can be
found in [18].
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Figure 3 Field picture and interpreted field pietutepicting foresets, bottomsets and clay
drapes in the Brussels Sands observed in the Biethesky

2.4 Training image construction

Training images are essential to multiple-pointggatistics, which is a technique
that has proven to be very suitable for simulabbeuch complex structures

[2, 4, 14, 16, 32, 33]. In multiple-point geostttis, "training images" are used to
characterize the patterns of geological heteroggendn this study, a two-
dimensional fine-scale training image of clay aaddsoccurrence of the Brussels
Sands was constructed based on the in situ mappitige Bierbeek quarry. The
fine-scale training image along the NNE-directiGig(re 4) shows an alternation
of sand-rich and clay-rich zones. More details almmnstruction of this training
image can be found in [16]. This training imagel wé used in section 2.6 where
multiple-point statistics are borrowed from thisaiting image to simulate
realizations of clay drape occurrence to use astifigr the local groundwater
model.

2.5 Groundwater mode

The groundwater model is a three-dimensional locatlel of 600m x 600 m X
30.4m including all pumping and observation wellsni the pumping test in
Bierbeek described in section 2.2. The model ignted along the N22.5°E
direction which is parallel to the direction of theain geological structures and
the main anisotropy axis of the observed drawdofrom® the pumping test. The
model consists of a central inner zone of 55m xmM&015.3m including all well

screens and an outer zone (Figure 7). This innee zonsists of 51 cells in the x-
direction, 183 cells in the y-direction and 51 leyeln the central inner zone
where all the well screens are situated, a verylgrid cell size of 0.3m x 0.3m x



0.3m is adopted so that individual clay drapeshmexplicitly incorporated in the
model in this zone. In the outer zone, larger gedl sizes between 0.45m and
82m in the horizontal direction and layer thickmesdetween 3m and 6m are
chosen. For numerical reasons, the dimensionseoftid cells do not exceed 1.5
times the dimensions of their neighboring cellse Thtal model consists of 213
cells in the x-direction, 361 cells in the y-diriectand 54 layers. The total number
of grid cells in the model is thus 4,152,222 cellee model is run in transient
conditions with a total time length of 4510 minutegbdivided into 99 time
periods. Piezometric heads are prescribed at thadawies of all model layers. In
the pumping well PP1, a pumping rate of 2120 m3idapplied during 72 hours.
Initial hydraulic conductivity and storage paramsteere taken from a previous
interpretation [35] and calibrated afterwards. Aatoof 594 observed heads
measured in six observation wells (Figure 2) fram tminutes after the start of
pumping until 240 minutes after stopping of pumpémg available for calibration.
The differential equations describing groundwalawfare solved by PMWIN [3],
which is a pre- and post-processor for MODFLOW [28]ing a block-centered,
finite-difference method.

Two model variants are run and calibrated separakétst, a homogeneous and
horizontally isotropic model without clay drapesris. In this model, different
values for horizontal and vertical hydraulic contikity are allowed, but no
anisotropy of hydraulic conductivity in the horizah direction is introduced.
Calibration is performed for adapting values ofibontal hydraulic conductivity,
vertical hydraulic conductivity and specific stoeag
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Figure 4 (left) Vertical two-dimensional traininppage of 30 m by 30 m in NNE
direction: sand facies (white), clay-rich faciedaflk) modified from [16] and
(right) the corresponding edge training image medifrom [17]

The second model is a model incorporating a randiay drape realization as
described in section 2.6. In this model, calibmatmf the following additional
parameters is performed: clay drape thickness alay drape hydraulic



conductivity in model layers 4 to 54 and anisotrégumtor of layers 1 to 3 in which
clay drapes are not explicitly incorporated. Thatisp distribution of the clay
drapes is not changed during calibration. In thiglet, the only heterogeneity and
anisotropy of hydraulic conductivity is related tiee presence of clay drapes.
Background hydraulic conductivity of layers 4 toiShomogeneous and isotropic
so that the effect of clay drapes on hydraulic keeah be determined without
influence of other heterogeneity or anisotropy @feBy comparing the results of
these two model variants, the effects of clay dsapethe piezometric depression
cone and on the calibration results can be quedtifThis approach of comparing
a heterogeneous model with a homogeneous equivakeshialso applied in [22].
For both models, a two-step calibration procedsradopted. First, a sensitivity
analysis and manual calibration is performed arntbrs#, the model is further
calibrated using PEST [6].
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Figure 5 Groundwater flow model grid and edge radilbn



2.6 Clay drapes simulation using multiple-point geostatistical
simulation of edge properties

In order to incorporate clay drapes showing pastaimilar to the training image
of Figure 4 (left) in the groundwater flow modeiettechnique of direct multiple-
point geostatistical simulation of edge properfid is used. This technique was
designed to simulate thin complex surfaces suchlas drapes with a smaller
CPU and RAM demand than the conventional multigevpstatistical methods.
Instead of pixel values, edge properties indicating presence of irregularly-
shaped surfaces are simulated using multiple-pg@bstatistical simulation
algorithms. The training image is upscaled by regnéng clay drapes as edge
properties between cells instead of representimgntlas objects consisting of
several cells. The concept of the edge of a flowdeh@nd the associated edge
properties was introduced in the work of [34] asadditional variable. The edge
properties are properties assigned to the cellsfathe cell property defined in
this study is the presence of clay drapes alongfaets. More details about the
method can be found in [17]. Figure 4 shows how fihe-scale pixel-based
training image (left) is converted into an upscakxtbe-based training image
(right). The fine-scale training image has a gmdl size of 0.05 m and represents
the clay drapes as consisting of pixels with aedéht pixel value than the
background material. The upscaled edge-basedrigpimage has a grid cell size
of 0.30 m and represents the clay drapes as edygenies that indicate the
presence of clay drapes along the edges of allogilid. The upscaled 30 m by 30
m training image from Figure 4 (right) is used agut to SNESIM from SGeMS
to simulate clay drape realizations to be impoitethe inner central zone of the
model where individual clay drapes are incorporakéettical 2D realizations of
54.9m by 15.3m are generated. Figure 5 shows sonardday drape realization
that is incorporated in the groundwater flow moddéle realizations of clay drape
presence can be imported in the groundwater flodlec®MWIN using the
Horizontal-Flow Barrier (HBF) package and the \eatileakance array (VCONT
array). Initially, it is assumed that all clay despin the groundwater flow model
have a thickness of 0.02 m and a hydraulic condtygtiof 0.283 m/d. As
mentioned previously, these values are optimizethdualibration.

3. Reaults

Figures 6 and 7 show the resulting model outpuimfthe homogeneous model
and the clay drape model. Both models were firshually calibrated. The

optimal model from manual calibration was furthalilerated using PEST [6]

under different sets of constraints. For both medautomatic calibration using
PEST did not result in lower calibration errors.
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Figure 6 shows piezometric maps at z = 27 m TAW®/, located at the depth of
the centre of the pumping well screen, for (1) leenogeneous and horizontally
isotropic model and (2) the clay drape model. Fegér (left) shows circular
hydraulic head contours indicating an isotropiczpraetric pumping depression
cone resulting from the homogeneity and isotropiyafraulic conductivity in the
horizontal direction. Figure 6 (right) shows thedrgulic head contours for the
second model which incorporates clay drapes. Thes#ours are elliptical
demonstrating an anisotropic pumping depressior.c®he vertical clay drapes
cause bending of the hydraulic head contours. Sincather K heterogeneity than
the clay drape presence is incorporated in the imddese results show that
anisotropic pumping cones at large-scale can héuatitd to the presence of
small-scale clay drapes.

Figure 7 shows calculated versus observed drawdgmaphs for (1) the
homogeneous and horizontally isotropic model andh@ clay drape model. The
error variance for the isotropic model is 1.24 Babjle the error variance for the
clay drape model is as low as 7.292E-3. Incorpogatiie clay drapes results in a
better fitting between calculated and observed doaw values for this pumping
test. Especially the larger drawdowns are bettproguced in the clay drape
model. These large drawdowns are measured in cdgamwell PB1.2 which is
located close to the pumping well (Figure 2). le tdtay drape model, a clay drape
is present in the pumped layer between the pumpiely and observation well
PB1.2 which acts as a flow barrier between thosewells. The presence of this
barrier results in a better reproduction of the snead drawdowns by the model.
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Figure 6 Piezometric maps at z = 27 m corresponttintpe central level of the pumping
well screen, for (1) the homogeneous and horiziyntabtropic model and (2) the clay
drape model showing drawdown after two days
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Figure 7 Calculated versus observed drawdown grdphg1l) the homogeneous and
horizontally isotropic model and (2) the clay drapedel

4. Discussion and conclusion

This study has investigated the effect of smallescéay drapes on pumping test
response. For this purpose, spatial distributiod geometry of clay drapes
observed in a cross-bedded aquifer were expliditigorporated in a local

groundwater model of a pumping test site. Clay eérpgrameters were calibrated
in order to reproduce hydraulic head measuremegereed during a pumping
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test. Best calibration results were obtained witkoaed clay drape parameter
(hydraulic conductivity of drapes divided by drap&kness) with values between
0.175 and 9.905 ddy If the clay drape thickness is assumed to be Mpshis
means that hydraulic conductivity of the clay deebetween 0.0035 m/day (=
4.05x10° m/s) and 0.1981 m/day (= 2.29x10n/s). These values lie in the
hydraulic conductivity interval of silt and siltyasd respectively according to [9],
so these values are realistic and are certainlycinasen unrealistically low. This
means that with realistic values for clay drapeckhess and hydraulic
conductivity, the anisotropic pumping cone candy@oduced and explained. This
shows that small-scale clay drapes can cause aotapic pumping test response
at a much larger scale.

Incorporating clay drapes in groundwater modelshiallenging since they are
often irregular curvilinear three-dimensional sugfs which may display a very
complex spatial distribution. In this paper, a cameld approach of multiple-point
geostatistics and edge properties was used topocate the clay drapes in the
flow model. Clay drapes were represented as giidedge properties instead of
representing them by pixels. This allowed modellvith a larger grid cell size
and thus a smaller CPU and RAM demand. A realsgimtial distribution of clay
drape occurrence was simulated using multiple-pgstatistics based on a
field-based training image. This combined appraafcmultiple-point geostatistics
and edge properties has shown to be an efficiehvalid approach since realistic
spatial patterns and geometry of the clay drapesbeapreserved in the model
without having to represent each clay drape bylpixe

In order to determine the added value of explicitigorporating clay drape
presence in the flow model for pumping test intetation, the model was also
compared with a homogeneous and isotropic modebres¢d on the same
pumping test data. Incorporating the clay drapasilted in a better fit between
calculated and observed drawdown values than thmbeneous model.
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