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Abstract A stochastic approach is adopted for characterizing the uncertainty
in well capture zones due to heterogeneity. Three different levels of aquifer
confinement are considered: (a) a fully confined and (b) a leaky-contined
aquifer in which the transmissivity of the aquifer is modelled as a random
space function; and {¢) a randomly confined aquifer in which both the
transmissivity of the aquifer and the conductance of an overlying clay cover
are modelled as random space functions. A Monte Carlo approach is used to
infer the probability distribution of the resulting stochastic capture zones.

INTRODUCTION

The accurate determination of well capture zones is of great importance, not only from
an environmental point of view, bul also in terms of public health. The location of a
capture zone depends to a large extent on the hydrogeological properties of the
production aquifer and adjacent layers. The uncertainty that stems from the hetero-
geneity of the hydrogeological properties calls for a stochastic approach in which one
or more properties are modelled as a random space function (RSF). Of the hydraulic
properties relevant to capture zones, the transmissivity of the production aquifer, T
[L* T'], and the conductance, ¢ [L T"'}, of overlying layers such as clay covers are
considered to be of major importance as their variability in space is considerably
higher than that of other relevant properties.

The (spatial) stochastic approach enzbles the capiure zone to be presented using
areas of confidence, rather than a single zone with an unguantified uncertainty. An
additional advantage of the spatial stochastic approach is its optimal use of available
spatial data by not only considering these values, but also their spatial attributes
{location and correlation structure). This facilitates a realistic representation of natural
variability and, because it optimizes the use of available data, does not produce
unsupported overly conservative estimates of uncertainty. When applied to capture
zone delineation, the stochastic approach resulis in a stochasiic capture zone, the
probability distribution of which is refeired to as the capture zone probability
distribution (capd). The capd gives the spatial distribution of the probability, P[x,z],
that a conservative tracer particle released at a particular location, x, is captured by the
well within a certain time duration, ¢.
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The theoretical and practical aspects of the stochastic determination of capture
sones have been dealt with by several authors (Varljen & Shafer, 1991; Franzetti &
Guadagnini, 1996; Guadagnini & Franzetti, 1999; Van Leeuwen er al., 1998). A case
stedy in which capiure zones arc determincd stochastically using random space
functions has been carried out by Van Leeuwen ef al. (1999).

In the present paper, capture zone probability distributions (capds) are studied in
three heterogeneous aquifers with different level of confinement; {a) a fully-confined
aquifer, (b} a Teaky-confined aquifer, and (e} a randomly confined aquifer.

FULLY- AND LEAKY-CONFINED HETEROGENEOUS AQUIFERS

Numerical approach

In this section, we consider a fully confined aquifer with a mean uniform background
gradient J = (J,0). A fully penetrating well—or, more strictly, wellfield at this scale—
is pumping with a constant discharge per unit aquifer thickness, Q [L* T™]. Its size in
the model is equal to one grid cell and its centre is at the origin of a Cartesian
coordinate system x =(0,0). Results will be presented using the following
dimensionless coordinates: x' = (2ngo/Q)x, ¥ = (2ngo/Qy, ¢ = (2ng’o/nO), where

go= ToJ [L T'] is the Darcy background flow velocity, T, [L T"'] is the geometric
tnean transmissivity T per unit aquifer thickness, and » is the effective porosity. In the
leaky-confined case, a combination of recharge and drainage is applied which results
in a waler mound with a water divide at x' = 4.5, Transmissivity 7" is assumed fo be
lognormal distributed and its fluctuation ¥ = In(7/Ty) is regarded as an isotropic,
stationary, multi-Gaussian RST with zero mean. The two-point covariance of Y is
given by Cy(h) = oy exp(—h|/Ty), where h is the lag separation vector, Jy is the integral
scale and )" is the variance. The integral scale is made dimensionless using
Iy= (2Iymgo)/ Q.

Numerical estimates of P[x,/] are obtained through Monte Carlo (MC) analyses,
cach comprising a total of 1000 realizations. For each MC realization, a realization of
T is generated and used in a deterministic capture zone delincation using forward
particle tracking. The ensemble of realizations is treated statistically in order to infer
the capd. The boundaries of the numerical model are positioned sufficiently far from
the capture zone as to minimize their effect on the numerical solution. A grid node size
of Ax’ = 0.1 is chosen for all simulations.

Results and discussion

Figure 1 shows contour plots of P[x',t'] for different values of Gyz and I'y, for both
aquifer models. i can be seen how uncertainty in F(x’) vesults in uncerlainty in the
boundaries of the capture zone and how an increase in oy results in an expansion of
the zone of uncertainty (00 < P < 1). The influence of 7 y is hardly noticeable in the fully
confined case for the 'y = 0.5 and /'y = 3 shown here, but the insensitivity was also
found for larger integral scales. In the leaky-confined case, an increase in [y results
an expansion of the zone of uncertainty.
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Fig. 1 Contour plots of the capd for different values of 7'y and o/ in the fully confined
case (top row) and the leaky-confined case (bottom row). Grey scales from P ==
{(white) to P = 1 (darkest grey), Left: 7'y= 0.5, o* = 0.5, middle: Fy =5, oy° = 3, right:
Fy=5,05 =05 Forall: £ =2.

Figure 2 shows plots of P[x,r'} along the x'-axis {/ = 0) and the v'-axis (x' = () for
different times #, The excellent match in Fig. 2 between the numerical resulis indicated
by the markers, and the theoretical cumulative normal distributions indicated by the
full lines, suggests that P(x’ > 0, y = 0) is pormally distributed. In both the fully
confined and the leaky-confined case, the distributions depart from normality when o,

or 'y Increase.

1 1 — T T
r H ‘% t=05 -
", =1.0 *
L. . 1 B
L= ] ST =20
0.8 > 0.8 3 3 I35 -
v, - % =50 =
0.6 | !5( R %E
st L . &
& Lo
o4t = 04 . Y 7;:.
N %
g . 5
ozt ¢ 02} . t 3
£ v \\'& a‘\
"‘:: a
0 kel 0 i LG Y
2 -2 o 4 &

o |

Fig. 2 Graphs of the capd along the x’-axis in the fully-confined casc (left) and the
leaky-confined case (right) for different /. The f;u]l lines represent thecretical
cumulative normal distributions. For both: I'y= 0.5, ;" = 0.5.
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A clear difference between the cases is the behaviour of the capds in time (Fig. 2).
In the fully confined case, the curves do not just move along the axes, but the un-
certainty increases too. This is due to the fact that the released particles travel longer
and encounter more heterogeneity as the capture zone expands with time. In the leaky-
confined case, the uncertainty increases initially, but when the capd reaches the water
mound at x" = 4.5 its expansion is inhibited and the uncertainty decreases again,

RANDOMLY CONFINED HETEROGENEOUS AQUIFER

This section describes a case study in which capture zone probability distributions
{capds) are determined for a well field pumping from a heterogeneous aquifer which is
covered by a very heterogeneous clay layer. The well field is located near the town of
Wierden in the east of The Netherlands.

The aquifer system comprises two mam aguifers (Fig. 3, Ieft). The upper aquifer
15 overlain by a top system which mainly consists of a continuous layer of very fine
sands. The lower aquifer is divided into a lower part with fine sands and an upper
part with coarse sands. A very heterogeneous clay layer, with many discontinuities
and a spatially highly variable thickness, separates the upper and lower aguifers in
places. There are several abstractions for drinking water supply and industrial
purposes in the area, the well screens of which are located in the upper part of the
lower aquifer.

An existing, comprehensively calibrated, numerical groundwater flow model was
used: the Wierden model {(Hoogendoorn & Te Stroet, 1994; Te Stroet, 1995). This
deterministic model describes an area of 22 x 22 km and uses a numerical grid
comprising 99 columns and 98 rows. The grid spacing varies from 125 m to 1 km.
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Fig. 3 Vertical hydrogeological conceptualization (left) and map of borehole locations
in the model domain {right}. The full circles in the map indicate bareholes wherc clay
was encountered, the open circles where no clay was encountered.
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Analysis of the clay layer

The structural analysis of the clay layer is based on a set of 1643 borehole descriptions,
sclected from the REGIS (Regional Geohydrologic Information System) database
(Broers ef al., 1994). The borchole descriptions pertain to borcholes located within the
model domain plus an cxtra zone of 10 km outside the domain. The number of
boreholes within the model domain is 546, 235 of which encountered clay. Figure 3
(right) shows the locations of the selected borcholes within the model domain.

The clay layer is described using two dependent variables: {a) a binary variable
dyin(x) describing its presence, and (b) a continuous variable d(x) describing ils
thickness. At each borehole location, dyiy is assigned the value 1 1f clay is present or
the value O if not. At each location where clay was encountered and the borehole is
deep encugh to measure both top and botlom of the clay layer, & exists and is assigned
the measured thickness. The indicator semivariogram pertaining 1o dyy, shows a low
nugget which implies a high correlation at short distances. The distance over which the
variable remains correlated (the range) is approximately a quarter of the domain
tength. The experimental semivariogram pertaining to J exhibits little correlation, both
al short and long distances, and the range almost equals the domain length. The
histogram of  suggests that the clay thickness tends to a [ognormal distribution.

Stochastic clay conductance and transmissivity models

In a stochastic model of the clay layer, both dy, and d are modelled as an RSF and
simulated using conditional stochastic indicator stimulation and conditional sequentiat
Gaussian simulation respectively. The resulting fields are combined into a new field by
replacing all values of 1 in the field dyin(x) by the corresponding value of d(x). The
thickness values are translated into conductance values according to efx) = 0.001/d(x)
if dpin(x) = 1, and c(x) = 0.5 if dpin(x) = 0. Figure 4 shows maps of one realization of
both types of simulation, as well as the combined map.

The transmissivity values in the original Wierden model were obtained by
muitiplying the spatially distributed aquifer thickness by a homogeneous value of
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Fig. 4 Image maps of the stochastic clay layer model. Left: dy,, middle: o, right; e{x).
{Coordinates in kn: National Grid reference.)
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hydraulic conductivity. In the stochastic approach used here, the hydraulic
conductivity of the production aquifer has been modelled as an isotropic, normally
distributed, random space function ¥ = InK with a mecan value equal to the natural
logarithm of the homogenecous conduciivity, The stochastic propertics of the
function, such as its variance and correlation length, are unknown and no
measurements are available fo estimate them. On the basis of qualitative knowledge
about the deposit and values reported in literature (e.g. Hoeksema & Kitanidis,
1985), an exponential two-point covariance model Cy(h)= oy exp(—|hliiy) was
adopted, where h is the lag separation veclor, the integral scale fy= 2.5 km and the
variance Gy2 =0.2.

Stochastic capfure zones

When the new stochastic models of the clay and transmissivity layers are incorporated
info the original model, the capture zones become stochastic functions too. Their
probability distributions are inferred through MC analysis comprising 500 MC
realizations,

Figure 5 shows caplure zone probability distributions for the total catchment and
the 25 year capture zone. Both plots show a considerable degree of uncertainty. For the
25 year captlure zone, the probability level P = 1 is rarely achieved. Interestingly, the
probability distribution does not comprise a large zone in the centre where P is exactly
1, and a small zone near the edges where P decrcases from 1 to 0, as seen in the
previous scction. The different large and small scale patterns in the plots may be
caused by a combination of factors resulting from the drainage system and pumping
regimes.
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Fig. 5 Stochastic catchment (left) and 25 year capture zone {right}, obtained with
stochastic models of both the transmissivity of the production aquifer and the
conductance of the clay layer.
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CONCLUSIONS

The present paper illustrates the value of the spatial stochastic MC method for
characterizing the uncertainty in well capture zones due to aquifer heterogeneity. The
resutts show how the properties of the production aquifer and any adjacent layers lead
to a zone of uncertainty regarding the location of the wellP’s capture zone. This
naturally leads to the consideration of a risk-based approach where a well protection
zone can be located at an agreed level of probability, e.g. 0.025 < P < 0.975. Where
site data is available, levels of uncertainty can be reduced by conditional simulation
{(Van Leeuwen et al., 2000). Otherwise, estimates of aquifer heterogeneity can be used
to enable this uncertainty to be incorporated in model applications.
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