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Abstract

Delineation of capture zones for groundwater source protection is normally performed by using numerical codes which are based
on the porous medium flow equation. However, boreholes are often sited in or along permeable dykes or single fracture zones
through which aquifers are drained. It is very important to take into account dyke-influenced aquifers. This paper makes use of
Linesink to simulate permeable dyke or fractured zones and utilises the pathline distribution to delineate the capture zones.
Conditions when the influence of a fractured dyke can be considered negligible are also discussed through comparison with
stagnation point in a uniform flow field. The approach may be sufficient to illustrate protection zoning requirements when dyke

aquifers are considered.

Introduction

Studies on capture zones for simple flow conditions in uniform
aquifers were performed by Todd (1980), Almendindger (1994)
and others. For morecompl ex flow situationswhereboundariesare
considered, borehol ecapturezonesor catchmentsmay bedelineated
by using semi-analytica models (Nelson, 1978a,b; Keely and
Tsang, 1983; Javandel and Tsang, 1986; Lerner, 1990 & 1992,
Blandford and Huyakorn, 1991 and Kinzelbach et al., 1992).

Theexisting semi-analytical model sprovideapowerful tool to
understand the capture zone concept and to acquire general ideas
about borehol e or wellhead protection zoning before embarking on
a site-specific study of groundwater protection. However, these
models do not account for the capture zone of adraining fracture.
In South Africa, boreholesare oftensited in highly fractured dykes
for good water supplies. Strack (1989) and Haitjema (1995)
presented the concept of the linesink which is utilised here to
simulate a permeable dyke or fracture zone for delineating the
capture zone in dyke aquifers.

A boreholeprotection areacan bedefined asthecontrolled area
surrounding a production borehole (or wellfield). Demarcation of
such controlled areas where certain activities of land use are
prohibited would prevent contaminatants from reaching the
borehole. It may consist of a capture zone as well as a borehole
catchment. The latter, also referred to as the zone of contributing
water (ZOC) (Todd, 1980; Reilly and Pollock, 1993), isthelimiting
case of the capture zone at t wheret — <. The borehol e catchment
may be interpreted as the projection on ground surface of a 3D
aquifer volumewhichwould contributewater totheboreholeunder
steady-state flow and pumping conditions. Inside the catchment
water would flow towards the borehole whereas water outside
wouldflow away fromtheborehole. Thedelineationof theprotection
areaisoften based on assumption of theaveraged steady-stateflow.
Assuming A (L?) isthe area of the catchment, P (LT™) auniform
rainfall recharge and Q (L3T?) the averaged pumping rate from a
borehole of interest, then the following relation holds:
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Eqg. (1) tellsusthat the borehol e catchment size A can be cal cul ated
if P and Q are known. However, Eq. (1) gives neither a physical
location of the catchment with respect to the borehole, nor doesit
provide hydrogeological conditions like type of aquifer, etc. It
merely provides a water balance with as many geometrical
distributions as possible (illustrated in Fig. 1).

Under steady-state conditions, groundwater streamlines
coincide with fluid pathlines. If dispersion is negligible, we may
usepathlineequationstotrack pollutant movementsinaquifers. To
demarcate either acapture zone or aborehole catchment under the
steady-state, we utilise discharge potentia to derive the pathline
equations. Assuming that an aquifer thickness is more or less
uniform, the pathline distribution under certain hydrogeological
settingsisinvestigated in an x, y plane.

Theory of capture zone simulation using linesink
concept

For the sake of simplicity, we assume that the natural hydraulic
gradient can be neglected. This is often encountered in aquifers
interrupted by vertical dykes. If the gradient isassumed to be zero,
apumping boreholeinauniformaquifer will causeacircular shape
of the cone of depression with radius r, which can be directly
calculated from the formula: r = V(A/m), where A is obtained from
the water balance. However, the focusis on the following cases.

Discharge potential for fracture zone

Based on Strack (1989) and Haitjema (1995), a linesink can be
defined as a mathematical sink line with a finite length. If a
pumping hole is located in a fracture zone, the fracture can be
regarded as an extension of the borehole. It is noticed that the
behaviour of a pumping hole located in the fracture zone may be
similar tothat of alinesink. A fracturezone can besimulated by the
linesink. Based on the complex potential for the linesink element
withlength L (Strack, 1989), thedischarge potential may bewritten
asfollows:
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Figure 1
Possible locations of
borehole catchment
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Derivation of velocity expressions
Applying Darcy’s law to Eq. (2a), i.e. V, = -(/Hn)d® /dx and
Vv, = -(YHn)d® /dy, note that H and n stand for aquifer thickness

and effective porosity, respectively. We may derivetheexpression
for the velocity field for the linesink:
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Therefore the pathline equations may be written as follows:
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Integration of Eq. (2¢) would give the pathline distribution, which
may be used to backtrack isochrones or capture zones. However,
such pathlineequationsarenot analytically obtainable. Eq. (2¢) has
to be numerically solved using the fourth-order Runge-Kutta
procedure.

Considering the impermeable boundary

Todd's method (Todd, 1980) is acceptable for theinfinite aquifer
assumption. For adyke-influenced aquifer, Todd’ smethod must be
examined. We till use the above dyke aguifer as the example to
discusscatchment distribution of thefracturezone. Inanx, y plane,
the impermesble dyke is located at x = - d and the centre of the
fracturewith length L at the origin (O, 0). Theregiona flow dueto
uniformrainfall recharge P isdirected towardsx = o= . Three cases
are discussed:

(1) acatchment for asingle borehole;

(2) acatchmnet for a horizontal fracture; and

(3) acatchment for avertical fracture.
However, below weonly derivethe pathline equation for Case (2).
Theothersmay bederivedinsimilar fashion. Theidentical pathline
equation for Case (1) is also derived by Kinzelbach et al. (1992).

Followingtheprincipleof superposition, thecombined vel ocity
for Case (2) is the summation of three components: flow due to
rainfall rechargeP, linesink V| _anditsimageV,. Thecorresponding
pathline equation may be written as follows:

dx

Do p XLy y, L)+, (L)
dt Hn (33)
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wherethelinesink V, isgivenby Eq. (2b) anditsimageV; isgiven
below:

V, (%, y,L,d)=V, (x+2d,y,L)

V, (xy,L,d)=V, (x+2d,y,L) (30)

Inorder to present acompact form of the catchment, dimensionless
parameters are introduced. They are:
VH Q X y L
=— Q= =l =2 Lr=—
Pd Q 27Pd? d y d d
Substitution of Eq. (3c) in Eq. (3a) leadsto the dimensionlessform
of the pathline equation (Eg. (33)) as follows:
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Based on Egs. (3d) and (3e), the dimensionless catchment of the
linesink element may be delineated. A comparison of three
catchments is presented in Fig. 2. It can be seen that Todd's
approximationisvalidfor avertical fracture, i.e. afracture parallel
totheimpermeableboundary. Dimensionlessresultsfor the shapes
and dimensionsof capturezonesand catchments can betransposed
to field situations. The dimensionless catchment in Fig. 2 would
represent atypical hydrogeological setting of a Karoo aquifer in
South Africawherean aquifer of 20 m thick with effective porosity
of 1% and hydraulic conductivity of 20 m/d receiving uniform
recharge of 4.7 cm/yr, pumping at arate of 0.5 I/sfrom avertical
fractureof 100 mlonglocated 1 000 m away from animpermeable
boundary.

Itisnoted that the catchment of ahorizontal fracture, afracture
normal totheimpermesbleboundary, would expand almost laterally
on the fracture element side when Q* increases.

Discussion
Comparison between linesink and point sink

Therel ationship between stagnati on points between point sink and
linesink under a uniform flow field may be expressed by:

X,
where X_ is the stagnation point position as used in Todd's
approximation. The stagnation point X, is due to a horizontal

Xgq +5
S""f]=0 @
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fracturewith length L, Eq. (4) can be solved by iteration. It can be
shownthat X, — X at L — 0. Inother words, if thefracturelength
L issmall enough, X, would bethe sameas X_. Thisisillustrated
by astraight linein Fig. 3. By replacing X, with X_in Eq. (4), we
may determinethemaximumallowableL  valuewithinwhichthe
fracture length may be negligible and be treated as a single
borehole.

Simplified geometry of capture zone

The capture zone for a fracture zone is similar to an ellipse. It is
noted that the capture zone of the fracture may be accurately
represented by an ellipse when 0.02 m/d < L/t < 2 m/d. If L/t is
greater than 2 m/d, the capture zone would show circular shape.

If acapturezoneof adraining fractureisreplaced by anéllipse,
the area A of the capture zone equals ab where a and b are the
lengthsof theprincipal axesof theellipse. For afracturewithlength
L, the a and b are the backtracking distance from a point (L/2, 0)
alongthepositivex axisand the backtracking distancefrom apoint
(0, 0) dong the positive y axis, respectively. The a and b are
obtained by solving the above pathline equations using the fourth-
order Runge-K utta procedure.

Alternatively, the a and b may be estimated by solving Eq. (5)

using iteration:
EOL
3
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Figure 3
Relation of stagnation
positions with line-
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Eq. (5), derived from the discharge potential of three boreholes
with equal spacing and dewatering along adyke, isan approximate
pathline equation along the positive x axis for the fracture sink. It
gives good results when L < V(16Qt/3tHn).

Once a and b are obtained, the co-ordinates of the ellipse can
be calculated. However, implementation of such exact ellipsoidal
geometry may not be necessary and rewarding in practice.
Implementersfromthelocal Water Boardsor theL ocal Authorities
would prefer some simpler geometry, for it would facilitate actual
implementation processesinthefield. Obviousalternativesaretwo
simpler approaches:

e using an interna circle with area A = ntb? resulting in an
underprotection; and

e using an external rectangle with area A = 4ab, leading to an
overprotection.

For convenient compromi seand easy understanding, acombination
of thesesimpl er shapesisappealing. AsseeninFig. 4, anellipsoidal
area (nab) (solid line) may be replaced by A (outer broken line)
consisting of arectangle (4bc) plustwo semi-circles (n(a-c)?)/2on
either sides:

Adpp=%(a—c)2+4bc+%(a—c)2 (6)
where:
¢ = V(a*b?)

According to Eq. (6), Aapp —narlal— 0,c— Oanda,b— r;
A,,—4abif c — a Itisobviousthat n?< A < 4ab.

A discernible feature of this flow field is that the flow is
symmetrical about either x axisor y axisand that central lines(x =
Oory =0) represent theoretical no-flow boundaries. Thismay lead
tomoreapplicationsof thisapproximationinsituationslikewelIfield,
and aquiferswithimpermeableboundary and ani sotropic property.

Other consideration for application
Eq. (3a) makes it possible to backtrack pollutant movements in
dyke aquifers. Asan application example of the above theory, the

delineation of borehol e protection areasfor dykeaquifersin South
Africais discussed.
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Figure 4
Approximation of ellipse

Theimportant stepisto carry out awater balance analysis, the
purpose of whichisto:

e independently examine variables like a pumping rate (Q), a
travel time(t), aquifer thickness (H), effective porosity (n) and
the rainfall recharge rate (P), which would help one
conceptualise an aquifer being dealt with; and

e determine areal size of protection zone to be involved over a
period of time, which would require economic considerations
such as availability and sustainability of water resources and
land use.

Incertain partsof thecountry whereaquifersarecompartmentalised
by vertical dykes, sizesof thecompartmentscan be estimated from
1: 50 000 topographical maps. They may be compared with the
calculated areasrequired for borehole protection. Based on results
of thewater balance, someimportant management decisions may
be undertaken at thisstage. For instance, awhol e compartment will
have to protected if the area estimated from the water balance is
closeto the actual size of the compartment or even dlightly larger
than it.
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Conclusion

Thefractured dyke can beregarded asan extension of the borehol e.
Flow behaviour of dyke aquifers can be simulated using the
linesink concept. A capture zonefor boreholeslocated in fractured
dykes differs from that of boreholes in a uniform flow field.
However the difference would diminish if the dyke length L were
small. Based on discussionsin this paper, a semi-analytical model
could be constructed for conceptual modelling of capture zonesin
fractured rock aquifers. This provides asimpletool to understand
protection-zoning reguirementswhen dykeaquifersareconsidered.
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