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Tracer Mass Recovery in Fractured Aquifers Estimated

from Multiple Well Tests

by William E. Sanford?, Peter G. Cook?, Neville I. Robinson3, and Douglas Weatherill3

Abstract

Forced-gradient tracer tests in fractured aquifers often report low mass recoveries. In fractured aquifers, frac-
tures intersected by one borehole may not be intersected by another. As a result (1) injected tracer can follow
pathways away from the withdrawal well causing low mass recovery and (2) recovered water can follow pathways
not connected to the injection well causing significant tracer dilution. These two effects occur along with other
forms of apparent mass loss. If the strength of the connection between wells and the amount of dilution can be
predicted ahead of time, tracer tests can be designed to optimize mass recovery and dilution. A technique is devel-
oped to use hydraulic tests in fractured aquifers to calculate the conductance (strength of connection) between
well pairs and to predict mass recovery and amount of dilution during forced gradient tracer tests. Flow is consid-
ered to take place through conduits, which connect the wells to each other and to distant sources or sinks. Mass
recovery is related to the proportion of flow leaving the injection well and arriving at the withdrawal well, and
dilution is related to the proportion of the flow from the withdrawal well that is derived from the injection well.
The technique can be used to choose well pairs for tracer tests, what injection and withdrawal rates to use, and
which direction to establish the hydraulic gradient to maximize mass recovery and/or minimize dilution. The

method is applied to several tracer tests in fractured aquifers in the Clare Valley, South Australia.

Introduction

Forced gradient tracer tests in fractured rock are typi-
cally performed to determine field-scale properties of the
aquifer that influence ground water flow and solute trans-
port, such as fracture aperture and matrix porosity (e.g.,
Novakowski et al. 1985; Himmelsbach et al. 1998;
Becker and Shapiro 2000; Sanford et al. 2002). However,
such tests often record relatively low mass recoveries of
the injected tracer, a phenomenon that is frequently
poorly explained or unexplained. In the absence of ambi-
ent flow, mass recovery of a conservative injected tracer
in an equal dipole test (equal injection and extraction
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rates) should theoretically reach 100%. The presence of
an ambient flow, together with practical constraints
imposed by limited test duration and finite analytic detec-
tion limits, tend to produce mass recoveries <100%. Pro-
cesses of matrix diffusion and dispersion also contribute
to lower mass recoveries, as they tend to produce long
tails to the breakthrough curves that are rarely accurately
captured. Low mass recovery also arises when tracers
subject to degradation or nonreversible sorption are used.
Another process that can sometimes lead to extremely
low mass recoveries is poor hydraulic connection
between injection and extraction wells. This latter process
is the subject of the current paper.

In field situations, forced gradient tracer tests are
usually performed between two wells by establishing
a dipole with either equal or unequal injection/withdrawal
rates. In order to maximize tracer recovery, weak dipole
configurations, with the withdrawal rate much greater
than the injection rate, are often established (Novakowski
et al. 1985; Becker and Shapiro 2000; Witthiiser et al.
2003). However, if the withdrawal rate is too high, dilu-
tion of the injected tracer can lower tracer concentrations,
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causing increased uncertainty and even apparent mass
loss as concentrations approach and then fall below ana-
lytic detection limits.

The premise of this paper is that the mass recovery
in highly fractured aquifers largely reflects the degree of
connectivity between the injection and withdrawal wells.
A few examples of tracer recoveries presented in the liter-
ature illustrate this potential problem: Himmelsbach et al.
(1998) report on a monopole and a dipole tracer test in
a fractured fault zone with mass recoveries of ~70% and
45%, respectively; Sanford et al. (2002) report 28%
recovery in a vertical dipole in highly fractured rock;
Becker and Shapiro (2000) report recoveries of 83% to
104% in monopole and weak dipole flow fields; and
Witthiiser et al. (2003) report mass recoveries of ~4% for
two tracers injected in a monopole. A technique based on
the concept of superposition is developed to use steady-
state hydraulic tests in two or more wells to determine the
relative strength of connection, termed conductance (see
discussion below), between pairs of boreholes and be-
tween individual boreholes and distant sources or sinks.
The conductance values are used to (1) estimate the frac-
tion of flow leaving the injection well that contributes
to the withdrawal well and the fraction of flow entering
that withdrawal well that comes from the injection well;
(2) predict mass recovery and dilution at the withdrawal
well in the absence of other forms of mass loss; and (3)
choose well pairs and, in the case of weak dipoles, which
direction to establish the hydraulic gradient to maximize
mass recovery and minimize dilution. The method is suc-
cessfully applied to several field-scale tracer tests.

Model Development

Before performing tracer tests in fractured systems,
it is usually desirable to first perform hydraulic tests in
the wells to identify connections. In fractured aquifers, it
is possible that fractures that intercept one well may not
intercept other wells. In modeling fluid flow and solute
transport through a network of channels, Moreno and
Neretnieks (1993) and, in a similar manner, Dershowitz
and Fidelibus (1999) assigned a hydraulic conductance to
individual channels (fractures) in the network, which they
define as the ratio between the flow in a channel and the
hydraulic head difference between its ends. We apply this
concept to hydraulic tests and divide the flow into or out
of a well into several components using superposition,
where for each flow component:

Q= CAh (1)

where Q is the volumetric flow rate, C is the conductance
(or strength of the connection), and A# is the difference
in hydraulic heads. It is clear by comparing Darcy’s law

Ah
=AK — 2
0 =AK 3 @)
to Equation 1, that C = AK/Ax. Therefore, the conduc-
tance term includes the direct relationship of cross-
sectional area (A; i.e., flow geometry) and hydraulic
conductivity (K), and the inverse relationship of distance

(Ax) and the flow rate for a given head difference. For
highly fractured systems, it is difficult to determine any
of the individual parameters encompassed in the conduc-
tance term, but because the approach is using steady-state
hydraulics, the combined effects of these parameters are
readily estimated.

If a single, planar fracture forms the connection
between the wells, then the conductance value can be
decomposed as:

3
c_ W2b)pg 3)

12uz
where w is the fracture width, 2b is the fracture aperture, z
is the distance along the fracture, p is the density of water,
u is the viscosity, and g is gravitational acceleration. For
a homogeneous confined aquifer, Equation 1 can be com-
pared to the form of the Thiem equation (Schwartz and
Zhang 2003) for steady-state radial flow to a well to yield

o 2T w

In (r_w)
R
where T is the aquifer transmissivity, R is the radius of
influence (where drawdown is zero), and r,, is the radius of
the pumping well. However, for our purposes, the physical
representation of the conductance need not be known.

Consider the simple case of two wells located in the
same fractured aquifer. During a conventional aquifer
test, water will be extracted from one well and drawdown
measured in both. At, or near, steady state, the flow rate
from the production well can be considered as a sum of
the contributions of flow from all fractures that are inter-
sected by the pumped well, some of which connect to the
monitoring well. Likewise, there are fractures intersected
by the monitoring well, which are not connected to the
pumped well (Figure 1A).

In modeling flow and estimating permeability using
borehole flow logs in heterogeneous fractured systems,
Paillet (1998) conceptualized the system as fractures,
which contribute flow to the borehole and are connected
to different far-field aquifers. Following a similar ap-
proach, the system shown in Figure 1A will be considered

A)  well1 Well2 C)
Well1  Well 2
<—0—O0—
Cie Ci2 Cs..
B) wel1 Well 2 D) well1  Well2
O) O)

(:1Dc

:| c12 “ czw

Figure 1. Schematic illustrating the meaning of conductance.
(A) Fracture system (in cross section), (B) representation of
conductance (cross section), (C) two-well representation of
conductance (plan view), (D) three-well representation of con-
ductance (plan view).
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as three separate conduits, each with its own conductance:
a conduit that connects each well, and a conduit for each
well that represents the fractures that one well intersects
that the other well does not. The conduits, which are not
connected to the other well are considered to be con-
nected to an infinite water source (Figures 1B, 1C; Paillet
1998). From hereon, these conduits will be referred to as
connections to infinity. It should be noted that in systems
with more than two wells, the conductance values
between any two wells and between the wells and infinity
may be influenced (increased) by additional bores that
provide connections between previously isolated fracture
sets. However, this is only of concern if we attempt to
give physical meaning to the conductance values.

The drawdowns in each well are controlled by the
conductance values of the various conduits. The flow rate
through each conduit can be represented by Equation 1,
and the flow rate at each well is the sum of the flow in the
conduits connected to the well.

The model will be developed initially for two wells.
It is assumed that the natural gradient is negligible com-
pared to the imposed gradient, the hydraulic head at
infinity (or radius of influence) is constant in time, the
flow field has approached steady state, fracture apertures
do not change with differing pumping rates, no hydraulic
boundaries are encountered, and fractures are not drained
or filled. The strictness of these assumptions will be dis-
cussed later in the paper. In the following, flow rates
from withdrawal wells are considered as positive values,
injection rates as negative, lowering of water level as pos-
itive drawdown, and raising of water level as negative
drawdown.

To determine the conductance values, it is necessary
to perform two hydraulic tests. The flow into or out of
each well is partitioned into flow to or from infinity and
flow between each well. For the first test, the flow rate
for well 1 is given by

Q11 = CiwHy + Ci2(Hyy — Hyp) (5)
and the flow rate for well 2 is

Q1 = CruHin + Cra(Hi2 — Hin) (6)
For the second hydraulic test, the equations are

Q12 = CouHip + Ci2(Hi2 — Hit) (7)

02 = CouwHy + Cr2(Hyp — Hai) (8)

where Q;; is the pumping rate for test i and well j, H;; is
the drawdown in well j as a result of pumping test i, C}
is the conductance of well 1 to infinity, C,. is the con-
ductance of well 2 to infinity and C), is the conductance
of the connection between wells 1 and 2 (Figures 1B,
1C). (For an equal-strength dipole test, Q;1 = —Q;.) The
possible combinations of flow geometries are shown in
Figure 2.

Ci and C; can be solved independently from C,
by forming two equations from the addition of Equations
5 to 6 and Equations 7 to 8. There remain the original
four equations to determine C;,, each of which will
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v A
Geometry 1 —p-0———P-Oo¢—
H;>0 H,<H, H,>0

v A
Geometry2 4— 0——POo4—
Hy<0 Hy<H, Hy>0

v A
Geometry 3 4—Oo0———Pp-O0—Pp>
Hy<0 Hy<H, H,<0

Figure 2. Schematic representations of the three flow
geometries discussed in the text for different values of the
injection/withdrawal rate ratio. When H; = 0, there is no
flow to or from infinity at well 1. When H, = 0, there is no
flow to or from infinity at well 2.

technically suffice. It is a numerically more robust pro-
cedure to solve the overdetermined system for all three
conductances in a least squares regression procedure.
This amounts to solving the matrix equation for the con-
ductance values

[H]" [H][C] = [H]"[0] 9)

where [H], [C], and [Q] are the respective matrices of
drawdowns, conductances, and pumping rates, and [H]T
is the matrix transpose of [H].

To use the previous equations, it iS necessary to
hydraulically test both wells in some manner. This can be
a single-well test in each well (flow rate for a nonpump-
ing well is zero), a single-well test in one well along with
a dipole test (equal or unequal strength), and two dipole
tests, where at least one must be of unequal strength
(if both are of unequal strength, the second test must
have flow rates that are in different ratios to the first).
Drawdowns must be measured in each well for each test.

Recovery of Injected Water and Potential Dilution

The conductance values determined from the hydrau-
lic tests can be used to estimate the fraction of injection
water that actually makes it to the withdrawal well and
the fraction of the withdrawn water that is injected water.
For a dipole, three flow geometries can be envisioned
(Figure 2): (1) the withdrawal rate is so great that all
water injected is removed at the extraction well while
mixing with water coming from infinity; (2) the injection
and withdrawal rates are such that the injection flow can
be divided between what flows to the extraction well, and
what flows to infinity and water extracted can be divided
between what comes from the injection well and what
comes from infinity; and (3) the injection rate is so great
that all water extracted comes from the injection well,
while the remainder of the injected water flows out to
infinity. Subsequently, the conditions necessary for the
transition from one flow geometry to another will be
determined from the conductance values, which will
allow an estimation of the fraction of the injected
water that is recovered and the potential dilution at the
withdrawal well.



The injection flow can be divided between what
flows to the extraction well and what flows to infinity.
Consider a dipole test such that:

01=—R0O»

where R is the ratio of magnitude of the injection rate to
magnitude of the withdrawal rate (for a dipole of equal
strength, R = 1). For notational simplicity, we suppose
that well 1 is the injection well and well 2 is the extrac-
tion well and omit the subscripts for test number, so that
0 < 0is the injection flow rate, O, > 0 is the withdrawal
flow rate, and H, and H, are the drawdowns in the injec-
tion well and withdrawal well, respectively. The flow rate
between wells 1 and 2 is given by

g2 = Cin(Hy — H,)

(10)

(11)

The transition from flow geometries 1 to 2 occurs
when the magnitude of the injection rate is such that there
is no water table rise or drawdown in the injection well,
H, = 0, and there is no flow to infinity and all the in-
jected water goes to the extraction well. The value of R,
say Ry, at which this transition occurs is found using
H, = 0 with Equations 5 and 6 and then Equation 10 to
yield

C
- e 12

When R < R, the withdrawal rate is great enough
to produce a net decrease in water level in the injection
well, and flow between the injection and withdrawal
wells is a sum of all flow being injected and the flow
from infinity to the injection well (geometry 1 in Figure 2).
As Q) — 0, the geometry approaches that of a convergent
monopole.

The transition from flow geometries 2 to 3 occurs
when the withdrawal rate is such that there is no net
change in water level in the withdrawal well, H, = 0, and
there is no flow from infinity and all extracted water
comes from the injection well. The value of R at which
this occurs, say Ry, is found by using H, = 0 with Equa-
tions 5 and 6 and then Equation 10 to give

C12 + Cloo
=2 e 13
ch (13)

When R > R,, the injection rate is great enough to
produce a net increase in water level in the extraction
well, resulting in no withdrawal water coming from infin-
ity, and all the water being withdrawn is water that is
being injected (geometry 3 in Figure 2). As O, — 0, the
geometry approaches that of a divergent monopole.

Flow geometry 2 occurs when Ry < R < R; (Figure 2),
which results in both an increase in water level in the
injection well (H; < 0) and a decrease in water level in
the withdrawal well (H, > 0).

Ry

R;

Potential Mass Recovery

An estimate of the maximum amount of an injected
mass that can be recovered during a tracer test can be
made from the fraction, F, of the injection flow rate that
contributes to the withdrawal rate, defined as

_an
0
The fraction F can be considered as the maximum
mass recovery that can be expected due to the impact of
interwell connectivity in the absence of other physical
and chemical attenuation factors. Explicit values of F in
terms of conductances and critical values of R can be
derived from Equations 5, 6, 10, and 12. For the values of
R between R, and R, Equation 14 can be solved by alge-
braically combining Equations 5 and 6, resulting in

F (14)

F=1 forR<Ry

Ci2Ciw + RC12Ch0

F:
R(CIZCIOO +ClooC2oo + CuCzOo)

fOfR() SR SR]

F:l forR >R, (15)

R

It is important to note here that for a dipole of equal
strength (R = 1), the fraction of the flow between the two
wells (F) is the same regardless of which is the injection
and which is the withdrawal well. However, for a dipole
of unequal strength, the value of F between the two wells
is dependent on which is used for injection and with-
drawal as reflected by the presence of the R term in the
numerator of Equation 15.

Dilution at the Withdrawal Well

The previous equations illustrate that potential mass
recovery is related to the conductance values, ratio of
injection to withdrawal rates, and the direction of flow. A
significant impact is expected on concentrations of tracer
recovered, with dilution potentially being quite signifi-
cant. A dilution factor, Dg, can be defined as the contri-
bution of injection water to the total withdrawal

—q12
2

Dr = =RF

(16)

Relationship of R to F and D¢

The relationships between the flow ratio, R, the
potential fraction of injected water recovered, F, and the
dilution factor at the withdrawal well, D, are illustrated
in Figure 3 with all conductance values normalized to
Cio, with Co = Cjp = 1 and C;» = 0.1, 1.0, and 10.
For each case illustrated, when R < Ry, all of the water
injected is recovered, so F = 1. The dilution factor in-
creases linearly as R — Ry, as more of the recovered
water is supplied by the injection well (Figure 3). When
R > Ry, some of the injected water now is flowing to
infinity away from the withdrawal well and F < 1, yet
more of the recovered water is coming from the injection
well, resulting in less dilution (Df increases; Figure 3).
When R > R, all water being withdrawn is coming from
the injection well, so there is no dilution with water from
infinity and Dg = 1, but at the same time, more of the
water being injected is flowing out to infinity causing F
to decrease (Figure 3). Therefore, when R < R,, mass
recovery is at a maximum while there can be significant
dilution in the withdrawal well (Figure 3); when R > Ry,
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2 3 4
R

Figure 3. Relationship of fraction of mass recovered () and
the dilution factor (Dy) to injection-withdrawal rate ratio (R)
for C{, = 0.1, 1.0, and 10 with C, = C,, = 1. Conductance

values are normalized to Cy,. Ry and R, are transition values
as defined in the text.

the effects of dilution are at a minimum, while there can
be considerable mass loss.

The values of Ry and R; are controlled by the rela-
tionship of the three conductance values. The value of R,
is the same for all examples shown in Figure 3 but the
values of R; are quite different for the three values of C|
used: Ry = 1.1 for C1 = 0.1, Ry = 2.0 for C,. = 1.0,
and R; = 11 for Cy» = 10. For the latter value of C;,
the injection rate would need to be at least 11 times that
of the withdrawal rate to get no dilution, but >90% of the
injected water would not be recovered.

As illustrated in Figure 3, there is a trade-off
between mass recovery (F) and dilution (Dg) that is
a function of the conductance values and the ratio of the
injection to withdrawal rates (R). If it is desired to maxi-
mize mass recovery, then it would be best to use the con-
dition where R < R,. However, as the value of R
decreases relative to R, the amount of dilution increases
(Figure 3). If it is desired to minimize dilution, then it
would be best to use the condition where R > R;. In addi-
tion, as the value of R increases relative to R, the amount
of mass loss increases (Figure 3). In many cases, the opti-
mal pumping ratio to use for mass recovery and dilution
may be a value of R = 1 (equal-strength dipole).

Three-Well Solution

In some situations, it will be necessary for the use of
equations to calculate conductance values using three
wells. The approach for determining the conductance val-
ues for a three-well problem is similar to that used for the
two-well problem: assume flow through each well is
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a sum of the flow from infinity and the flows from each
of the other two wells (Figure 1D):

01 =C\xH +Ci2(H — Hy) + C31(H; — H3) (17)

0> = CouHy + Cio(H, — Hy) + C3(H, — H3)  (18)

To solve the three-well problem, it is necessary to
perform three separate hydraulic tests involving all three
wells. Equations 17 to 19 would be written for all three
hydraulic tests. The values of C|«, C>, and C5, can be
found by summing together the equations for each test,
but it is numerically more robust solving for all six con-
ductances from a 9 X 6 overdetermined matrix. For
hydraulic testing, different combinations of tests can be
used (remembering that heads need to be measured in
each well for each test): 3 single-well tests; a single-well
test followed by two dipole tests using the single well as
one of the poles; dipole tests between all three; etc. One
situation where this method is useful is when there are
three or more wells at a site. One well can be used in a
single-well test, followed by dipoles created with two
other wells using the well tested as one of the poles. With
this method, the conductance between the other wells not
used for single-well testing can be determined.

Equivalence of Two-Well and Three-Well Networks
in a Dipole Test

When the conductance values are determined using
three wells, the two-well mass balance equation can be
used to determine well pairs that would give the best
mass recovery for a dipole tracer test. To do so, the con-
ductance values including the third well need to be incor-
porated for the mass balance calculations. For a dipole
between well 1 and well 2, the equivalent conductances
are found by setting O, = —(Q; in Equation 18 and Q3 =
0 in Equation 19, and solving Equations 17 to 19 simulta-
neously to arrive at

C31C3oo
Clo = Cioo+——L3% 20
! 1 i + Ca1 + Co3 (20)
CQ’;C‘ioo
Che = Crop+ ——2 3% 21
2 2% Crm + C31 + O (21)
C; C
Ciy=Cpp + 31223 (22)

Ci300 + C31 + Co3

These values are used in Equations 13 to 15 by
substituting the corresponding unprimed term. Sets of
three conductance values for dipoles between wells 2 and
3 and wells 3 and 1 are obtained from Equations 20, 21,
and 22 by cyclic symmetry of the conductance subscripts;



i.e., for wells 2 and 3, the subscripts in the previous equa-
tions are altered: 1 — 2,2 — 3,and3 — 1.

Illustrative Applications

In this section, the previous equations will be applied
to theoretical examples to illustrate how they can be used
to guide the design and implementation of field-scale
tracer tests in fractured systems to optimize mass recov-
ery. The discussion to follow is based on using a conserva-
tive tracer with no other types of mass loss except for
flow along conduits not connected to the withdrawal well
and apparent loss due to dilution. Mass loss by other pro-
cesses, as described earlier, will result in even less mass
recovery.

Determination of Well Pairs to Maximize Mass Recovery

The analysis presented previously can be used to
choose well pairs in order to maximize mass recovery for
tracer tests performed in a flow field of a dipole of equal
strength. For this example, there are three wells (1, 2, and
3) in the field site and hydraulic tests have been per-
formed with the conductance values given in Table 1.

Using these conductance values in Equations 20 to
22, the mass recovery between the possible well pairs for
tests with dipoles of equal strength (R = 1) can be esti-
mated from Equation 15, resulting in F, = 0.35, Fi3 =
0.88, and F»3 = 0.13 (with F;; being the recovery esti-
mates between wells i and j). The analysis indicates that
the best wells to use to optimize mass recovery are wells
1 and 3 and since R = 1 and Dg = 0.88.

Direction for Weak Dipole

The technique can be used to identify the best direc-
tion to use if it is decided to conduct an unequal-strength
dipole tracer test. We will use the example in Table 1 for
the dipole between wells 2 and 3. The estimated fraction
of the injected water recovered for a dipole of equal
strength is 0.13, regardless of flow direction. If it was
decided that a weak dipole should be used, with the injec-
tion rate being 10% of the withdrawal rate (R = 0.1), the
estimated recovery is dependent upon the direction of
flow. If injection is in well 2 and withdrawal from well 3,
then F = 0.91. If the direction is reversed, then F = 0.54.
Since R = 0.1, the dilution factors are 0.09 and 0.054,
respectively. For the weak dipole, it is advantageous to

choose the direction predicting the greatest mass recovery
and least amount of dilution as given by Equation 16.
Quantification of the degree of dilution can also assist in
determining the concentration of tracer to be injected.

Application to Field Examples

Two field sites were chosen to test the applicability
of the approach. Both sites are in the Clare Valley of
South Australia, located ~100 km north of Adelaide.
Numerous investigations into ground water flow through
fractured rocks have been done in the area (Cook et al.
1999; Cook and Simmons 2000; Sanford et al. 2002). At
both locations, hydraulic tests were performed in order to
calculate conductance values, and tracer tests were car-
ried out using dipoles of equal strength. The Wendouree
site is underlain by the fractured Auburn Dolomite of
Proterozoic age that consists mainly of thin-bedded dolo-
mite with dark slate and siltstone present (Morton et al.
1998). At this site, the hydraulic and tracer tests were per-
formed vertically between a nest of three piezometers.
The Duncan site is located ~3 km southwest of the
Wendouree site and is underlain by the fractured Undalya
Quartzite (Morton et al. 1998). At this site, the hydraulic
and tracer tests were performed subhorizontally between
piezometers.

Methods

Tracer tests were conducted at both sites using bro-
mide and dissolved helium. The methods are described in
detail in Sanford et al. (2002) for a tracer test at the Wen-
douree site. The other tracer tests are unpublished but fol-
lowed the same procedures. All tests were done in the
flow field of a dipole of equal strength. Once the flow
field was established (flow rates ranging from 2.7 X 1075
to 1.0 X 107* m3/s (1.6 to 6.0 L/min)), a pulse of tracer-
tagged water was added (lasting 49 to 80 min), then fol-
lowed by tracer-free water for 9 to 27.5 h. Samples were
collected at the withdrawal well and analyzed for tracer
concentrations following the procedures outlined in Sanford
et al. (2002). In some cases, multiple tracers were used
to investigate the effects of matrix diffusion on solute
transport in the region.

The hydraulic tests were performed with a submers-
ible pump using flow rates similar to those that were used
for the tracer tests. All tests were continued until

Table 1
Conductance Values (m?/s) Used for Illustrative Examples. Values Represent Data from a
Three-Well Solution. F' Values Are Those for a Dipole of Equal Strength (R = 1)

Conductance Dipole 1-2 Dipole 1-3 Dipole 2-3
Ciw 5% 1073 C'hw 53X 1073 C'o 57 X 1073 C'ho 34X 1073
Cro 3X 1075 C're 3.1 X 1073 C'30 7.3 X 1077 C'30 1.8 X 107>
Cio 1X1075 C' s 1 X103 C'15 52X 106 C'ys 1.8 X 1076
Cis 1 X103 Fi 0.35 Fi3 0.88 Fo;3 0.13
C13 5% 107¢
Cys 1X10°°
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drawdown ceased. For the dipole tests, the discharge end
of the submersible pump was placed into a different
piezometer.

Wendouree Results

Three nested piezometers (P4, PS5, and P6) were used
at the Wendouree site. The vertical piezometers are con-
structed of 50-mm-diameter polyvinyl chloride installed
in a 250-mm-diameter bore. Each piezometer has
a screened interval of 3 m with P4 at 27- to 30-m depth,
P5 at 18- to 21-m depth, and P6 at 9- to 12-m depth. The
screened sections are separated by bentonite and cement
plugs. At this site, a single-well hydraulic test was per-
formed in each piezometer with equal pumping rates of
8.3 X 1073 m3/s (5.0 L/min). The drawdowns resulting
from the hydraulic tests at Wendouree are given in
Table 2. Conductance values were calculated using the
three-well solution (Equations 17, 18, and 19) and are
given in Table 3.

A tracer test was conducted in 1999 between P5 and
P4 (Sanford et al. 2002). In this test, a steady-state dipole
with flow rates of 7.8 X 1073 m3/s (4.7 L/min) was used
and bromide and helium were the tracers. Following the
hydraulic tests discussed previously, another tracer test
using bromide and helium was conducted between P6 and
P5 at a flow rate of 2.7 X 1075 m?3s (1.6 L/min). As
helium has a smaller aqueous diffusion coefficient than
bromide, the use of dual tracers allowed investigation of
the effects of matrix diffusion. Breakthrough of helium
and bromide in both tests clearly show effects of matrix
diffusion (Figure 4A).

The Wendouree conductance values were used in
Equations 20 to 22 and Equation 15 to determine F values
for the tests from PS5 to P4 and P6 to P5. It is estimated
that for a dipole of equal strength, 29% of the injected
flow into P5 should be recovered in P4 and 54% of the
injected flow into P6 should be recovered in P5. For the
tracer test from P5 to P4 run in 1999, the mass recovery
of bromide was 24% and of helium was 21% (Figure 4B),
which compares well with the 29% recovery predicted
from the hydraulic tests performed in 2004. For the tracer

test from P6 to P5, 55% of the mass of injected bromide
and 50% of helium was recovered (Figure 4B), again
close to that estimated from the conductance values. Note
that for both tracer tests, the mass recovery curves were
beginning to plateau when the tracer concentrations fell
below the detection limits.

Duncan Results

The Duncan site has three nests of piezometers (des-
ignated C, M, and S), which are aligned north-south. The
M piezometers are located 6.2 m south of the C piezome-
ters, and the S piezometers are located 12.5 m south of
the M piezometers. Each nest consists of 5 piezometers
with 3-m screen lengths at depths of 10 to 13 m, 20 to 23
m, 30 to 33 m, 40 to 43 m, and 50 to 53 m, separated by
bentonite and cement plugs. They are numbered from 1
to 5 with 1 being the deepest and 5 being the shallowest.
The topography of the site is relatively flat, so the corre-
sponding depths for each nest are at the same elevation.

At the Duncan site, single-well and equal-strength
dipole hydraulic tests were performed: a single-well test
was performed in M3 (Q = 8.3 X 107> m3/s [5.0 L/min])
and dipoles were established from M3 to C3 (Q = 1.0 X
10~* m3/s [6.0 L/min]), C3 to M3 (Q = 6.7 X 107> m3/s
[4.0 L/min]), and M3 to S3 (Q = 1.0 X 1074 m3/s [6.0
L/min]). The drawdowns from these tests are given in
Table 2. The conductance values for M3 to C3 were cal-
culated using tests 4 and 5 (Table 2), conductance values
for C3 to M3 were calculated using tests 4 and 6
(Table 2), and the conductance values for M3 to S3 were
calculated using tests 4 and 7 (Table 2). All the conduc-
tance values for the Duncan site are given in Table 3.
Note that the estimated value of Cyj3. is essentially the
same for the tests from C3 to M3 and M3 to C3, but the
value is different for the M3 to S3 test due to the different
directions.

A series of tracer tests using bromide were conducted
between piezometers C3 and M3 at different flow rates.
A single test was also conducted in the reverse direction
(from M3 to C3), and one test was conducted between
M3 and S3. All of these tracer tests were performed

Table 2
Steady-State Drawdown Values Resulting from Hydraulic Testing at the Wendouree and Duncan Sites and the
Different Test Configurations. Negative Values of Drawdown Indicate Water Level Rise in the Piezometer

Drawdown (m)

Wendouree Data

Test Hydraulic Test Configuration P4 PS5 Po6 Pumping Rate (m?3/s)
1 P4 (single well) 0.34 0.07 0.03 83 X 1073
2 P5 (single well) 0.07 0.50 0.13 83 X 1073
3 P6 (single well) 0.03 0.12 0.25 83 X 1073
Duncan Data
M3 C3 S3
4 M3 (single well) 53 0.77 0.44 83 X 1073
5 In M3-out C3 (equal dipole) —-6.0 0.74 — 1.0 X 1074
6 In C3—out M3 (equal dipole) 4.42 —0.51 — 6.7 X 1073
7 In M3-out S3 (equal dipole) —6.38 — 1.86 1.0 X 1074
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Table 3
Conductance Values (m?/s) at the Wendouree and Duncan Sites Based on
Measured Drawdown Values Given in Table 2

Wendouree Duncan

Three-well solution Cyoo =2.1 X 1074 Cys =29 X 1075 M3 to C3 C3eo =5.0 X 1073
Cso = 6.6 X 1075 Cye=1.6 X 1073 CMze = 6.3 X 1070

Cooo = 2.8 X 1074 Csg=8.1 X105 Camscz = 7.7 X 1076

Two-well solution P5 to P4 Clse =13 X 107% C3 to M3 Cezw =52 X 1077
Clyw =22 X 1074 Cavzee = 7.0 X 1076

C's,=32X%10°5 Ceans = 8.7 X 1076

P6 to P4 Cloe =29 X 1074 M3 to S3 Cvmzo = 1.2 X 1075

C'se =9.0X 1073
C/65 =83 X 1075

Cs3w =39 X 10_5
CM3—S3 =33X 1076

before the development of the technique presented in this
paper. One of the tracer tests between C3 and M3 also
included the use of helium, and the effect of matrix diffu-
sion is evident in the separation of the bromide and
helium (Figure 5A). The breakthrough curves of the other
three tracer tests are given in Figure 6A.

Based on conductance values determined from the
hydraulic tests, the mass recovery for an equal-strength
dipole between C3 and M3 (either direction) is estimated
to be 58%. The actual mass recoveries for the tracer tests
from C3 and M3 were 52% of the bromide with a flow
rate of 1.0 X 10™* m3/s (6.0 L/min; Figure 6B) and 52%
bromide and 39% helium with a flow rate of 3.8 X 107>
m?3/s (2.3 L/min; Figure 5B). For the tracer test from M3
to C3, the actual recovery was 36% of the bromide with
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Figure 4. Results of the tracer tests at the Wendouree site.
(A) Breakthrough curves, (B) mass recovery curves.

a flow rate of 1.0 X 107 m3/s (6.0 L/min; Figure 6B).
The mass recovery curve for the M3 to C3 test (Figure 6B)
clearly shows that the tracer test was stopped too early.
Note that the mass recovery curves had not yet flattened
for a few of the tests when the concentrations fell below
the detection limit.

For the one test performed from M3 to S3, the esti-
mated mass recovery is 27%, with the actual mass recov-
ery being 2% for a flow rate of 1.0 X 10=* m3/s (6.0
L/min; Figure 6B). The reasons for the low recovery for
the M3 to S3 test are not clear. The mass recovery curve
shows that the tracer concentration was beginning to
increase. In addition, for this configuration, the dilution
factor at the withdrawal well is 0.27. Therefore, the
low recovery was most likely a combination of stop-
ping the test too soon and dilution at the withdrawal well,
both coupled with the effects of matrix diffusion and
dispersion.

Discussion

The analyses of aquifer tests presented above can be
used to determine the strength of connections between
wells in highly fractured aquifers. The procedure is
essentially calculating the fraction of stream tubes leav-
ing the injection well that connect to the withdrawal well
and then calculating the fraction that these stream tubes
contribute to the flow entering the withdrawal well.
Because of the many processes of solute transport which
result in actual or apparent mass loss, such as sorption,
matrix diffusion, dispersion, degradation or decay of the
tracer, apparent loss by dilution, stopping the test too
early, ambient flow and tracer-tagged water following
fractures that are not connected to the withdrawal well,
this technique will allow for maximizing the hydraulic
connections between wells to use in a tracer test, thereby
optimizing potential tracer recovery and amount of dilu-
tion. The results of the analyses can be used to identify
well pairs to use for equal-strength dipoles and, for tracer
tests performed under other types of forced gradient con-
ditions (monopoles and weak dipoles), determine which
wells to use for injection and withdrawal and what pump-
ing rates to use to get maximum tracer recovery and min-
imal dilution.

W.E. Sanford et al. GROUND WATER 44, no. 4: 564-573 571



0.06 . . : . .
A)
005 ©° 1
°° o o Br
0.04 00 6 + He 1
o +o0_©
o ++ 4°
8 0.03] of 40° |
+ #"?.:o o
002 ° éﬁp o OOOO b
+ +He o ° ()
+
0.01 ¢ 4t o
++ o
3 i
0-00 1 1 1 1 1
B)
50 - 1
Fa
[ o
4 L O 4
: -
€ 30
et 1
a S *
s 20f $ ’
R Sy
10 SF ;
oF
of
N
0 5 10 15 20 25 30

Elapsed Time (Hours)

Figure 5. Results of tracer tests at the Duncan site. (A)
Breakthrough curves for bromide and helium from the test
between C3 and M3 at 2.3 L/min, (B) mass recovery curves.

Limitations

In the development of the technique it is assumed
that the natural gradient is negligible compared to the
imposed gradient, the hydraulic head at infinity (or radius
of influence) is constant in time (no drawdown), the flow
field has approached steady state, fracture apertures do
not change with differing pumping rates, no hydraulic
boundaries are encountered, and fractures are not drained
or filled. Clearly, these situations will affect the calcu-
lated values of conductance, and hence cause some errors
in the predicted mass recoveries and tracer dilutions. In
the case of an ambient flow field, the errors can be mini-
mized by creating large head gradients during pumping
tests. In the case of draining and/or filling fractures, the
errors can be minimized by conducting the hydraulic tests
at similar pumping rates as the tracer tests to be con-
ducted. In any case, these situations should be apparent
if hydraulic tests are conducted at different pumping rates
and drawdowns at the different pumping rates are com-
pared.

Summary

The technique for optimizing mass recovery and
dilution during forced gradient tracer tests in fractured
aquifers using the results of hydraulic tests has been
developed based on the idea of superposition. By hydrau-
lically testing 2 or more wells, the simple mathematical
analyses can be used to determine the strength of
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Figure 6. Results of tracer tests at the Duncan site. (A)
Breakthrough curves for bromide between C3 and M3, M3
and C3, and M3 and S3, each at 6 L/min. (B) Mass recovery
curves.

connection (conductance) between the wells, which can
then be used to estimate mass recovery and dilution dur-
ing forced gradient tracer tests. For tracer tests using
other than equal-strength dipoles, the mass recovery is
dependent upon the direction of flow and the ratio of
injection/withdrawal rates. Low mass recovery for tracer
tests in highly fractured rock is often reported in the liter-
ature. A significant portion of the loss could be the result
of tracer being injected into fractures which do not con-
nect to the withdrawal well and/or significant dilution at
the withdrawal well by tracer-free water. Having an esti-
mate of maximum mass recovery, in the absence of other
forms of mass loss, and potential dilution before the
tracer test is performed will provide information to use in
modeling to allow for optimization of tracer concentra-
tions, flow rates for injection and withdrawal, flow direc-
tions, and total duration of the test.
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