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Abstract: Pumping and tracer tests are commonly used to measure aquifer parameters such
as hydraulic conductivity. Hydraulic conductivity is, however, difficult to characterize;
especially in heterogeneous karst terrain. In this research, results of pumping and tracer
tests are combined to determine hydraulic conductivities of the karst terrain at the
Salman Farsi Dam Site. Pumping test data were analyzed by dual-porosity analytical
models. The tracer tests were used to determine seepage velocities based on the assump-
tion of Darcy’s law, with calculated Reynolds numbers consistent with laminar flow.
Geometric means of the hydraulic conductivities calculated from tracer tests were
consistently higher than results derived from pumping tests. Movement of injected dye in
a natural groundwater flow system is strongly controlled by preferential flow paths;
therefore the estimated hydraulic conductivity is mainly affected by major dissolution
openings. However, estimated hydraulic conductivity based on the pumping-test data is
representative of the average hydraulic conductivity. In addition, Lugeon (or packer) tests
were used to delineate the distribution of hydraulic conductivity within three boreholes.

INTRODUCTION

Aquifers in karst terrains are generally heterogeneous,
anisotropic, and complex. These aquifers have an intercon-
nected array of fractures and dissolution routes (Cacas et al.,
1990; Hestir and Long, 1990). The dual-porosity model is
an effective tool for modeling karst systems (Kovacs and
Sauter, 2007). The dual-porosity model was initially pro-
posed by Barenblatt et al. (1960) and developed in detail
by Streltsova-Adams (1978) and Gringarten (1982). The het-
erogeneity of karst aquifers, where solutional pathways have
orders-of-magnitude higher hydraulic conductivity than the
surrounding matrix porosity, requires careful application
of analytical tools.

A pumping test induces a perturbation to an aquifer by
pumping from a well, while at the same time measuring
aquifer responses in the form of head variations (Renard
et al., 2009). Selection of appropriate analytical and numer-
ical models is a key part of calculating the hydraulic char-
acteristics, such as hydraulic conductivity, transmissibility,
and storage coefficient, of the aquifer (Renard et al., 2009).
Hydrodynamic coefficients of aquifers in water resource
studies vary of many orders of magnitude, and small errors
in the calculation of these coefficients can produce errors
of several orders of magnitude in budgets and numerical
models of groundwater. Pumping tests do, however, directly
produce results for transmissivity and storage, which are the
key factors in groundwater studies (Drew and Goldscheider,
2007).

A simultaneous plot of the drawdown and the log-
arithmic derivative of the drawdown as a function of
time in a log-log scale is called a diagnostic plot (Bourdet
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et al., 1983). A conceptual model for interpretation of the
pumping test data is selected based on the diagnostic plot
technique combined with knowledge of the local geology
(Samani et al., 2006; Renard et al., 2009; Hammond and
Field, 2014). The major advantage of diagnostic plots is
that they provide a unified procedure to interpret pumping
test data (Renard et al., 2009). The main limitation of the
drawdown derivative approach to unsteady test analysis is
the discrete measurements of drawdown data from indivi-
dual times, because the rate of change of drawdown cur-
rently cannot be measured directly (Samani et al., 2006).
Modern data loggers can produce much better temporal
resolution than conventional hand measurements, as well
as more consistent vertical resolution.

Tracer tests are a powerful tool for determining the
origin, movement, and destination of groundwater in
hydrogeological investigations, particularly in karst areas
(Benischke et al., 2007). In hydrogeology, a tracer is any
kind of substance in the water or some other measurable
property of the water. It can be used to obtain information
on the groundwater flow and impurity transport (Benischke
et al., 2007). Through tracer testing, longitudinal and trans-
verse dispersivity and the ratio of hydraulic conductivity
and effective porosity can be determined (Lee et al., 2003).

Tracer tests have many advantages, allowing the
direct determination of flow routes and velocities and the
determination of the catchment area of springs (Drew and
Goldscheider, 2007; Lofgren et al., 2007). Tracer tests do
have limitations, especially where no tracer is recovered
(negative traces), where tracers from other studies interfere
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Figure 1. General geological map of the study area (modified from Mohammadi et al., 2010).

(false positives), where deep hydrogeological settings pro-
vide few monitoring points, and where high concentrations
of tracer may impact potable water supplies (Drew and
Goldscheider, 2007; Lofgren et al., 2007).

The combined application of pumping and tracer tests
was conducted first by De Laguna (1970) in a two-layered
sandy aquifer where a forced gradient tracer test was used
to determine what proportion of the pumped water was
coming from each sandy aquifer. Later applications of this
dual method include Dann et al. (2008) in a channelized
aquifer and Thorbjarnarson et al. (1998) in a stratified aqui-
fer, who showed higher hydraulic conductivity values from
tracer tests in comparison to pumping tests, though studies
by Niemann and Rovey (2000) in an area of glacial out-
wash and by Rovey and Niemann (2005) under laboratory
conditions in a sand tank have shown the opposite result.
Vandenbohede and Lebbe (2003), in a phreatic coastal plain
aquifer, found good agreement between pumping and tracer
tests. Given the dual porosity common in karst terrains,
a combined pumping and tracer tests allow evaluation of
hydraulic conductivities in solutional conduits within the
aquifer matrix. Tracer tests directly measure the ground-
water flow velocity better by taking into account and
compensating for heterogeneity (Vandenbohede and Lebbe,
2003; Drew and Goldscheider, 2007).

Technical projects in a karst terrain normally face cru-
cial technical, managerial, and political challenges due to
the complexity of the karst environment. Some engineering
problems in karst environments are caused by the presence
of caverns, sinkholes, shafts, and other preferential flow
paths that influence groundwater hydraulics (Milanovic,
2002; Parise et al., 2008, 2015a; Gutiérrez et al., 2014).

The objectives of this research were the comparison of
the hydraulic-conductivity values derived from pumping

and tracer tests and the evaluation of the effect of karst devel-
opment on the values obtained from selected tests at the Sal-
man Farsi Dam Site (SFDS), Fars Province, southern Iran.

MATERIALS AND METHODS

GEOLOGICAL SETTING

The SFDS is located near Ghir city, 190 km from the
city of Shiraz in Fars Province, in south Iran (Fig. 1). The
Salman Farsi Dam is an arch-gravity dam with 125 m
height and reservoir volume of 1,400 million cubic meters
that was constructed on the Ghareh-Aghaj River in Fars
Province.

The study area is situated at the Changal Anticline
(Fig. 1) of the Zagros Folded Belt, which is 200 to 300 km
wide and formed in the Upper Cenozoic. The SFDS is on
the northern limb of the Changal Anticline, which trends
NW-SE. The stratigraphy and structural framework of the
study area were studied in detail by Fars Regional Water
Authority (1990), Rahbari and Bagheri (1996), Vuckovié
and Milanovié¢ (2001), and Fazeli (2007). In this region,
the strata are from the Upper Cretaceous to the present
time. Overburden includes slopewash deposits of angular
rock fragments and alluvial terraces of cobbles, gravel,
sand, and silt located along the rivers. The Bakhtiari For-
mation (Pliocene-Pleistocene) includes conglomerate of het-
erogeneous particles with calcareous cement and has a large
extent within the Salman Farsi reservoir area. The Mishan
Formation (early to mid-Miocene) includes gray to green
marls, shaly limestone, and marly limestone outcropping in
the bottom and the banks of the reservoir (Vuckovié¢ and
Milanovié, 2001). The Razak Formation (Miocene) consists
of gypsum, marl, siltstone, and shale with marly limestone.
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Table 1. Summary of the tracer tests parameters at the SFDS (extracted from Khalaj Amirhosseini, 1997).

Injection Tracer
Point Sampling Points Detection Points Used
QR F QR 8, QR 12, QR 25, QR 28, QR 32, QR 34, QR 55, No detection Uranine
P.W. 2, Springs diversion tunnel, The river at location the dam,
QR 22, QR 26, G 6, The river at location bridge Abnema
QR 51 QR 8, QR 12, QR 25, QR 28, QR 32, QR 34, QR 55, Springs diversion Rhodamin B
P.W. 2, Springs diversion tunnel, The river at location the dam, tunnel
QR 22, QR 46, G 6, The river at location bridge Abnema
QR 56 QR 53, QR 54, Spring Yargh, River upstream of the injection No detection Uranine
point, River downstream of the injection point
QR 32 QR 8, QR 12, QR 25, QR 28, QR F, QR 34, QR 55, QR 28, The river at KCl
P.W. 2, Springs diversion tunnel, The river at location the dam, location the dam
QR 22, QR 26, G 6, The river at location bridge Abnema
QR 28 QR 8, QR 12, QR 25, QR F, QR 32, QR 34, QR 55, QR 8, QR 55 NacCl

P.W. 2, Springs diversion tunnel, The river at location the dam, QR 22,
QR 26, G 6, The river at location bridge Abnema

Upstream of the dam site the dip of the Razak deposits var-
ies from 55 to 65 degrees. This formation is widespread
in the reservoir area. The Asmari Formation (Oligocene-
Miocene) is dominated by limestones and is divided into
Upper, Middle, and Lower units. The Upper Asmari, con-
sisting of shelly limestone, marl, and marly limestone, out-
crops upstream of the dam axis, forming the eastern and
western reservoir banks (Fazeli, 2007). The Middle Asmari
is about 180 m thick and composed of limestone calcarenite,
cherty limestone, and nomolitic and oolitic limestones as
well as a small number of marl and marly limestone inter-
beds. The dam and its appurtenances, including grouting
curtain, are on the Middle Asmari, with its great lithological
diversity and highly developed karst features such as con-
duits, big caverns, and chimneys. The Lower Asmari is found
below the dam site and includes regularly bedded limestone
alternating with marls at the top, and thin to very thin lime-
stone and marly layers at the bottom (Fazeli, 2007). The rela-
tively impermeable Pabdeh-Gurpi Formation (Paleocene to
Oligocene) contains purple shale and marl with thin clayey
and marly limestone interbeds. Outcrops of Pabdeh-Gurpi
are found about 600 m downstream of the dam axis in the
river bed section.

HYDROGEOLOGIC SETTING

The hydrogeology of the study site was described by Fars
Regional Water Authority (1994), Aghili and Meidani
(1998), Milanovic et al. (2002), and Fazeli (2007). Tectonics
are the major control of karst structure and speleogenesis
of the karst massif. At the initial stage of karstification (frac-
tured limestone aquifer), groundwater movement through the
fractured limestone aquifer created dissolutional enlarge-
ment. Therefore, cave systems are composed of many seg-
ments of interconnected nets of discontinuities, such as
bedding planes, joints and shear fractures, faults, and their
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intersections. These structural elements play a key role in
the initial stage of karstification by directing the groundwater
flows (Vuckovic¢ and Milanovi¢, 2001; De Waele et al., 2011;
Parise et al., 2015b; Taheri et al., 2015). The Upper and
Lower Asmari have low permeability due to the existence
of some marly layers. The Middle Asmari contains a greater
proportion of pure limestone than the Upper and Lower
Asmari limestone. Brittle deformation is more predominant
in the Middle Asmari, producing ample pathways for
groundwater flow (Fazeli, 2007). The Middle Asmari consti-
tutes the main aquifer system at the SFDS and is confined by
the Upper Asmari at the SFDS (Aghili and Meidani, 1998;
Vuckovié¢ and Milanovi¢, 2001). Temperature was 38 °C in
the pumping well (QR 8) during the pumping test. Average
temperature was 28.4 °C in the injection and detection points
at the SFDS during the tracer test. Before the construction of
the Salman Farsi Dam, several springs and boreholes were
known to discharge into the Ghareh-Aghaj River from the
Asmari Formation; the sum of discharge of these springs
and boreholes was about 8 L s™! (Milanovi¢ et al., 2002).

Data USeED

Five tracer tests were performed at the SFDS from
November 1996 to February 1997 by the Water Research
Center of the Ministry of Power. Table 1 lists the injection
and sampling points and the detections, if any (Fig. 2).

One pumping test was conducted in well QR 8, and draw-
downs were measured in the six observation wells QR 49, QR
47, QR 22, QR 28, QR 25 and QR 55 (Fig. 2) on November
1997 by the Mahab Ghodss Consulting Engineering Com-
pany. Table 2 shows the radial distance of the observation
wells from the pumping well and some of their characteris-
tics. Lugeon tests were done in three of the boreholes (QR
22, QR 28 and QR 32) that were also used in the pumping
and tracer tests (Fars Regional Water Authority, 1995b).
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Figure 2. Locations of some of the wells used in the tracer tests, plus the springs diversion tunnel, and the wells used to measure

the drawdown from pumping well QR 8.

RESULTS

NATURAL GRADIENT TRACER TESTS

Tracer tests directly measure groundwater flow veloci-
ties, providing a measure of range of velocities and a corre-
sponding apparent hydraulic conductivity. Therefore tracer
tests provide an important calibration of groundwater flow
models in karst (Ghasemizadeh et al., 2012). Distance
from the injection point to the detection point (x) and time
of the center of tracer mass () were used for computation

of mean groundwater velocity v = x/¢. in Table 3. Time of
the center of tracer mass was extracted from breakthrough
curves (for example Fig. 3). Geometric means of porosity
(n) and the diameter of the channels, fractures, and conduits
(D) were assumed 10.55% and 0.1 m at the SFDS, respec-
tively according to Fars Regional Water Authority (1995a)
and Nazari (2008).

The Reynolds number (R,) is a dimensionless parameter
that determines the type of flow regime, laminar or turbu-
lent, with formula R, = pvD/u appropriate for pipe of

Table 2. Some characteristics of the pumping well and observation wells at the SFDS (Aghili and Meidani, 1998).

UTM (Zone 39 Datum)

Discharge Well Depth to Water  Thickness of the Distance from the
Borehole X Y (m*s™")  Depth (m) Table (m) Aquifer (m) Pumping Well (m)
QR 8 707531.06  3158326.57 0.04 95 12.2 82.8 0.0
QR 49 707537.38  3158306.96 0.0 85 243 60.7 20.6
QR 47 707486.08 3158302.52 0.0 140 7.4 132.6 51.0
QR 22 70741091  3158379.07 0.0 200 7.1 192.9 131.1
QR 28 707630.22 3158423.13 0.0 80 11.6 68.4 138.4
QR 25 707324.44  3158345.80 0.0 180 66.0 114.0 207.5
QR 55 707447.01 3158121.73 0.0 90 8.4 81.6 221.4
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Table 3. Estimation of hydraulic conductivity from tracer tests analysis using formulas v = x/t. and v = Kiln.

Tracer Test x(m) t(d) v(md') imm') Reynolds Number K (md~")
QR 51 to Springs diversion tunnel 850 42 20.2 0.0330 28.0 64.7
QR 32 to QR 28 220 15.7 0.0052 21.8 319.0
QR 32 to The river at the location of the dam 160 22.9 0.0108 31.7 2234
QR 28to QR 8 140 60 2.3 0.0049 3.2 50.3
QR 28 to QR 55 230 62 3.7 0.0081 5.1 48.3
Geometric mean 249.3 - - - 102.3

diameter D, where p is the density of the fluid and u is the
dynamic viscosity of the fluid (Chanson, 2004). Laminar
flow dominates when the Reynolds number is less than
about 2,300, known as the critical Reynolds number, in
pipe flow (Shaughnessy et al., 2005). However in karst ter-
rains, laminar flow becomes unstable at Reynolds numbers
in excess of 1,500 and transitions to turbulent flow at
Reynolds numbers above 6,000 (Veress, 2010). Calculated
groundwater flow Reynolds numbers were well within the
laminar flow Reynolds numbers at the SFDS (Table 3).
Application of the Darcian Flow Law v = Ki n™', where K
is the hydraulic conductivity and i is the hydraulic gradient,
is suitable only within the laminar flow regime.

The hydraulic conductivity was calculated for the five
successful tracer paths tabulated in Table 3, one of which,
QR 28 to QR 8 (Fig. 2), also provided pumping test data.
Reynolds number (= 30) were well within laminar flow lim-
its, and hydraulic conductivity ranged from 50 to about 320
m d! (Table 3). The flow directions of the successful tracer
tests (Table 3, Fig. 2) generally follow the topography (Fars
Regional Water Authority, 1994); the tracers moved toward
the dam site.

PumpING AND LUGEON TESTS

To calculate the hydrodynamic coefficients of the aqui-
fer, the analytical models provided by Moench (1984) and
Barker (1988) were applied in the study area. Dewandel et al.
(2005) proposed that Moench’s model for a dual-porosity
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Figure 3. Breakthrough curve of Rhodamin B in the QR 51 to
springs diversion tunnel dye trace (Khalaj Amirhosseini,
1997).
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media is consistent with most of the pumping tests in karst
aquifers.

The diagnostic plots showed that boundary interference was
not evident in any of the test data at the SFDS. The diagnostic
plots, such as those in Figures 4 and 5, of the observation wells
suggested Moench’s analytical model for the observation wells
QR 49 and QR 47 and Barker’s analytical model for the obser-
vation wells QR 22, QR 28, QR 25, and QR 55 (Fig. 2).

Hydraulic conductivity was calculated for the six moni-
toring wells based on the pumping test at QR 8. One path
has data from both the tracer test and pumping test. Hydro-
dynamic coefficients of the aquifer were calculated using
AQTESOLV (Duffield, 2007). Hydraulic conductivities
from the pumping tests ranged from 8 to 160 m d~' with a
geometric mean of 30 m d~' (Table 4).

Hydraulic conductivity was also determined from three
Lugeon, or packer, tests. Results were reported in Lugeon
unit (L,) around the boreholes QR 22, QR 28, and QR 32.
Approximately 1 L, is 0.1 m d™' in fractured rocks (Kovacs,
1981). Hydraulic conductivities from the Lugeon tests
ranged from 0.02 to 75 m d™' (Table 5).

DiscussioN

The results of the estimated hydraulic conductivity are
presented in Tables 3, 4, and 5. The wide range of hydraulic
conductivity is representative of the notable local heteroge-
neity in the karst aquifer at the Salman Farsi Dam Site. The
geometric means of the hydraulic conductivity were 100
and 30 m d~' for tracer and pumping tests, respectively.
From the Lugeon tests, the mean hydraulic conductivity
was 3.8 m d”!. The Lugeon tests are important because
they are much more sensitive to the rock matrix, in great
contrast to the tracer tests, which are dominated by flow
in conduits and fractures. The geometric mean of the
hydraulic conductivity obtained by the tracer tests was
three and a half times greater than the pumping test results.
Greater values for the geometric mean of the hydraulic con-
ductivity in the tracer tests may be due to the scale effect
(Kiraly, 1975), because the geometric mean of the distances
in the tracer tests (249.3 m) is more than the geometric
mean of the distances in the pumping test (97.8 m) and
Lugeon tests (30 m according to Bliss and Rushton,
1984). In other words, on a longer distance scale, the role
of macrofractures and dissolution openings increases in
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Figure 4. Moench (1984) analytical model is suggested for
the observation well QR 47 based on this diagnostic plot from
the pumping test ((l amount of drawdown; + derivative of
drawdown).

karst terrain, so it is expected that the hydraulic conductiv-
ity should increase, too. In the path QR 28 to QR 8 com-
mon to both tests, the hydraulic conductivities were 50
and 30 m d~! based on the tracer and pumping tests, respec-
tively. Different values for hydraulic conductivity in one
path may be due to the different hydraulic behavior of
groundwater flow in the karst terrain during tracer and
pumping tests. In a pumping test, groundwater mainly
flows from the both macrofractures and matrix (Moench,
1984; Maréchal et al., 2008), while in a tracer test ground-
water and dissolved dye mainly flow via the macrofracture
and dissolution openings routes toward the observation
points (Gouzie et al., 2010). In other words, transmission
of dye in anisotropic media in tracer test is mainly via
routes with minimum head loss (Salgado-Castro, 1988;
Nassimi, 2011) such as dissolution-created channel and
conduit (macrofracture) routes, while in a pumped well
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that taps anisotropic media, groundwater flows through
both macrofractures and matrices in the cone of depression
(Moench, 1984). The heterogeneous karst terrain at the
SFDS is composed of many dissolution openings including
caves, channels, and shafts that have been enlarged along
geological discontinuities such as bedding planes, joints,
and shear fractures. These structural elements developed
as conduit routes play a major role for groundwater flow.

In the Burnham field site, near Christchurch on the
South Island of New Zealand, “the combined use of pump-
ing and tracer test data enabled the derivation of equivalent
average hydraulic conductivities (K,y,) for each test in a het-
erogeneous channelized alluvial aquifer, whereas K values
of the preferential flow paths were two orders of magnitude
higher” (Dann et al., 2008). Also K estimated from tracer
test was six times greater than the K,,, estimated from a
pumping test in a stratified aquifer at the Bonita, California,
field site (Thorbjarnarson et al., 1998).

Table 4. Estimation of hydraulic conductivity from analysis of pumping test using Moench (1984) and Barker (1988) analytical

models.

Borehole Distance from the Pumping Well (m) ~ Analytical Model ~ Transmissivity (m”*d™") K. (m*d™")
QR 49 20.6 Moench (1984) 522.0 8.6
QR 47 51.0 Moench (1984) 2,347.0 17.7
QR 22 131.1 Barker (1988) 3,723.0 19.3
QR 28 138.4 Barker (1988) 1,976.8 28.9
QR 25 207.5 Barker (1988) 6,748.8 59.2
QR 55 221.4 Barker (1988) 13,105.0 160.6
Geometric mean 97.8 - - 30.5
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Table 5. Estimation of hydraulic conductivity from Lugeon test.

Hydraulic Hydraulic
Conductivity, Conductivity,

Borehole Depth, m L, md!
QR 22 13-18 31.8 3.2
18-23 748.2 74.8

23-28 4.2 0.4

28-33 1.7 0.2

33-38 1.3 0.1

38-43 0.8 0.1

43-48 2.1 0.2

48-53 17.0 1.7

53-58 0.6 0.1

58-63 22.9 2.3

63-68 0.5 0.1

68-73 5.0 0.5

73-78 10.6 1.1

78-83 14.9 1.5

83-88 30.8 3.1

88-93 359 3.6

93-98 11.8 1.2

98-103 2.1 0.2

103-108 11.2 1.1

108-113 8.9 0.9

113-118 13.9 1.4

118-123 2.0 0.2

123-128 1.9 0.2

128-133 1.3 0.1

133-138 1.8 0.2

138-143 25.3 2.5

143-148 0.6 0.1

148-153 0.7 0.1

QR 28 33-37 12.8 1.3
37-40 11.9 1.2

40-45 0.2 0.02

45-50 10.3 1.0

50-55 13.5 14

55-60 22.3 2.2

60-65 77.2 7.7

65-70 2.3 0.2

75-80 2.7 0.3

QR 32 5.7-10.7 111.6 11.2
10.7-15.7 28.3 2.8

15.7-20.7 127.9 12.8

20.7-25.7 75.4 7.5

25.7-30.7 75.7 7.6

Mean - - 3.8

Hydraulic conductivity is dominated by the development
of karst features in a karst terrain. Different approaches are
introduced to overcome the wide range of hydraulic conduc-
tivity in karst terrains. At the SFDS, with notable conduit
and joint systems, the data received from the tracer test
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demonstrate the dual porosity with preferential flow paths,
while the data obtained by the pumping test would cause
considerable underestimation of hydraulic conductivity
due to the effects of preferential flow paths in the tracer
test and solute transport.

CONCLUSIONS

Hydraulic conductivity was estimated as about 100, 30,
and 3.8 m d~' based on the tracer, pumping and Lugeon
tests, respectively, in the study area. The K estimated from
tracer tests was approximately three and half times greater
than the K,,, estimated from the pumping test. In a karst
terrain, the estimated value of K based on a tracer test is
more representative of groundwater flow velocities than
those based on the pumping and Lugeon tests, due to the
dominant role of preferential flow paths in the tracer test
in comparison to the pumping test. The observed results
are consistent with a dual porosity continuum and are not
unexpected in a karst system. Assuming transmission of tra-
cer by preferential flow paths in the scale of basins in the
heterogeneous karst terrain, the value of hydraulic conduc-
tivity based on the tracer test is greater than that given by
dual porosity analysis of pumping tests. The development
of karst features played a major role in the hydraulic con-
ductivity in the study area. As a result, for areas with prefer-
ential flow paths, such as karst aquifers, the hydraulic
conductivity obtained from tracer tests are greater than the
hydraulic conductivity obtained from pumping test.
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