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ABSTRACT	 The Sarabegarm karstic spring is located near the NW plunge of the Danehkhoshk 
anticline in western Iran. The spring is the main source of drinking water in the region, 
therefore understanding the path and location of its main karst conduit is crucial to 
protecting it from the risk of contamination. Near the spring, karstic limestone was 
dissected by two main sets of tension joints with N20E and N30W direction. The Mise-
A-La-Masse (MALM) investigation showed that the main direction of groundwater flow 
towards the spring was elongated about N25E, almost coinciding with the surface trace 
of the NE trending fractures. The 2D frequency-domain induced polarisation surveys 
indicated that the zones with low resistivity and chargeability values were located 
below the trace of two main fractures. Since the main conduit system of the spring 
was most likely developed in the crushed zones of these fractures, the area near them 
has the highest vulnerability and must be protected from any activity posing a risk of 
contamination. Results of this study showed that the application of frequency domain 
electrical resistivity, in combination with the geological analysis, could be suitable in 
characterising the shallow main conduits, particularly in the vicinity of big karst springs.

Key words:	 Sarabegarm spring, karst conduit, geophysical methods, Mise-A-La-Masse, electrical resistivity 
tomography.

1. Introduction

Karst terrains are usually known by complex geological features and unique hydrogeological 
characteristics. Karst aquifers are characterised by three types of porosity: matrix (or inter-
granular), fracture, and conduits (Martin and Screaton, 2001; Ford and Williams, 2007). Matrix 
porosity is important in providing storage capacity for the aquifer; conversely, fracture and 
conduit porosity provide pathways for groundwater flow (White, 2007). Laminar or slow flow 
arises through the matrix or narrow fractures, and turbulent or rapid flow occurs within the 
connected fractures or conduits (Palmer, 1991; Ford and Williams, 2007). Springs represent the 
output of karst systems and exerte considerable control on groundwater flow through aquifers. 
The diffuse or concentrated water recharge is finally transmitted to conduit networks, which are 
extended like a plumbing system through the aquifer and into the springs (White, 2007).
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Detecting the route and location of the main conduits terminating at the springs is essential 
in developing solution strategies against specific problems such as karst water pollution (Green 
et al., 2006; Kalhor et al., 2019), leakage from dam sites (Mozafari and Raeisi, 2015, 2016; 
Milanović, 2018; Mozafari et al., 2021) and water inrush during tunnel construction (Alija et 
al., 2013). Although a great majority of conduits is guided by bedding planes, joints and faults, 
determining the location and direction of conduits presents significant practical problems due 
to the severely anisotropic and heterogeneous nature of karst aquifers (Palmer, 1991; Ford and 
Williams, 2007; White, 2007). However, accessible caves and shafts sometimes provide the 
opportunity to make direct observations in small parts of a karst conduit.

Borehole analysis (coring and bore video logging) and tracing tests are the main conventional 
methods to detect conduit locations and paths. There is a significant practical problem in 
location utilising borehole investigations or tracing tests. Numerous boreholes are needed to 
find suitable data on conduit passages and it is virtually impossible to acquire sufficient data 
on a conduit route with only a few boreholes. Moreover, only few boreholes encounter the 
major karst conduits as the areal coverage of conduits is usually less than 1% of the aquifer area 
(Worthington, 1999). Tracer tests are powerful tools to find hydraulic relationships between the 
recharge and discharge points and, therefore, estimate the rate of water movement through a 
conduit system. It is rarely possible to demonstrate the location and path of karst conduits by 
tracer tests without drilling numerous boreholes and doing frequent water sampling (Mozafari 
et al., 2018).

In recent decades, geophysical methods have been widely used in karst studies. The electrical 
resistivity method has been used to establish the base of karst as a technique to distinguish 
between compact, dry and water saturated karstic limestone (Beres, 2013; Redhaounia et al., 
2016; Pazzi et al., 2018; Cheng et al., 2019). Microgravitational methods were often applied to 
detect shallow subsurface karst due to missing mass over caves and conduits (McGrath et al., 
2002; Debeglia et al., 2006; Chalikakis et al., 2011). Furthermore, Ground Penetrating Radar 
(GPR) was widely used to detect the near-surface karst, particularly related to the subsidence 
and sinkholes (Al-Fares et al., 2002; Zarroca et al., 2017). Moore and Stewart (1983), Zhu et al. 
(2011) and Gan et al. (2017) have used multi-geophysical approaches to detect underground 
karst channels and find signatures of fracture traces in the karst aquifers. It should be noted 
that any geophysical technique has its limitations, especially with respect to the size and depth 
of karst features, thickness of soil cover and ground topography (Ford and Williams, 2007). 
Bakalowicz (2005) stated that almost no geophysical technique was suitable for locating conduits 
at depths greater than 40 to 50 m. The most successful sites for geophysical investigations are 
likely to be close to permanent karst springs where conduits become sufficiently enlarged to 
transmit significant volumes of water.

The Sarabegarm spring is located about 5 km SW of Sarepolezahab city, west Iran (Fig. 1). The 
spring provides drinking water for the cities of Sarepolezahab and Qasreshirin, respectively with 
populations of about 85,000 and 25,000. As part of the drinking water safety plan, the whole 
catchment area of the spring, including the route of its main conduit, should be protected from 
all activities posing a risk of contamination (e.g. farming, grazing, burning, road construction, 
building, use of chemicals, etc.). Therefore, understanding the route and location of the main 
conduit was fundamental. To this end, an attempt has been made to delineate the location and 
route of the main karst conduit towards the Sarabegarm spring using a combination of geological 
and geophysical investigations.
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2. Geological setting and hydrogeological framework

The study area is located at the Simple Folded Zagros zone, west Iran (Fig. 1a). At the Zagros 
zone, anticlines are generally cylindrical in form and well-exposed as high mountains, while the 
synclines form valleys and plains (Miliaresis, 2001; Saein, 2018). The geological map of the study 
area, including the main geological structures and distribution of formations and faults at the 
region, is shown in Fig. 1b. The Danehkhoshk anticline (Fig. 1c), NW-SE oriented, parallel to the 
general trend of the Zagros zone, is the main geological structure in the area. Geometrically, the 
fold shows a cylindrical form, which plunges down at both ends. The main rock units exposed at 
the study area include (Fig. 1b): about 900 m shale and marlstone of Pabdeh-Gurpi Formation 
(Cretaceous-Tertiary), near 360 m thick limestone of Asmari Formation (Oligo-Miocene), about 
2,000 m evaporites and marlstone belonging to the Gachsaran Formation (Tertiary), and about 
1,000 m conglomerates and sandstone of the Bakhtiary Formation (Tertiary). These formations 
are mostly exposed at the highlands and hills, while the Quaternary deposits are mainly exposed 
at the adjacent plains and residential areas (Figs. 1b and 1c).

At the Danehkhoshk anticline, the Asmari Formation forms a karst aquifer, whereas the 
impermeable Pabdeh-Gurpi Formation forms the bedrock (Figs. 1b and 2c). Karren, grike, cave, 
and springs were the main surface karst features of the aquifer. Karren with different sizes and 
shapes, including rainpits, rillenkarren, and grikes, are well-developed in the limestone and 
distributed at all elevations. Grikes up to 1 m wide and several metres deep were well-developed 
along some of these joint systems, exposed particularly on near vertical walls. Caves, several 
metres in width and depth, are exposed in various locations on the karst limestone.

The Sarabegarm spring emerged from the Asmari Formation, near the NW plunge of the 
Danehkhoshk anticline (Figs. 1b and 1c), where the bedding planes dip at 20° to 30° to the NE 
and strike N45W. The spring emerged along the boundary of limestone with alluviums (Fig. 1c). 
The recharge source of the Asmari aquifer is direct rainfall on the aquifer surface. There is no 
recharge from the surrounding impermeable Gachsaran Formation and alluvium, since they are 
located at lower elevations. After entering to the karst aquifer, groundwater flows through the 
aquifer body and finally discharges through the Sarabegarm spring.

The changes in the rainfall and spring discharge during 2007 to 2018 are presented in  
Fig 2. A rise in spring discharge can be observed during the years with intense rainfall events, 
but spring discharge did not vary significantly over a year and minimum discharges never drop 
below 1,100 l/s, despite the low rainfall in some years. To identify karst aquifer characteristics, 
recession curves of the spring hydrographs were analysed. Semi-logarithmic plots of recession 
curves are often expressed by (Ford and Williams, 2007; Li et al., 2016):

(1)

where Qt is the discharge (m3s-1) at time t, Q0 is the initial discharge at time zero, t is the time elapsed 
(usually expressed in days) between Qt and Q0, e is the base of the Napierian logarithms and α is 
termed the recession coefficient. By plotting the recession curves of the spring hydrograph on the 
logarithmic ordinate, based on the data collected during 2016, one straight line was acquired. The 
calculated recession coefficients values, α1, were 0.0007 (day-1).

Results of physico-chemical characteristics of spring water samples are given in Table 1. 
The electrical conductivity of water during the measured years varied from 490 to 555 µs/cm 
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and the ion concentration changed slightly through the year. The Ca-HCO3 was the dominant 
type of water samples, whereas the Ca2+ and HCO3

-, respectively, contributed more than 46 
and 83% to the cation and anion budgets of water samples. The competed saturation indices 
for calcite indicated that all water samples were under-saturated with respect to this mineral. 
The low recession coefficient of the spring hydrograph, together with the slight hydro-chemical 
variations, indicated that the discharge of the spring consisted mostly of base flow during a year.

Table 1 - Parameters of water samples collected from the Sarabegarm spring (Iran Water Resources Management 
Company, 2020).

Calcite 
saturation 

index

Anions (meq/l)Cations (meq/l)
pH

Electrical 
conductivity 

(µs/cm)

Discharge
(l/s)Date

CO3HCO3SO4ClKNaMgCa

-2.1-4.350.300.27-0.231.53.27.50555190006 Aug  1985

-2.5-4.000.600.20-0.121.92.87.21494232616 May 2017

-2.1-4.200.370.20-0.102.02.77.61490206008 Jun 2017
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Fig. 1 - The study region: a) location of the study area on the map of Iran and Zagros zone; b) geological map of the 
study area (modified after Iranian National Oil Company, 2006); c) cross-section along the Emamhsan and Danehkhosk 
anticlines (the route of this cross-section is shown in Fig. 1a); d) the route of the geophysical profiles measured in the 
study area. L1 to L11 show the MALM profiles and S1 to S87 show the 2D profile stations.
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Fig. 2 - Time series of precipitation and Sarabegarm spring discharge, based on the data of Iran Meteorical Organiza-
tion (2020) and Iran Water Resources Management Company (2020).

3. Material and methods

To find the location and path of the main karst conduit near the Sarabegarm spring, in an 
area about 1 km in diameter around the spring (Fig. 1d), geological and geophysical surveys were 
conducted. The structural and geomorphic data on the Asmari Formation was collected during 
the field work. The dip and strike of bedding planes and the fault and major joint systems were 
determined and mapped. The initial map was completed with a handheld GPS (global positioning 
system) device during the field work. These tests resulted in a fracture trace lines map, which 
shows the location and path of zones suitable for conduit development. The resulting map was 
checked by aerial images to enhance the fracture data coverage and accuracy.

The Mise-A-La-Masse (MALM) method (also called excitation at the mass), along with the 2D 
frequency-domain induced polarisation, was applied at the study area to track the underground 
water flow towards the Sarabegarm spring. For data collection of both methods, a set of portable 
geoelectric equipment, including an ASTRA-100 generator and a MERI-24 meter was used. 
The ASTRA-100 is a portable generator, which provides an alternating low frequency current. 
The MERI-24 is a multifunctional electromagnetic receiver, which supports a wide range of 
frequency, from 0.15 to 625 Hz. The signal-to-noise ratio of measurements could be improved by 
applying the low frequency alternating currents and considering that: a) in case of long electrode 
spacing, it was necessary to control the near zone conditions adjacent to the current line since 
the measured data was affected by an induction component of the electrical field; and b) it was 
needed to avoid the inductive effect between the transmitter and receiver wires due to use of 
an alternative current by applying the low frequency alternative current (Kulikov et al., 2013).

MALM is a useful technique for mapping the highly conductive subsurface bodies. For this 
method, the conductive mass under investigation is used as one of the current electrodes and 
the second current electrode is placed at a large distance away. The potential distribution from 
these two current electrodes would be expected to yield some information about the continuity, 
extent, dip, and strike of the conductive mass (Wightman et al., 2003; Kulikov et al., 2013). At 
the study area, the MALM method was applied in a frequency domain with a frequency of 0.61 
Hz. Here, the resistivity measurements were done along 11 radial profiles (L1 to L11 in Fig. 1d) 
with an average angle of 30°. In order to increase the signal-to-noise ratio, the transmitted 
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current was increased by enlarging the distance to the spring. Therefore, measured voltage 
at the potential electrodes was normalised by injected current. The electromagnetic coupling 
effect was decreased by applying the low frequency (0.61 Hz) injected current and using a short 
connected cable between the potential electrodes and the receiver. The electrical current was 
injected into the ground using the point source electrodes and the results were presented simply 
as a map of normalised voltage by current values.

In the frequency-domain induced polarisation method, an alternating current with variable 
frequencies is injected into the ground, and then the voltage phase-shifts must be measured to 
evaluate the impedance spectrum at the different injection frequencies (Zonge et al., 2005). The 
principle of this method consists of the phase shift measurement between the harmonic waves 
of a square pulse recorded in the receiving line. The differential phase parameter (∆φ) could be 
calculated by the phase shifts (Kulikov et al., 2013):

(2)

where the ω1 and ω2 are respectively the high and low frequencies (2.44 and 0.61 Hz in this 
study) and the φ1 and φ2 are respectively phase shift between the injected current (at the current 
electrode) and measure potential (at the potential electrode) for the different harmonic waves.

The measured signal was proportional to the apparent polarisation, ηap = -2.5∆φ. Good 
noise protection, especially in urban areas, and suppression of phase shifts caused by the 
electromagnetic coupling are known as the main advantages of the phase frequency method 
(Kulikov and Shemyakin, 1978). Another important point in frequency domain investigation is 
related to the capacitive leakage from the current line to the earth or directly into the receiving 
line. The capacitive leakage value is directly proportional to the current line resistance, which 
mostly depends on the current electrode grounding resistance. Resistance between current 
electrodes should be less than 10,000 Ω. It should be mentioned that the higher resistance of 
receiver electrodes could negatively affect the induced polarisation measurement. So, resistance 
between the receiver electrodes should be less than 5,000 Ω. Such being the case, the ASTRA-100 
generator could be used to measure the receiving and transmitter line resistance, because it 
could be applied as an ohmmeter due to its special integrated function.

In this study, the frequency-domain induced polarisation was measured along a 2D profile 
to find the conduit’s locations precisely. The 2D profile was spread in a west to east direction, 
perpendicular to the main geo-electrical strike, which was detected by the MALM investigation. 
The Sarabegarm spring is located at the boundary of limestone and alluviums. Since the spring 
water typically comes from the adjacent elevated karst aquifer, the resistivity profile was 
designed to be situated mostly on the limestone to find evidence of the karst conduit (Fig. 1d). 
The measured stations located along a 1,740-m-long profile were named S1 to S87 by moving 
from the east towards the west (Fig. 1d). The resistivity and induced polarisation were measured 
by applying the dipole-dipole electrode configuration with a 20 m dipole length along the 
profile (Fig. 1d). In order to increase the signal-to-noise ratio, resistivity data were measured in 
frequency of 0.61 Hz. Induced polarisation values were measured with phase-frequency methods 
in frequencies of 0.61 to 2.44 Hz. Finally, the measured data were inverted by the smoothness 
constrained least-squares approach in the Res2DInv Software, according to the method applied 
by Loke (2010). The inversion was terminated by seven iterations since the roote mean square 
value (RMS) was decreased to below three percent for both resistivity and chargeability model.
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 4. Results

The fracture trace lines map provided by the field mapping is shown in Fig. 3. In the analysed 
zone with an area of about 1.5 km2, the cumulative length of the fractures mapped was 9.4 km 
with the fractures having an average length of 300 m.  As can be seen in Fig. 3, two dominant 
tension joint systems were extended at the Asmari Formation. The first joint system had a N20E 
trend, while the second showed a N30W trend. It was difficult to measure dip direction of 
fractures in depth because they were filled with unconsolidated sediments. The designed 2D 
resistivity profile dissected seven major fractures, named F1 to F8, by moving from the west 
to east (Fig. 3). The measured length of the F1, F2, F3, F4, F5, F6, F7, and F8 fractures were 
respectively 690, 1,610, 1,220, 1,110, 400, 550, 410, and 2,100 m. The F4 and F5 fractures were 
connected to the F2 fracture at their SE ends. Except the F1, F2, F3, and F8 fractures with several 
metres opening, the widths of the other fractures were less than 1 m.

The result of the MALM survey in the study area is presented as a map of normalised 
current to the potential values (Fig. 4). Flow through conduits towards the springs provided an 
underground pathway of electrical current perpendicular to the iso-potential contours. The map 
showed that the iso-potential contours were almost elongated toward N25E from the limestone 
to the adjacent alluvium, almost connected to the trace of the F3 and F4 fractures (Fig. 4).

The results of the inverted resistivity and chargeability measured at the site are respectively 
shown in Figs. 5a and 5b. To understand the relation between resistivity and lithology, the 
sediment resistivity probability curve was provided using the measured data (Fig. 6) and 
according to a processing procedure found in Shevnin et al. (2006a, 2006b) and Hunter and Crow 
(2015). The correlation between resistivity and lithology indicated that resistivity values lower 
than 100 Ω·m were related to the unconsolidated sediments (alluvium), whereas values higher 
than 200 Ω·m were associated to the rocks belonging to the Asmari Formation. Therefore, the 

Fig. 3 - The fracture trace map acquired from field data. The route of the 2D profiles are shown along the S1 to S87 stations.
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S35 station could be considered as the boundary of limestone and alluvium (Fig. 5a). Since the 
Sarabegarm spring was recharged from the Asmari Formation, clustering resistivity of limestone 
was very important to delineate water filled karstified limestone. The theoretical porosity-
resistivity curves for carbonate rocks with different clay and sand percentages were produced by 
the Petrowin program (Ryjov and Sudoplatov, 1990).

The selected parameters for the theoretical model of the Asmari Formation are shown in 
Table 2. Despite the fact that the minor effect of clay particles was found in the chargeability 
section and also the maximum measured total dissolved solid (TDS) of water samples from 
Sarabegarm spring was less than 250 mg/l, a wide range of clay percent and TDS values was 
considered in theoretical cross-plots (Fig. 7). As can be seen in Fig. 7, the total porosity of pure 
limestone belonging to the Asmari Formation was considered to be about 20%. At this condition, 
the bulk resistivity value for the saturated limestone could not be decreased up to 200 Ω·m by 
TDS value between 160 to 250 mg/l. It shows that decreasing the resistivity of pure limestone to 
less than 200 Ω·m required the contribution of at least 30% clay to be mixed with the limestone 
and/or increasing the porosity of limestone to more than 20% (as a secondary porosity). 
Providing the chargeability map was useful in detecting the sediments including clay and silt. 
The high chargeability values coincided with the clay and silt bearing sediments, whereas the 

Fig. 4 - Map of iso-potential counter based on the MALM investigation.

Table 2 - Petrophysical parameters, which are used to calculate theoretical porosity-resistivity cross-plot for limestone 
belonging to the Asmari Formation.

Row Petrophysical parameters Clay characteristic Sand characteristic

1 Radius 1 µm 25 µm

2 Porosity 50% 20%

4 CEC 0.5 -
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low chargeability values indicated limestone. Considering the chargeability section (Fig. 5b), 
the S35 station could be considered as the boundary of limestone and sediments involving clay 
and silt. The higher chargeability values in the eastern part of the station coincided with the 
alluvium (bearing clay and silt), while the lower chargeability values in the western side indicated 
that limestone belongs to the Asmari Formation. Consequently, decreases in the resistivity 
could not be related to the limestone impurity by clay or silt. By comparing sections of inverted 
resistivity, theoretical cross-plots and geology (especially at outcrops of the Asmari Formation), 
the resistivity value in the Asmari Formation could be categorised in the three groups: a) water 
filled fractured limestone with resistivity between 200 to 700 Ω·m; b) dry or partially water 
filled porous or fractured limestone with resistivity about 700 to 2,000 Ω·m; and c) dry porous 
limestone with resistivity more than 2,000 Ω·m.

Considering the resistivity map (Fig. 5a), it was possible to observe four zones with low 
resistivity anomalies along the applied profile: a) Zone 1 with resistivity ranging from 700 to 
1,000 Ω·m, which was located in the space between the S81 to S83 stations; b) Zone 2 with 
resistivity ranged from 200 to 600 Ω·m, which was situated between the S72 to S74 stations; 
c) Zone 3 located in the space between the S51 to S56 stations with resistivity from 700 to 
1,000 Ω·m; and d) Zone 4 with about 3,000 Ω·m resistivity, situated in the space between S59 to 
S63 stations. The conductive zones 1 and 3 are most probably related to the partially saturated 
porous or fractured limestone. Zone 2 had the highest conductivity in the profile and was most 
probably related to water filled karst conduit or fractured limestone, located about 30 m below 
the ground surface. The high resistivity of Zone 4 was likely due to a relict fracture or conduit. 
All of these zones did not show any anomaly in chargeability values. Therefore, the zones with 
low resistivity in the Asmari Formation were related most probably to water bearing fractures 
or conduits, not associated with the presence of unconsolidated sediments. At certain points, 
moderate increases in the chargeability value (up to 8 mV/V) could be seen in the limestone due 
to the calcite dissolution and precipitation processes in fractures.

Fig. 5 - Inverted resistivity (a) and inverted chargeability (b) sections. Zones 1, 3, and 4 show the conductive anomalies 
and Zone 2 indicates a resistive anomaly.
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Fig. 6 - Clustering the inverted resistivity value based on the statistical analysing and geological outcrops.

5. Discussion

The Sarabegarm spring is the main output of the Asmari karst aquifer and has considerable 
control on groundwater flow through the aquifer. The spring’s hydrograph presented a low α1, 
which indicated that the output of aquifer consisted mainly of slow flow through the matrix 
or the small fractures, except at the time of intense rainfall events. The spring water type (Ca-
HCO3) indicated that the limestone makes the host lithology of the flow pathways. The slight 
changes in ions concentration during the year showed that a huge volume of water was mainly 
stored in the porous matrix and small fractures in the aquifer and transmitted slowly into the 
main conduit near the spring. The karst conduit systems usually occupy a small portion of the 
total aquifer porosity. The fractures frequently direct the predominant conduit route in a karst 
aquifer since the zones with high permeability and low strength have aligned along them. It 
is difficult to detect the dip direction of fractures in depth based on their surface traces, but 
shallow karst conduits are usually located around the corresponding fracture traces. Therefore, 
one of the F1 to F7 fracture traces near the Sarebegarm spring most probably belongs to the 
main conduit of the spring. Considering distance to the spring, the F4 and F5 fractures have a 
higher chance than other fractures of being the trace of the main conduit toward the spring. 
However, the further geophysical investigations helped find the target fracture. The MALM map 
shows that the groundwater through the limestone was elongated N25E toward the spring  
(Fig. 4). In limestone, groundwater flowed in the space between the F3 to F4 fractures but it was 
distributed after reaching the alluviums (Fig. 4). This evidence showed that the main conduit 
system of the spring most likely developed in the crushed zone of F3 and F4 fractures. It should 
be noted that the resulting MALM map displayed a comprehensive view from depth up to the 
ground surface and, therefore, a general trace of water flow toward the spring.

The results of resistivity were useful to delineate the target conduit with more certainty. The 
depth and shape of conduit could be evaluated to some extent by the 2D resistivity and chargeability 
sections. The 2D resistivity and induced polarisation survey showed that the lowest resistivity and 
chargeability values at the limestone coincided with Zone 2, most likely corresponding to the main 
water filled karst conduit at the site. This zone, with about 20 to 50 m depth, was extended in the 
space between the S71 to S75 stations in the area between the F3 and F4 fractures. The F3 fracture, 
with 1,220 m length, has a NW trend, while the F4 fracture, with 400 m length, is extended toward NE, 
almost parallel to the groundwater elongations acquired by the MALM investigation. The F4 fracture 
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was dissected by the F3 fracture at its SW end. Water could initially flow along the F3 fracture and, 
then, be channelled into the F4 fracture and, finally, emerge through the Sarabegarm spring.

Protecting the catchment area above the Sarabegarm spring from animals and humans 
is important to prevent contamination. Fractures usually provide high permeability in the 
limestone, allowing deep drainage of water into the karst aquifer. Results of this study show 
that the traces of the F3 and F4 fractures have potential to be related to the main karst conduit 
of the Sarabegarm spring. Therefore, ideally an area leaving a minimum distance of 50 m near 
these fractures traces should be fenced to prevent any human activity and animal grazing. Also, 
surface runoff should be directed to an area outside these fractures. The local community and 
users of the spring should be instructed concerning the protection of this area above the spring.

6. Conclusions

The Sarabegarm spring is the main discharge zone of the Asmari aquifer. It is not possible to 
find the exact location and depth of the main conduit system near the spring only by the surface 
investigations. The MALM is a good method to find general groundwater flow direction since its 
relatively fast acquisition rates enable gathering spatial data in an almost non-invasive and cost-
effective manner. Under favourable circumstances, the MALM can be used to satisfactorily map 
mostly probable groundwater flow toward springs. However, its performance can be significantly 
limited by the common occurrence of low signal-to-noise ratios due to the electromagnetic noise 
and electromagnetic coupling effect during the survey.

In this study, a higher signal-to-noise ratio was achieved with the use of frequency domain 
resistivity measurements with a frequency equal to 0.61 Hz. The resulting normalised iso-

Fig. 7 - Theoretical resistivity-porosity cross-plots for limestone belonging to the Asmari Formation based on the 
petrophysical parameters of the Asmari Formation.
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potential contour showed that the groundwater flow towards the Sarabegarm spring followed a 
N25E trend. That direction coincided with the traces of the F4 and F5 fractures.

Results of the MALM, as expected, indicate the approximate location of conduits while 
providing no information on their depth and shape. In turn, the 2D resistivity and chargeability 
sections offered depth distribution of resistivity and chargeability values.

In order to receive high quality resistivity and chargeability data especially in noisy 
environments, resistivity and chargeability were measured with frequency domain (in frequency 
0.61 Hz) and phase-frequency (in frequencies of 0.61 and 2.44 Hz) methods. Since the noises are 
site dependent, the use of the 0.61 Hz frequency is valid in the current case study and may not 
be generalised. Based on the statistical analysis of inverted resistivity value, the resistivity less 
than 100 Ω·m and more than 200 Ω·m was, respectively, related to the alluvium and limestone. 
The only notable result in the chargeability section was a distinction between the fine grain 
sediment from the courser one in alluvium.

Theoretical cross-plots of porosity-resistivity curves, produced to analyse petrophysical 
properties of limestone accurately, showed that resistivity of bulk limestone with total porosity of 
20% in saturated conditions (by groundwater with TDS value between 160 to 250 mg/l), could not 
be decreased up to 200 Ω·m (as observed in Zone 2). Furthermore, no anomalous chargeability 
value showed the presence of minor clay or silt in some parts of limestone. Therefore, the decrease 
in the resistivity value was most probably due to the increase in the secondary porosity of limestone. 
In addition, resistivity values greater than 2,000 Ω·m were related to a relict conduit (Zone 4).

Comparing the results of the MALM and 2D resistivity and chargeability sections showed 
that the coincidence of a low resistivity value in the resistivity section (Zone 2) with a direction 
of groundwater flow toward the Sarabegarm spring. This zone also coincides with surface trace 
of the F4 fracture. From the contamination point of view, the area between the S66 to S81 
stations on the resistivity profile, together with the through surface traces of the F3, F4, and F5 
fractures, have the highest vulnerability and must be protected from any activity posing a risk of 
contamination.
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