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Abstract

Aggressive recharge water is capable of widening the surface and interior openings of karstic layers that leads to the 
easy flowing of water in this type of aquifers. The object of this study is to understand if surface karstification is the 
same as the interior karst development of an aquifer. Surface karstification was analyzed using Geographic Information 
System and remote sensing techniques, while interior karstification was studied with spring hydrograph analysis. The 
study area includes seven carbonate aquifers in the Zagros Region of Iran. The surface karstification of these aquifers 
is controlled by different factors including the thickness of carbonate formations, distance from faults, fracture density, 
precipitation, temperature, vegetation index, slope, and relief. The most important factors are precipitation and pres-
ence and density of faults and fractures; while the least significant factor is the vegetation cover. The spring hydrograph 
analysis shows that there are different ways of estimating the relative karst development, but each parameter that 
impacts the specific character of the karst aquifer might be independent of others. Furthermore, comparing the relative 
surface and interior karst development demonstrates that the possible relationship between them is unpredictable. 
Consequently, we define a specific and unique numeric method to assess the interior karst development that permits a 
meaningful concept and comparison among different aquifers throughout the world.

Introduction
The progression of the dissolution and development of karst in carbonate formations usually results in increased 

complexity in the structure and hydrogeologic properties of the karstic aquifer. The degree of karst development in 
these aquifers is influenced by various factors. Lithology, carbonate rocks thickness, tectonic setting (e.g., fractures 
and faults), relief, temperature, type and amount of precipitation, and partial pressure of CO2 are the most important 
factors determining the degree of karst development (White, 1988). Moreover, the vegetation type and intensity, and the 
thickness of the soil layer also play a meaningful role in karstification (Barany Kevei, 2007).

Carbonate pure lithology is more suitable for karst development, as the presence of impurities such as marl and 
silica minerals may impede the dissolution progress. The thickness of soluble rock layers and the stratigraphic position 
of them among the non-soluble layers control the extent of karst development. In the case of thin soluble rocks sand-
wiched between non-soluble layers, it is less likely that karstification occurs (Seif and Ebrahimi, 2014). Furthermore, 
the impermeable and non-soluble thin layers of rocks as interfering layers in the carbonate layers impede the water 
movement into the deeper parts, and hence, the dissolution only occurs in the top carbonate sequences (Lowe, 1992; 
Shabab-Brojeni, 2011).

Faults and fractures represent the effects of the tectonic setting. Most fractures are caused by the tectonic forces, 
weathering, and mechanical breakdown. Relief and local base level are the main geomorphologic factors that con-
trol the regional groundwater flow in karstic aquifers. They define boundary conditions and control the recharge and 
discharge locations of the aquifer (White, 1988; Palmer, 2000). The location of local base level is inherited from his-
torical and regional tectonic processes. Temperature and precipitation, which determine the availability of water, are 
certainly the principal variables controlling total denudation of the rocks by dissolution (Ford and Williams, 2007). The 
climate variability in regional and global scale results in the various spatial distribution of precipitation, temperature, and 
evapotranspiration, and consequently, significant changes in vegetation cover (Ekmekci and Tezcan, 2011). The type 
and density of vegetation cover of karst terrains are variable. Due to the activity of soil microbes, the vegetation cover 
usually improves the water aggressiveness by increasing the PCO2. Furthermore, the presence of vegetation regulates 
dissolution over a vast area. The slope controls water recharge into the subsurface. The residence time of surface 
runoff in gentle dips is considerably more than in steep dips, so the rate of infiltration in the gentle dips can be more 
than the steep dips.

These parameters must be active together to increase the karstification and enhancement of one of them imposes 
positive feedback to the others, though their weighted effects on dissolution vary.
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The Zagros Mountains Ranges are crucial sources of surface water and groundwater of Iran, which outcrop more 
than 100,000 km2 of carbonate formations (Raeisi, 2002). The groundwater of carbonate aquifers emerge at springs, 
discharge to the adjacent alluvial aquifer, or pour into traversing rivers (Ashjari and Raeisi, 2006). The Asmari Forma-
tion, with lithology of limestone and dolomite, is the most important groundwater and oil reservoir in this region.  Aqui-
fers formed in the Asmari Formation have different hydraulic behavior.

A lot of research has been developed to understand the hydrogeologic characteristics of Zagros Karst aquifers, in-
cluding from Dashti et al. (2015), Ashjari (2007), Raeisi and Stevanovic (2010), Karimi et al. (2005 and 2016), Chitsazan 
et al. (2015), and Kalantri et al. (2010). The main object of this research is to investigate the causes of the diversity in 
surface and interior karstification. Furthermore, springs responses to external stresses are investigated. The combined 
methods of GIS and spring hydrograph analyses in seven selected karstic springs are used to achieve these goals.

Study Area
The Zagros Mountains extend from the south of Turkey and north and northeast of Iraq to the south of Iran. The car-

bonate formations including limestone, dolomite, and dolomitic-limestone, form the high mountains and mainly expose 
as sequential anticlines and synclines (Alavi, 2004). Foldings cause superimposing of some of these carbonate forma-
tions, mostly near to the main thrust fault, with very steep dips of the layers. Gentler dips and broader spacing among 
the folds peak by distancing from the frequency of faults allow for the deposition of recent sediments as alluvium. The 
selected anticlines lie in the central segment of the Zagros in Iran (Fig 1). The rivers traverse these folds from the limbs 
or the plunges. In this research, five anticlines including Anar, Dashtak, Pabdeh, Rig, and Delisib have been studied. 
The locations of these anticlines are presented in Figure 1.

The fold axes of selected anticlines trend from the northwest to the southeast parallel to the main Zagros thrust fault. 
The lithology and the exposed formations of these anticlines are summarized in Table 1 in  chronologic order from the 
youngest to oldest according to Stöcklin (1968 and 1974). Surface geology and cross sections of these five anticlines 
are shown in Figures 2 to 5.

Figure 1. The study areas include location of Anar, Dashtak, Pabdeh, Rig, and Delisib anticlines.
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Asmari and Sarvak are the most important karst formations and constitute the largest karst aquifers and reservoirs 
with many spring discharges. In our research, information has been collected from seven important karst springs in-
cluding Bavan (Sp1), Sarabroud (Sp2), Sasan (Sp4), Bibitalkhun (Sp7), Atashgah (Sp11), Kharandaz (Sp19), and Abshar 
(Sp21). The characteristics of these springs are presented in Table 2, and their locations are depicted in Figures 2 to 
5. The resurgences of these springs and the main part of each catchment area are located in the Asmari Formation. 

Bavan (Sp1) and Sarabroud (Sp2) springs are two important springs of the Anar anticline (Fig 2). The core of this 
anticline is formed by the Sarvak Formation, which lies under the impermeable layers of the Pabdeh-Gurpi Formations. 
The Asmari-Jahrum Formations cover the latter formation in the Zagros, but it has been eroded by the active tectonics 
in the middle sections of the anticline and near to the peak. As a result, the Asmari-Jahrum formations are disconnect-
ed into two distinct parts; north and south limbs. Spring Sp1 emerges from the northern sector of the Asmari Formation 
while the Sp2 discharges the southern sector. Several faults, mainly in the perpendicular or oblique direction to the 
fold axis, cross the anticline. The solution features of dry valleys, karren, grike, rain pits, solution pans, and polje are 
observed. Dasht-e-Arzhan polje is formed at the southeast end of the anticline as a result of interactions of two normal 
faults and consequently the formation of a wide depression (Jamali et al., 2015). The Fahlian River is parallel to anticline 
elongation and turns in response to the plunge of the anticline from the northwest plunge and continues its flow to the 
south of the region.

Sasan Spring (Sp4) (Fig. 2) is the most important spring for the Dashtak anticline. There are several other small 
springs adjacent to Sasan Spring. The anticline is composed of Asmari-Jahrum Formations. Since the Shapor River 
traverses and erodes the anticline near to the northwest plunge, the Pabdeh-Gurpi, as the bedrock of the aquifer, is 

Table 1. The lithologic characteristics of the exposed formations at anticlines (Aghanabati, 2004; Alavi, 2004).
Anticlines Formation name Abbreviation Age Lithology Thickness

Anar Gachsaran Gs Miocene salt, anhydrite, colorful marls 1000

Asmari-Jahrum As-Ja Paleocene –Miocene limestone, anhydrite, and dolomite 300

Pabdeh-Gurpi Pd-Gu upper Cretaceous- Eocene marl, Shale, mudstone, and layers of 
limestone with thin clay

650

Dashtak Bakhtiari Bk Pleistocene conglomerate 200

Gachsaran Gs Miocene salt, anhydrite, colorful marls 1000

Asmari-Jahrum As-Ja Paleocene –Miocene limestone, anhydrite, and dolomite 350

Pabdeh-Gurpi Pd-Gu upper Cretaceous- Eocene marl, Shale, mudstone, and layers of 
limestone with thin clay

650

Ilam-Sarvak Il-Sv upper Cretaceous limestone 450

Pabdeh Aghajari Aj upper Neogene sandstone 150

Mishan Mn lower Neogene shale, limestone, and layers of dolomite 100

Asmari As Oligocene–Miocene limestone, anhydrite 300

Pabdeh Pd Paleocene –Eocene marl, Shale, and layers of limestone with 
thin clay

400

Rig Bakhtiari Bk Pleistocene conglomerate 100

Gachsaran Gs Miocene salt, anhydrite, colorful marls 300

Asmari As Oligocene–Miocene limestone, anhydrite, and dolomite 364

Pabdeh Pd Paleocene -Eocene marl, Shale, and layers of limestone with 
thin clay

700

Delisib Bakhtiari Bk Pleistocene conglomerate 100

Razak Rz Miocene shale and layers of limestone 200

Asmari-Jahrum As-Ja Paleocene –Miocene limestone, anhydrite, and dolomite 480

Pabdeh-Gurpi Pd-Gu upper Cretaceous- Eocene marl, Shale, mudstone, and layers of 
limestone with thin clay

650

Bakhtiari Bk Pleistocene conglomerate 100
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exposed. The impermeable layer of the Gachsaran Formation lies on top of the Asmari-Jahrum and may be outcropped 
clearly or hidden by a thin layer of alluvium. The regional fault of Qatar–Kazerun passes from the northwest plunge and 
continues to the south in the Kazerun plain. The branches of this fault are crushed severely in the west part of the an-
ticline, which leads to the formation of several small compartments of the carbonate aquifers. The main karst features 
are caves, especially prominent is the cave of Shapour (Raeisi and Kowsar, 1997).

The Pabdeh anticline, Bibitalkhun Spring (Sp7) emerges from the Asmari-Jahrum Formations of the southern limb 
of the anticline (Fig 3). The geologic settings of the layers are fairly similar to the Anar anticline. The Asmari-Jahrum 
Formations are separated into two parts in the limbs with the Pabdeh Formation exposed in the core. Moreover, the 
Gachsaran Formation overlays the Asmari-Jahrum in the base of the anticline. A thrust fault passes from the southern 
limb in the same direction of the fold that causes the high depression of the southern plain. Dolines are observed along 
a strike-slip fault near the southern plunge. The Talug River passes through the anticline and cuts into the carbonate 
formation.

Atashgah Spring (Sp11) appears on the southern limb of the Rig anticline (Fig 4). The Pabdeh Formation outcrops 
in the core and disconnects the Asmari-Jahrum Formations of the limbs. The impervious formation of Gachsaran is 
adjacent to the northern limb while the alluvium is deposited beside the southern limb. Since the anticline lies very close 
to the main thrust fault of the Zagros, the rocks are intensively fractured and faulted. Neither doline nor polje are ob-
served. The Khersan River passes near to the southern plunge and then turns to the northwest, parallel to the anticline 
elongation. Few springs emerge from the southern limb and discharge water to the river.

The Delisib anticline is the source of the Kharandaz and Abshar Springs (Sp19 and Sp21) (Fig 5). The core of the an-
ticline is a thick layer of the Pabdeh-Gurpi. The Razak Formation lies on top of the carbonate rocks of Asmari-Jahrum 
Formations. This Formation is hidden under thin alluvium at some areas. The solution features of dry valleys, karren, 
grike, rain pits, solution pans, and polje are observed.

Figure 2. A) Geologic map of Anar and Dashtak anticlines, B) Cross section of Anar anticline, C) Cross section of Dashtak anticline.



Journal of Cave and Karst Studies, June 2019 • 89

Barmaki, Rezaei, Raeisi, and Ashjari

Material and Methods
The geologic maps of the study areas were prepared based on geologic maps of 1/100,000 and 1/250,000 from the 

Iranian Oil Operating Company of Iran. Physicochemical parameters of springs (Table 2), and rainfall data were collect-
ed from the Fars Regional Water Authority (FRWA, 2012), the Chaharmahal and Bakhtiari Water Authority (CBRWA, 
2012), and the Khuzestan Water and Power Authority (KWPA, 2012). The field study and water sampling of groundwa-
ter resources were conducted if there were not enough data from previous studies. 

In our study, GIS and remote sensing techniques were used to evaluate surface karstification. Thickness of carbon-
ate formations (Th), tectonic setting (distance from faults (FB) and fracture density (FD)), climate (precipitation (P) and 
temperature (T)), vegetation index (V), slope (S), and relief (R) were applied as interpretation elements to extract the 
thematic layers.

The karstic layers are carbonate formations of Sarvak and Asmari Formations that give the highest karst potential 
scores. The stratigraphic thickness of these rocks had an important effect on karst development. Precipitation, deter-
mining the availability of water for chemical reactions, and temperature, determining the speed of chemical reaction, are 
essential factors in dissolution. The impact of changes in the elevation can be checked as climate factors; the value and 
type of precipitation, as well as values of temperature. For this reason, the elevation was not mentioned as an indepen-
dent factor. Accordingly, the correlation charts of (precipitation—altitude) and (temperature—altitude) were plotted. By 
using extrapolating from the different stations, a linear equation was fitted to the available data. Vegetation is found to 
have an important role in karst development through absorption of calcium and magnesium by roots and production of 

Figure 4. A) Geologic map of Rig anticlines, B) Cross section of Rig 
anticline.

Figure 3. A) Geologic map of Pabdeh anticlines, B) Cross section 
of Pabdeh anticline.
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carbon dioxide (Ford and Williams, 2007). Soil Adjusted Vegetation Index (SAVI) was used in areas with low vegetative 
cover (i.e.,  40 %) (Huete, 1988; Panda et al., 2010). The SAVI was used for detection of natural vegetation cover 
change in this study because of its acceptable accuracy and ability to detect the vegetation at study areas. The slope 
map, calculated based on percentage, was derived from a digital elevation model (DEM). Relief is the last factor affect-
ing karst development. This parameter is the controlling factor of flow direction at carbonate anticlines. As mentioned 
previously, the link between aquifer discharge locations and major flow direction indicates the local base level at study 
areas. First, the water flow direction at each of the anticlines should be defined. The local base level of karst areas was 
the lowest point to which water can flow, such as karst valley rivers or springs. Therefore, the local base level should 
be defined to obtain the relief factor at each anticline based on assigned local base levels.

Each factor was provided as a separate layer in GIS to determine karst development at study areas. GDEM of Iran 
(DEM, Iran SRTM - Shuttle Radar Topography Mission Dem data available at 3 arc second, ca. 90 m), geologic maps 
(1/100,000, 1/250,000), Landsat ETM+ 8 images, as well as hydrologic and groundwater data of study areas were used. 
GIS (ArcGIS 10) and remote sensing (PCI Geomatica) software packages were applied in data management and 
processing. All data were converted to digital format. Then, different layers were created and integrated in GIS. These 
steps, then followed by analysis and interpretation of the results. To determine which factors affect karst development 
and to what degree, experts were consulted to provide judgments on the importance of criteria (Table 3). Weighting of 
the maps was performed by using an Analytical Hierarchical Process (AHP). AHP, as a multi-objective and multi-cri-
teria decision-making approach, was developed by Saaty (1980). It was based on a pair-wise criteria comparison that 
has been extensively studied and refined. This approach enables the user to achieve a scale of preference drawn from 
a set of alternatives. Maps were combined applying the weighted index overlay in GIS that is a technique for applying a 
common measurement scale of values to diverse and dissimilar inputs to create an integrated analysis. 

The recharge of the study areas is mainly in the form of direct precipitation, rarely as snow, and in some cases, as 
seepage from rivers traversing the anticlines. The average precipitation over anticline sub-basin surfaces was estimat-
ed by using the precipitation—altitude relation and the DEM. Since it is the basis for all hydrologic analysis, the next 

Figure 5. A) Geologic map of Delisib anticlines, B) Cross section of Delisib anticline.



Journal of Cave and Karst Studies, June 2019 • 91

Barmaki, Rezaei, Raeisi, and Ashjari

step was the springs’ catchment area delineation (Bonac-
ci, 1987). The catchment area of each spring is calculated 
by the simple water-balance equation CA  Q/PI (Bonacci 
et al., 2006; Pezeshkpour, 1991; Karimi et al., 2001) where 
CA is the catchment area of the spring (km2), Q is the total 
annual volume of water discharging from the spring (Mm3 
y−1)], P is the annual precipitation (mm y1) and I (mm) is 
the recharge coefficient. Determination of recharge coef-
ficient is very difficult. It depends on many factors such as 
the presence or absence of sinkholes and dolines, joints 
and fractures, the thickness and granulation of soil cover, 
the slope of beds and topography, amount, type, time and 
space distribution of precipitation, temperature, and vege-
tation cover. The borderlines of the catchment areas were 
determined by using the proposed steps by Ashjari and 
Raeisi (2006).

Results
Remote sensing (RS) and GIS

Remote-sensing and GIS techniques were used to ob-
tain the qualitative map of karstification in the study areas. 
The surface karstification index values were extracted by 
using 

KD  (W∑RK)Th  (W∑RK)FB  (W∑RK)FD  (W∑RK)P
       (W∑RK)T  (W∑RK)SAVI  (W∑RK)S  (W∑RK)R	 (1)

Where KD was karstification value, W was the weight-
ing value of each factor, and RK assigned ranks to ranges 
of factors, including the thickness of carbonate formations 
Th, distance from faults FB, fracture density FD, precipi-
tation P, temperature T, vegetation index SAVI, slope S, 
and relief R. Each aquifer, from the karstification aspect, 
was classified into three classes from low, medium, and 
high. The index-weighting factors were done by using a 
combination of expert knowledge and database hierarchi-
cal analysis.

Karst development is carried out in seven karst aqui-
fers (A1−A7) (Fig 6). In Figure 6, the positions of aquifers 
on the anticlines are also shown. A1, A2, A3, A4, A5, A6, and 
A7 aquifers are the catchment areas of Sp1, Sp2, Sp4, Sp7, 
Sp11, Sp19, and Sp21 springs, respectively. The final results 
of the estimated surface karstification index are presented 
in Table 4 and Figure 6. The aquifers A1 and A2 have the 
lowest rates of karstification whereas the aquifers A6 and 
A7 show high rates of karstification. Other aquifers are dis-
tributed between these two groups.

The values of effective factors on karst development 
at the aquifers are presented in Table 5. The orders and 

effects of the factors on the karstification are dissimilar among the aquifers.
The highest value belongs to precipitation. Unless the aquifer rocks are crushed by a fault or the aquifer is located 

in lower elevation (i.e. less than 1500 meters). The catchment area of A3 and A4 are located at lower elevations relative 
to the others. Consequently, they receive the lowest precipitation. A7 and A4 are crushed by faults, which mainly control 
the karst development of the area. The thickness of aquifers is one of the lowest ranking factors in the condition that 
the catchment area is limited merely to the Asmari-Jahrum Formations. For instance, the catchment area of A3 and A4 
extend to the Sarvak Formation, which is thicker than Asmari-Jahrum.

Table 3. Factors affecting the karst development, and the 
assigned weights and
ranks for aquifers.

Factor Range Ra Wb

Thickness of Carbonate Formations, 
Th (m)

< 300 1 0.14

>300 and <350 2 0.14
>350 and <400 3 0.14
>400 and <450 5 0.14

> 450 8 0.14

Precipitation, P (mm/y) <500 1 0.13
500 − 600 2 0.13
600 − 700 3 0.13
700 − 800 5 0.13
800 − 900 7 0.13

>900 9 0.13

Distance from Faults, FB (m) <100 9 0.23
100 − 200 8 0.23
200 − 350 7 0.23
350 − 500 6 0.23
500 − 650 5 0.23
650 − 800 4 0.23

  800 − 1000 3 0.23
>1000 1 0.23

Fracture Density, FD (%) <25 2 0.19
25 − 50 5 0.19
50 − 75 7 0.19

>75 9 0.19

Temperature, T (°C) <10 8 0.05
10 − 15 6 0.05
15 − 20 4 0.05

>20 2 0.05

Soil Adjusted Vegetation Index, SAVI 
(%)

No Vegetation 0 0.09

Low Vegetation 2 0.09
Medium 

Vegetation
5 0.09

High Vegetation 8 0.09

Slope, S (%) <20 9 0.05
20 − 40 7 0.05
40 − 60 5 0.05
60 − 80 3 0.05

>80 1 0.05

Relief, R (m) <150 1 0.12
150 − 450 3 0.12
450 − 750 5 0.12

  750 − 1100 6 0.12
1100 − 1450 7 0.12
1450 − 1700 8 0.12

>1700 9 0.12
a Ranks of each factor (expert judgment).
b Weight of the factors (AHP method).
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Figure 6. Karst Development at aquifers: A) A1, A2, and A3 aquifers; B) A4 aquifer; C) A5 aquifer; D) A6 and A7 aquifers.
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The SAVI, slope, and temperature are among the lowest ranking factors. As expected, due to the dominance of the 
bare carbonate rocks in the Zagros region, the SAVI has received the lowest credit in all cases. The slope controls the 
recharge rate of the area, but the Asmari-Jahrum Formations are characterized by fractured aquifers. Therefore, the 
recharge role of the slope is weak. The precipitation and temperature are regarded as climatologic factors, but their 
effects on the karstification are dissimilar because the temperature variation rates are very low relative to the precipi-
tation.

Relief and local base level, plays an unclear role in the karstification. If the aquifer is located near to the High Zagros 
Zone, the role of relief is important. Anticlines of this zone are pushed intensively together, and elevation variations are 
vast. The aquifers of the Simply Folded Zone are characterized by the broad amplitude of folding and a lower rate of 
elevation variations.

The results show that the karstification values of the aquifers of the same anticline are not equal or follow the same 
order. For instance, the A6 and A7 are located in the Delisib anticline, but the precipitation is more important in the A6 
than A7. In fact, several faults cross the A7 impact the precipitation priority, whereas the main faults are absent in the A6.
Springs Hydrograph Analyses 

Shokri et al. (2016) suspected to the equality of the surface karstification and internal karstification and suggested 
that they might be completely independent. Therefore, to understand the aquifer karstification value, the spring hydro-
graphs are used to extract the karstification value based on the recession coefficients, the ratio of the quick flows to 
base flows, the ratio of dynamic storages to the catchment areas, and drying time of springs.

Hydrograph recession curve analysis is a technique commonly used to determine flow characteristics and karst de-
velopment (Bonacci, 1993; Brodie and Hostetler, 2009; Kresic and Bonacci, 2010). The Maillet method (Maillet, 1905) 
for defining a hydrograph recession curve and determine spring flow characteristics is used, so hydrographs for springs 
were prepared. 

Based on Kullman (2000), Malík (2007), and Malík and Vojtková (2012), a description of the recession of springs 
indicates that catchment areas of all springs are aquifers with irregularly developed fissure networks, with a majority of 
open macro-fissures, and with the possible presence of karst conduits of limited extent. In extreme cases, short-term 
turbulent flow might occur in this type of rock environment. Table 6 gives recession curve data, calculations related to 
dynamic storage, and drying time of springs.

Table 4. Descriptive classification and statistical parameters of karst development (KD) in the study areas.

Parameters
Statistical 

Description A1 A2 A3 A4 A5 A6 A7

Percent area of karst development, KD Low 75 84 68.5 69.8 57.49 2 0

Medium 25 16 31.5 30.2 40.11 68 49

High 0 0 0 0 2.4 30 51

Statistical parameters of karst development, 
KD

Min 2.01 2.31 1.84 1.72 1.63 3.79 5.14

Max 2.54 5.46 5.96 5.46 7.34 7.18 6.48

Average 3.76 3.88 3.9 3.6 4.49 5.48 5.99

Table 5. Values of the effective factors on karst development at aquifers.

ID

Thickness of 
Carbonate 

Formations, Tha

(m)

Precipitation, 
Pb

(mm/y)

Distance 
from Faults, 

FBb

(m)

Fracture 
Density, 

FDb

(%)

Temperature, 
Tb

(°C)

Soil Adjusted 
Vegetation Index, 

SAVIb

(%)

Slope, 
Sb

(%)

Relief, 
Rb

(m)
A1 28 86 76.51 59.32 28 7.34 42.9 12

A2 28 98.73 40.33 70.92 32.5 2.1 42.2 19.7

A3 75.78 41.95 69.1 64.4 21.64 18.1 36 27.9

A4 51.9 35.28 132.94 58.2 14.25 0.02 39 20.75

A5 28 805.31 48.87 87.6 36.1 18 38 53.1

A6 112 117 100.1 47 35.1 18 38.9 68

A7 112 117 177.3 73.2 30 18.3 30.1 43.3
a Values based on equation: [(% Area × Rank)] × Weight
b Values based on equation: [∑ (% Area × Rank)] × Weight
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The first discharge recession coefficients of the springs are more than the second recession coefficients (α1> α2) 
except the spring of Sp21 in the catchment area of A7 where α1 is less than α2 due to recharge from snow melting that 
perturbs the recessional processes. The values of α1 vary from 0.0062 in Sp2 to 0.047 in Sp1 while the minimum and 
maximum values of the α2 are 0.0025 in Sp11 and 0.017 in Sp1. The ratio of recession coefficients (α1:α2) changes from 
0.4 in Sp21 to 5.9 in Sp1. The results show that the springs of the same anticlines may have highly different values of the 
recession parameters. For examples, Sp19 and Sp21 are emerging from the Delisib anticline, but the values of α1, α2, and 
α1:α2 for Sp19 are 0.01, 0.003, and 3.33 and values for Sp21 are 0.007, 0.017, and 0.41. The high value of α1 can be rep-
resentative of high internal karst development. The order of cases from high to low development is Sp1, Sp4, Sp7, Sp11, 
Sp19, Sp21, and Sp2. If the value of α2 is regarded as representative of karstification, the order of the springs will change 
from Sp21, Sp4, Sp1, Sp2, Sp7, Sp19, and Sp11. The values of α1: α2 are considered in reverse order. The lowest value 
shows the highest development. In this condition, the springs’ orders are Sp21, Sp2, Sp4, Sp19, Sp7, Sp11, Sp1. Therefore, 
the obtained results are non-unique in the recession coefficient analysis.

The next criterion considered as representative of the karstification of aquifers is the ratio of quick flow to base 
flow. Karst systems contain quick flow and slow flow components. These components are reflected in the springs’ 
hydrographs. The highly developed aquifer has a very well-developed conduit system that stores and transfers the 
groundwater to the springs. Thus, the higher volume of quick flow/base flow can be considered as a fair criterion to 
karstification. So, the orders of springs from a high value of quick flow/base flow to a low value are Sp2, Sp1, Sp21, Sp4, 
Sp11, Sp19, and Sp7. The first three cases show the volume of the quick flow is more than base flow, whereas the other 
cases illustrate that the volume of the base flow is more than the volume of the quick flow.

The ratio of the dynamic volume of an aquifer to the catchment area is another criterion. The higher value of the ratio 
might be a representative of higher karst development. Regarding this criterion, the order of springs from the high value 
to the low value is Sp21, Sp19, Sp11, Sp4, Sp7, Sp1, and Sp2. 

The last parameter which we address is the drying time of the spring. The well-developed conduit system of springs 
permits the groundwater flow from the farthest spot to the spring. Therefore the spring lasts for a long time in a drought 
climate. The order of springs from long lasting (3445 days) to short lasting (400 days) are Sp4, Sp11, Sp19, Sp7, Sp2, Sp1, 
and Sp21.

The springs of Sp1 and Sp2 are emerging from the Anar anticline and the springs of Sp19 and Sp21 are discharging 
the Delisib anticline. Although springs are located in the same anticline and in the same climate region, their obtained 
karstification orders are dissimilar. Therefore, it is impossible to compare results about one aquifer in one anticline to 
another aquifer in the same anticline.
Discussion comparing surface and internal karstification

Seven aquifers from five anticlines are located in different regions where their geologic structure and climatic char-
acters are dissimilar in spite of their similarity of main lithology. Considering the priority of the aquifers in terms of karst 
development by different methods, they show absolutely non-unique orders that make it vexing to discriminate a highly 
karstified aquifer from other aquifers. For instance, the Sp21 shows the highest karstification order by using the GIS and 

Table 6. Recession curve data, calculations related to dynamic storage and drying time of springs.

Spring

Recession Coefficient
(d−1)

Time
(d)

Discharge 
Ratio
(Q/B)

Dynamic 
Storage
 (Mm3) V0/CA

(Mm3/km2)
Drying Time of Springs

(d)α1 α2 α3 t1 t2 t3 V0 V* V
Sp1 0.047 0.008 ∙∙∙ 20 15 ∙∙∙ 1.5 2.43 0.68 1.75 0.32 770

Sp2 0.0062 0.0058 ∙∙∙ 91 93 ∙∙∙ 2.4 22.06 7.34 14.72 0.24 1200

Sp4 0.02 0.009 0.002 31 33 78 1 97 61.57 35.43 0.4 3445

Sp7 0.02 0.005 ∙∙∙ 36 20 ∙∙∙ 0.2 43.79 25.92 17.87 0.33 1400

Sp11 0.011 0.0025 ∙∙∙ 45 60 ∙∙∙ 0.35 40 28.5 11.5 0.46 2800

Sp19 0.01 0.003 ∙∙∙ 96 70 ∙∙∙ 0.25 35.48 16.58 18.9 1.31 2300

Sp21 0.007 0.017 ∙∙∙ 106 31 ∙∙∙ 1.5 5.02 0.46 4.56 2.79 400
Calculation of Recession Curve of Springs
�1 � ; �2 � ; �3 � 

log Q0 � log Q1

0.4343(t1 � t0)

log Q1 � log Q2

0.4343(t2 � t1)

log Q2 � log Q3

0.4343(t3 � t2)

Q0 is spring discharge rate at the start time of recession curve. Q1, Q2, and Q3 are spring discharge rate at the change of slope in recession curve.
Q/B: Quick flow/Base flow
V0:    Dynamic Volume, V0  [(Q01/α1)  (Q02/α2)  (Q03/α3)]  (86400)
V*:   The remaining volume at the end of microregim, V*  (Q*/α3)  86400
V:     Volume drained during the recession time, V  V0  V*
CA:  Catchment areas of springs; Area of aquifers
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remote sensing approach while the other methods assign it at least 4th except the α2. The similarity of the order of the 
α2 and the GIS is not seen in other aquifers.

To find a probable relationship among these methods, linear and non-linear correlations of the absolute values of 
them were evaluated. The results show that in all methods, except between the obtained karstification values of the 
GIS-RS and dynamic volumes of the aquifers, there is no possible relationship among them. In fact, each method is 
referring to the specific character of a karstic aquifer. For instance, the α1 is mainly controlled by the conduit system 
development of an aquifer, which transfers the recharge water from the surface and epikarst to the spring. The α2 de-
pends upon the matrix-medium interconnection of the aquifer and their exchange rates to the conduits delivering to the 
springs. The ratio of the α1:α2 shows the general proportion of the conduit system to the matrix. The drying time of an 
aquifer is related to the geometry of the aquifer and storativity of the matrix.

The GIS-RS method mainly regarded the surface parameters of an aquifer and climatic parameters that may en-
hance the karstification which may not apply for the interior part of it. The ratio of the dynamic volume to the catchment 
area of the aquifer is related to the surface infiltration rate and precipitation. These parameters are inherently similar to 
the parameters of the GIS-RS method that cause the high correlation between them (Fig 7). 

Conclusion
The main question of this 

research was to determine if 
the surface and interior char-
acteristics of karst aquifers 
were related in terms of karsti-
fication. GIS and remote-sens-
ing methods aimed to assess 
the surface karst development 
in the study aquifers. The var-
ious methods include the α1 
value of the discharge reces-
sion coefficient, α1: α2 ratio, the 
ratio of the quick flows to base 
flows, the ratio of dynamic stor-
ages to the catchment areas, 
and drying time of springs, 
were used to assess the in-
terior characteristics of karst 
aquifers. The comparison of 

GIS and remote-sensing studies with other methods for evaluating interior karst development indicated that these two 
processes are completely independent. Moreover, it is observed that the karstification values of the aquifers of the 
same anticline are not equal or follow the same order, suggesting that each method refers to the specific character of a 
karstic aquifer. The α1 and α2 values are mainly controlled by the conduit system and matrix of an aquifer, respectively. 
Thus, the ratio of the α1:α2 shows the general proportion of conduit system and matrix. The ratio of the quick flow to 
base flow is a reasonable criterion for karstification so that the higher volume of this ratio indicates higher karstification. 
The drying time of an aquifer is related to the geometry of the aquifer and storage capacity of the matrix. The most 
similarity between GIS-RS methods and other methods is its relation to the ratio of dynamic storages to the catchment 
areas. In fact, the ratio of the dynamic volume to the catchment area of the aquifer is related to the surface infiltration 
rate and precipitation.

In addition, mapping the degree of karst development in aquifers, based on some effective factors such as thick-
nesses of soluble rock and tectonic setting, precipitation, vegetation density, temperature, relief, and slope revealed 
that the orders and effects of these factors on the karstification are not uniform among the aquifers. It should be noted 
that the GIS-RS method is a comprehensive approach to assess surface karst development on a regional scale. The 
ability to alter weights on local scales is the main advantage of the GIS-RS method.
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