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ABSTRACT

Since 1989, an increasing number of sinkhole occurrences have been reported in the Kabudar Ahang and Razan-
Qahavand subcatchments (KRQ) of Hamadan province, western Iran. The sinkhole-related subsidence phenomenon
poses a significant threat for people and human structures, including sensitive facilities like the Hamadan Power
Plant. Groundwater over-exploitation from the thick alluvial cover and the underlying cavernous limestone has
been identified as the main factor involved in sinkhole development. A sinkhole susceptibility model was produced
in a GIS environment applying the analytical hierarchy process (AHP) approach and considering a selection of eight
factors, each categorized into five classes: distance to faults (DF), water level decline (WLD), groundwater exploita-
tion (GE), penetration of deep wells into karst bedrock (PKA), distance to deep wells (DDW), groundwater alkalinity
(GA), bedrock lithology (BL), and alluvium thickness (AT). Relative weights were preliminarily assigned to each fac-
tor and to their different classes through systematic pairwise comparisons based on expert judgment. The resulting
sinkhole susceptibility index (SSI) values were then classified into four susceptibility classes: low, moderate, high
and very high susceptibility. Subsequently, the model was refined through a trial and error process involving chang-
es in the relative weights and iterative evaluation of the prediction capability. Independent evaluation of the final
model indicates that 55% and 45% of the subsidence events fall within the very high and high, susceptibility
zones, respectively. The results of this study show that AHP can be a useful approach for susceptibility assessment
if data on the main controlling factors have sufficient accuracy and spatial coverage. The limitations of the model
are partly related to the difficulty of gathering data on some important geological factors, due to their hidden nature.
The magnitude and frequency relationship constructed with the 41 sinkholes with chronological and morphometric
data indicates maximum recurrence intervals of 1.17, 2.14 and 4.18 years for sinkholes with major axial lengths
equal to or higher than 10 m, 20 m, and 30 m, respectively.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

geomorphologists, whereas sinkhole is the most common term in North
America and in the international literature dealing with engineering and

During the last two decades, sinkholes have become a major concern
in some regions of Iran due to the hazard increase, mainly induced by
groundwater over-exploitation. “Forochaleh” is a Persian word used to
designate sinkholes; enclosed depressions with internal drainage devel-
oped in karst terrains. In the Kurdish language, “barge chal” means
sudden collapse, whereas “noor” refers to karst sinkhole (Taheri and
Hashemi, 2011). The term “doline” is mainly used by European
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environmental issues associated with karst (Gunn, 2004; Gutiérrez
et al., 2008a, 2014). Words like collapse and sinkhole are also used by
some authors to designate depressions and holes generated by subsi-
dence phenomena related to anthropogenic cavities like mines, dwellings,
catacombs, and other underground excavations (e.g. Parise, 2012, 2013).
In this work we follow the genetic sinkhole classification proposed by
Gutiérrez et al. (2008b, 2014), which covers the whole range of subsi-
dence mechanisms observed in both carbonate and evaporite karst.
Some of the main topics addressed in the scientific literature related
to sinkholes include their nomenclature and classification (White, 1988;
Waltham et al.,, 2005; Gutiérrez et al., 2008b), formation mechanisms
(Tharp, 1999, 2002; Gutiérrez and Cooper, 2002; Salvati and Sasowsky,
2002; Karimi and Taheri, 2010; Heidari et al., 2011; Parise and Lollino,
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2011; Zhou and Beck, 2011; Shalev and Lyakhovsky, 2012), detrimental
effects on human structures (Gutiérrez and Cooper, 2002; Fidelibus et al.,
2011), role played on aquifer contamination (Lindsey et al., 2010), inter-
action with engineering projects and remediation (Waltham and Fookes,
2003; Milanovi¢, 2004, 2011; Tolmachev and Leonenko, 2011; Galve
etal, 2012a; Song et al., 2012). One of the issues that has received greater
attention in recent years is the development of susceptibility and hazard
maps aimed at predicting the spatial distribution, or spatial and temporal
distribution of new sinkholes, respectively. These models may be pro-
duced through several approaches, like zonings delineated on the basis
of expert judgments (Edmonds et al., 1987; Bruno et al., 2008;
Kaufmann, 2008), the analysis of geophysical data (Batayneh, 2006;
Pueyo-Anchuela et al., 2009; Garcia-Moreno and Mateos, 2011;
Margiotta et al, 2012), and data on peak ground acceleration
(Papadopoulou-Vrynioti et al., 2013). Galve et al. (2008, 2009a,b, 2011,
2012b), in a series of papers, propose a complete methodological se-
quence for sinkhole susceptibility, hazard and risk assessment, as well
as for the identification of suitable and cost-effective risk mitigation solu-
tions. The main steps of the work flow, performed in a GIS environment,
include: (1) development of multiple susceptibility models based on the
distribution of inventoried sinkholes, on the one hand, and on the statis-
tical relationships between the sinkholes and different sets of condition-
ing factors, on the other hand; (2) quantitative and independent
evaluation of the prediction capability of the models and selection of
the most reliable one; (3) transformation of the selected susceptibility
model into a hazard model considering the temporal frequency of sink-
holes in each susceptibility class, and incorporating a magnitude-fre-
quency scaling relationship; (4) production of risk models combining
the hazard model with data on the vulnerability of the human elements;
and (5) assessment of the cost-effectiveness of different mitigation mea-
sures and layouts performing a cost-benefit analysis.

The sinkholes in the northern plains of Hamadan province, Iran, have
been the focus of numerous studies, but most of them have been pro-
duced in Persian (Zamiran Consulting Engineers, 2003; Amiri, 2005;
Taheri et al.,, 2005 and references therein). In two international publica-
tions, Karimi and Taheri (2010) and Heidari et al. (2011) presented
some GIS-based thematic maps, but did not develop any predictive
model or assessed probability of sinkhole occurrence. This work pre-
sents for the first time sinkhole magnitude and frequency relationships
and sinkhole susceptibility maps of the Kabudar Ahang and Razan-
Qahavand plains in northern Hamadan province, western Iran, applying
the analytical hierarchy process (AHP) approach. This method was used
by Jiang et al. (2005) to produce a country-wide sinkhole susceptibility
zonation in China assigning weights to qualitative variables. To our
knowledge, this is the first contribution that explores the practicality
of the AHP method to assess sinkhole susceptibility in a specific region
and incorporating quantitative variables, and one of the very few arti-
cles that makes an attempt to generate magnitude and frequency scal-
ing relationships with a comprehensive sinkhole inventory (Galve
etal., 2011).

The approaches illustrated in this paper could be satisfactorily ap-
plied in the growing number of areas worldwide affected by sinkhole
damage. The increase in the sinkhole hazard and risk, similar to the re-
gion studied in this work, is frequently related to water table declines
caused by aquifer over-exploitation (e.g., Waltham, 2008; Dogan and
Yilmaz, 2011; Garcia-Moreno and Mateos, 2011; Aurit et al., 2013) or
dewatering for mining (e.g., Sprynskyy et al,, 2009; Yang et al,, 2015).

2. Study area and geological setting

The study area, covering 6532 km? of which 3402 km? correspond to
alluvial plains, is located in the Zagros Orogenic Belt, and more specifi-
cally, in the northern sector of Hamadan province, western Iran
(Fig. 1a, b). According to the catchment classification of the Iranian Min-
istry of Energy, it corresponds to the Kabudar Ahang and Razan-
Qahavand subcatchments (KRQ), both within the Hoz-e soltan of Qom

watershed (Fig. 1b). The Zagros Orogenic Belt consists of four main
NW-SE trending structural zones, from NE to SW; Urumieh-Dokhtar
Magmatic Assemblage, Sanandaj-Sirjan, High Zagros Belt, and Zagros
Simply Folded Belt (Ghasemi and Talbot, 2006). The KRQ is located in
the Sanandaj-Sirjan zone, in which the rocks show the highest degree
of deformation of the Zagros orogen (Fig. 1a).

The analyzed area essentially consists of an intramontane depression
whose floor is dominated by alluvial environments, locally interrupted
by inliers of Mesozoic and Tertiary rocks (Fig. 1c). The exposed geological
units range in age from Jurassic to Quaternary, and the Mesozoic rocks are
affected by a variable degree of metamorphism. The Jurassic rocks, mostly
exposed in the northeastern and southwestern sectors of KRQ, mainly
consist of schists, limestone and marls, and are slightly metamorphosed
in the latter sector. The Cretaceous system is represented by shales and
marly limestone in the northeast, and an orbitolina-bearing limestone se-
quence on the southern margin of the depression. The Tertiary succession,
mainly Oligo-Miocene, includes green volcanic tuffs, marls, marly lime-
stone and limestone (Qom Formation). The soluble units of the Qom For-
mation constitute the main bedrock underlying the thick detrital
sequence in the plains (Fig. 1d). The Quaternary sediments, which locally
reach 150 m in thickness, are mainly composed of alluvial facies.

The structure is characterized by a sequence of gentle NW-SE
trending anticlines and synclines with a concordant topography; the anti-
clines typically form ranges, whereas the synclines are buried by alluvium
(Fig. 2a). Furthermore, major faults with dominant N10E and N75E trends
were recognized in the limestone outcrops of Hamakasi area, where the
majority of the sinkholes have been reported (Fig. 2b, ¢, d).

3. Materials and methods
3.1. Field and laboratory investigation

All the available papers and reports were reviewed to gather data on
multiple aspects, especially geology, hydrogeology, geophysics and
geotechnics. Particularly useful were the reports supplied by the Hama-
dan Regional Water Co. The field surveys included (1) systematic re-
cording of sinkhole location and characteristics, (2) description and
sampling of surficial deposits and bedrock units, and (3) examination
and measurement of fractures and faults. Additional data were obtained
in the laboratory by means of granulometry and calcimetry measure-
ments of surficial formations, and the examination of thin sections
from rock samples under a petrographic microscope.

A total of 175 joints were measured in the densely fractured Oligo-
Miocene limestones of the Qom Formation exposed in the surroundings
of Hamakasi village. The strike of the fractures shows two prevalent di-
rections; N10E and N75E (Fig. 2b). The trend of the former set coincides
with that of a transverse fault system that seems to play a relevant role
in the subsidence phenomenon, as suggested by the orientation of the
sinkhole alignments.

Six samples of surficial deposits were collected from exposures asso-
ciated with the scarped edges of sinkholes Nos. 6, 32, 34, 35, 36 and 43
(Table 1). Granulometric analyses indicate that they have a relatively
uniform grain size distribution (well-sorted) and mainly consist of
silty-clay and clayey-sand. The deposits from a borehole 115 m deep
drilled next to sinkhole No. 8, close to Jahanabad village (Table 1),
show a change to clayey silt with interbeds of silty and clayey sand to-
wards the bottom. The plasticity index of the sampled deposits range
from 10.3 to 21% in the case of the silts and clays, and around 23% for
the clayey sand (Zamiran Consulting Engineers, 2003). Those character-
istics suggest that the sediments are non-collapsible, except in those lo-
cations where soils rich in silt and/or fine-sand contain intergranular
carbonate cements susceptible to dissolution. That is, the soils remain
stable until the bounding carbonates dissolve by circulating water and
the loosely-packed granular structure collapses (hydrocompaction).

The karstified Qom Formation mainly consists of biomicrite and
bioclastic packstone, according to Dunham's (1962) classification.
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Fig. 1. (a) Location map of the study area in the Zagros Orogenic Belt and Hamadan province in Iran. (b) Distribution of the studied sub-catchments (gray pattern) within the Hoz-e soltan
of Qom watershed. (¢ and d) Geological map and legend (Geological and Mineral Survey of Iran, 1979).

Calcimetry on limestone samples collected from Hamakasi area, Qoli
Abad mount and Qare Lar outcrop, provide carbonate contents of
94.8%, 88.4% and 90.5%, respectively, indicating that it is a relatively
pure limestone. Visual estimation on thin sections indicates an average
primary porosity of around 10%, suitable for karstification. Cave,
kamenitzas (solution pits) and solutionally-widened joints are common
in limestone outcrops near Hamakasi and Qoli Abad villages. Solution
cavities have been encountered by borehole drilling in Jahan Abad with-
in the carbonate bedrock.

3.2. Sinkhole inventory and nomenclature

Since 1989, an increasing number of sinkhole occurrences have been
reported in the study area. This ground subsidence phenomenon se-
verely threats human structures like rural settlements and the Hama-
dan Power Plant (or Shahid Mofatteh Power Plant; Fig. 3). The closest
reported sinkhole to this critical facility was located at a distance of
1.5 km (sinkhole No. 11). In 2004, a sinkhole 10 m across formed at a
distance of around 100 m from a school (sinkhole No. 36). Some
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Fig. 2. (a) 3D relief model of the study area. The arrows indicate groundwater flow direction. (b) Rose diagram produced with 175 fractures and joints measured on limestone outcrops
around Hamakasi village. (c) Fault in a limestone outcrop in the surroundings of Hamakasi village. Open ground fissure associated with the tilted downthrown block suggests recent
tectonic activity. Sinkholes have formed recently associated with this E-W trending fault. (d) Person pointing to the margins of a fault breccia in Hamakasi village area.

subsidence events correspond to the reactivation of pre-existing sink-
holes, as revealed by geomorphic evidence and accounts from local peo-
ple. This indicates that the instability phenomenon has operated in the
area for long time, although with a much lower frequency until ground-
water abstraction started to have a significant impact on the alluvial-
karst aquifer. Table 1 compiles the 49 sinkholes recorded in KRQ, pro-
viding information on their location, main morphometric parameters,
typology, and chronology. Fig. 3a illustrates the spatial distribution of
the inventoried sinkholes. There are some doubts about the three sink-
holes labeled with asterisks in Table 1, since they may be related to the
collapse of either karst cavities or old ganats (tunnels excavated for
water supply and irrigation). In most cases, holes related to the collapse
of qanats are clearly distinguishable because of their spatial association
with known excavations and their alignments concordant with the
ganat orientations. Most of the sinkholes are ascribed to the collapse
subsidence mechanism, showing a steep-sided subcircular geometry.
The majority are associated with outcrops of the Qom Formation and
agricultural farms around Hamakasi village.

The major axial length (D) of the inventoried sinkholes ranges from
100 m to 1.5 m, with an average value of 14.4 m and a standard devia-
tion of 16.7 m. Depth values also cover a wide range, from 30 m to
1.5 m. The mean value and standard deviation for this parameter are
6.2 m and 6.7 m, respectively. Most of the sinkholes are slightly elongat-
ed. The elongation ratio of the depressions (major axial length/minor
axial length) varies from 1 to 6, and has an average value of 1.4. A signif-
icant proportion of the sinkholes reach large volumes, indicating the
presence of big cavities and/or a high density of voids in the subsurface;
the sinkhole volume should be considered as a minimum estimate of
the volume of the subjacent cavities (e.g. Gutiérrez, 2010). If we esti-
mate the volume of the depressions multiplying the depth of the sink-
holes by the area of a circle with a diameter given by the measured
minor axial length, we obtain a maximum value larger than 20,000 m>
(sinkhole No. 27). Around 37.8% of the sinkholes have volumes greater
than 1000 m>.

3.3. Factor weighting by AHP and susceptibility assessment

Analytical hierarchy process (AHP) is a structured approach pro-
posed by Saaty (1977, 1980, 2001) for analyzing complex decisions

taking into consideration a large number of factors or criteria. The
decision-making process is based on the decomposition of the problem
into a hierarchy of simpler sub-problems and their systematic and inde-
pendent evaluation (Tzeng and Huang, 2011; Donevska et al., 2012). In
the AHP, decision makers or evaluators, based on their judgments and
the available quantitative and qualitative data, assess the relative
weight of the decision criteria of the hierarchy for evaluating the alter-
natives. The different criteria are weighted through a pairwise compar-
ison method. In the subsequent step, numerical priorities are calculated
for each of the decision alternatives. The results of the AHP are largely
dependent on the knowledge and experience of the experts that select
and weight the criteria considered in the decision process (Dweiri and
Al-Oqla, 2006; Ho, 2008).

In this work, sinkhole susceptibility has been preliminarily assessed
considering the relative weights assigned to eight selected controlling
factors (criteria) and to the different classes of each one (subcriteria)
(Fig. 4). Initially, the criteria and subcriteria have been weighted
performing paired comparisons on square matrixes. To evaluate the rel-
ative importance of each factor for sinkhole formation with respect to
another one, the Saaty (1980) ranking scale for pairwise comparisons
has been applied (Table 2). The scale uses 17 scores, from 1 to 9, plus
their reciprocal values (1/9, 1/8,1/7,1/6,1/5,1/4,1/3,1/2, 1, 2,3, 4,5,
6,7, 8,9). The minimum value 1/9 represents the least relative influ-
ence, and score 9 the highest relative significance on sinkhole forma-
tion. Scores are given to the cells of the square matrix on one side of
the diagonal, and the diagonal entries are always 1; i.e. each factor has
an equal value to itself (see Table 3). The scores on the other side of
the diagonal, which replicate the pairwise comparisons reversely, corre-
spond to the reciprocal values. Consequently, only the upper triangular
portion of the matrix needs to be completed. The relative weight of each
criterion is obtained by normalizing the eigenvectors of each element of
the matrix (Donevska et al., 2012; Munier, 2011).

An important step of the AHP is to evaluate the consistency of the
ratings. This can be carried out calculating the consistency index (CI)
and the consistency ratio (CR) (Tzeng and Huang, 2011). The consisten-
cy index is defined by equation:

Amax—n
Cl = =i (1)
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Table 1

Data from the KRQ sinkhole inventory. D: major axial length (m), d: minor axial length (m), asterisks denote sinkholes of doubtful origin, which may be related to karst voids or anthro-

pogenic cavities, like old qanats or abandoned water wells.

No. Location UTM D d Depth Nomenclature Date of occurrence
E N (m) (m) (m)

1 Amir abad 289590 3901017 - - - Cover suffusion sinkhole 1999

2 Bizanjerd 313024 3879519 20 16 3 Cover suffusion sinkhole 1998

3 Bizanjerd 312268 3875934 3 2.5 6 Cover suffusion sinkhole 1998

4 Bizanjerd 311513 3877458 3 2.5 3 Cover suffusion sinkhole Unknown

5 Bizanjerd 312370 3876038 4 35 2 Cover suffusion sinkhole 1989

6 Baban 295576 3899807 21 20 20 Cover collapse sinkhole 2008

7 Baban 295495 3899780 5 4 8 Cover collapse sinkhole 2009

8 Jahan abad 315478 3883662 23 20 17 Cover collapse sinkhole 1994

9 Jahan abad 315512 3883472 33 12 1.5 Cover suffusion sinkhole 1995

10 Hesar 279627 3901716 3 2 1 Cover suffusion sinkhole 1998

11 Khan abad 295344 3894429 5 4 3 Cover suffusion sinkhole 1995

12 Kerd abad 299573 3888825 22 17 8 Cover collapse sinkhole 1995

13 Kerd abad 298819 3888249 31 24.5 12 Cover collapse sinkhole 2003

14 Kerd abad 299452 3888739 28 25 20 Cover collapse sinkhole 2004

15 Kerd abad 298882 3888391 38 375 8 Cover collapse sinkhole 2008

16 Kerd abad 298888 3888373 435 20 5 Cover collapse sinkhole 2009

17 Kerd abad 298888 3888373 - - - Cover collapse sinkhole 2010

18 Kahriz* 311545 3877455 5 4 2 Cover suffusion sinkhole Unknown

19 Gondejin 290945 3893667 10 8 2 Cover suffusion sinkhole Unknown

20 Famenin 315290 3887200 20 15 30 Cover collapse sinkhole 2002

21 Sari tapeh* 328147 3876434 2 1.5 5 Cover suffusion sinkhole 2001

22 Sari tapeh* 328155 3876443 1.5 1.5 15 Cover suffusion sinkhole 2001

23 No abad 296997 3889035 14 11 16 Cover suffusion sinkhole 1999

24 Negar khatoon 310917 3890981 4 35 4 Cover suffusion sinkhole 1997

25 Qare chay river 314227 3881089 20 18 10 Cover collapse sinkhole Unknown

26 Hame kasi 313857 3877387 2.5 15 15 Bedrock collapse sinkhole old

27 Hame kasi 313833 3873060 100 80 4 Cover sagging & suffusion sinkhole old

28 Hame kasi 313844 3877187 15 5 4 Bedrock collapse sinkhole old

29 Hame kasi 313809 3877225 6 1 5 Bedrock collapse sinkhole old

30 Hame Kkasi 313832 3873060 6 4 3 Bedrock collapse sinkhole old

31 Hame kasi 313345 3879084 6.6 6 4 Cover suffusion sinkhole 1992

32 Hame kasi 314439 3877234 9 5 10 Cover collapse sinkhole 2010

33 Hame kasi 314121 3877028 9.5 8.5 10 Cover collapse sinkhole 2011

34 Hame kasi 314135 3877028 8.7 8.6 3 Cover collapse sinkhole 2004

35 Hame kasi 314209 3876811 13.5 83 6 Cover collapse sinkhole Unknown

36 Hame kasi 314375 3877350 10 10 20 Cover collapse sinkhole 2004

37 Hame kasi 312841 3875380 5 4 3 Cover suffusion sinkhole 1996

38 Hame kasi 313254 3879076 11.8 10 3 Cover suffusion sinkhole 1992

39 Hame kasi 313211 3879101 23 20 1 Cover suffusion sinkhole 1992

40 Hame kasi 313891 3876783 2.5 1.6 1 Cover suffusion sinkhole 1999

41 Hame kasi 314376 3877351 15 15 1 Cover suffusion sinkhole 1992

42 Hame kasi 314089 3877762 10 8 1 Cover suffusion sinkhole 1992

43 Hame kasi 314365 3877325 34 28.5 3 Cover suffusion sinkhole 1992

44 Hame kasi 312885 3875532 3 2.5 1.5 Cover suffusion sinkhole 1996

45 Hame kasi 312849 3875387 3 2.5 1.5 Cover suffusion sinkhole 1996

46 Hame kasi 313833 3877177 6 5 0.5 Cover sagging sinkhole Unknown

47 Hame Kkasi 313827 3877209 4 3 0.5 Cover sagging sinkhole Unknown

48 Hame kasi 313832 3873060 11 ? 15 Bedrock collapse sinkhole old

49 Hame kasi 313748 3877647 2.5 2 0.5 Cover suffusion sinkhole Unknown

where Nmax is the largest eigenvalue of a preference matrix and n is the
number of parameters (Ying et al., 2007; Thanh and De Smedt, 2012). In
this study these parameters were calculated as Amax = 8.58 and Cl =
0.083. For the calculation of the consistency ratio (CR), the consistency
index is compared with a random consistency index RI:

Cl

The Rl values have been tabulated by Saaty (1977) as a function of n.
Consistency ratios higher than 0.1 suggest untrustworthy judgments,
indicating that the comparisons and scores should be revised. In this in-
vestigation we have selected eight parameters. Consequently, Rl is 1.41
according to Saaty's (1977) table, and CR is 0.059 according to Eq. (2).
The obtained consistency ratio is lower than 0.1, suggesting coherence
among the pairwise comparisons. In this study, the sinkhole susceptibil-
ity indexes have been calculated through a weighted linear combination
(WLC) of the considered controlling factors and the classes of each

factor (Voogd, 1983). The susceptibility index for each pixel is given
by the summation of the products of the weights assigned to each crite-
rion and subcriterion, according to equation:

N
SSI=" " Wjwij 3)
j=1

where SSI is the sinkhole susceptibility index (or final score), Wj the
weight of the controlling factor j, wij the weight of class i of factor j,
and N is the number of factors considered in the model. The SSI values
obtained for 250 m pixels have been divided into four equal classes, in
order to represent four susceptibility classes in the final model: very
high, high, moderate and low. The natural break classification method,
commonly used in landslide susceptibility mapping, was used to cate-
gorize the susceptibility classes (Falaschi et al., 2009; Bednarik et al.,
2010; Pourghasemi et al., 2012, 2013).
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Fig. 3. (a) Location of the KRQ sinkholes on a land-cover map. (b) Bedrock collapse sinkhole 15 m in diameter in Hamakasi area (No 28). (c) Cover collapse sinkhole 31 m across with
overhanging walls near Kerd Abad (No 13). Water tables exposed in the bottom of the depression. (d) Cover collapse sinkhole 8.7 m in diameter at Hamakasi area (No 34), Note unloading
cracks on its nearly vertical walls. (e) Cover suffusion sinkhole in Jahan Abad area (No 9, 33 m across). Ponded water related to a perched water body above the phreatic zone. (f) Baban

cover collapse sinkhole, 21 m across and 20 m deep (No. 6).

In a subsequent step, the prediction capability of the preliminary
susceptibility model has been assessed independently calculating the
percentage of the inventoried sinkholes in each susceptibility class.
New multiple sinkhole susceptibility models have been generated vary-
ing the relative weight of the factors and their classes, especially those
with higher influence on the final score. The apparently most reliable
susceptibility model has been identified through evaluation in a trial
and error process.

4. Magnitude and frequency relationships

The probability distribution of the size of the sinkholes can be ana-
lyzed considering the major axial length (D) of the 47 sinkholes with
morphometric data and the number of sinkholes that equals or exceeds
the different values. The major axial length was selected, since this is the
most critical morphometric parameter from the risk and engineering
perspective (Gutiérrez, 2010; Gutiérrez et al., 2014). A graph plotting
major axial length in logarithmic scale, and probability (P), shows a

linear trend, which can be described with a high goodness-of-fit
(R? = 0.97) by a logarithmic function (Fig. 5):

P =—0.2933 InD + 1.1605.

It seems that the obtained function adequately models the smallest
and largest sinkholes. This is probably because the largest sinkhole of
the inventory may correspond to the coalescence of several depressions.
Moreover, the number of small sinkholes may be skewed (under-
estimated) due to the difficulties related to their detection. Small depres-
sions are more difficult to identify and tend to be rapidly filled by local
people (e.g. Gutiérrez et al., 2007). A regression after removing the
upper and lower bounds of the axial length data set (100 m, and 1.5 m)
provides a function with a higher goodness-of-fit (R> = 0.99):

P =—0.336 InD + 1.2567.

According to this scaling relationship, the relative probability of
sinkholes reaching axial lengths of 5 m, 10 m, 20 m, and 30 m, are
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Fig. 4. Flow diagram showing the hierarchy of the AHP for weighting the controlling factors, as the basis for constructing the sinkhole susceptibility map. The latter is produced by
calculating the sinkhole susceptibility index as a weighted sum and classifying the index values into four equal intervals corresponding to four susceptibility classes.

approximately 0.71, 0.48, 0.25, and 0.11, respectively. This means that, A total of 41 sinkholes, out of the 49 inventoried ones, have formed
for instance, the probability for a new sinkhole having a major axial between 1989 and 2011. The date of 33 of them is known, whereas
length equal or higher than 20 m is around 25%. the age of the 8 remaining ones can only bracketed at 1989-2011.
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Table 2
Saaty (1980) scale for pairwise comparisons.

Preference judgments Ranking

Both criteria are equally important or preferred 1

One criterion is moderately more important than the others 3
(weak preference)

One criterion is strongly more important than the others

One criterion is very strongly more important than the others

One criterion is extremely more important than the others

Intermediate values

N O U,

This data indicate an average annual sinkhole frequency of
1.8 sinkholes/yr for that time period. This must be considered as a min-
imum temporal frequency estimate, since most probably our sinkhole
inventory is incomplete. In order to assess the minimum probability of
occurrence of sinkholes with different diameters, the magnitude and
frequency relationship of the 41 inventoried sinkholes formed in the pe-
riod 1989-2011 has been explored considering the major axial length of
the depressions. The annual frequency of sinkholes (Na) with major
axial lengths greater than or equal to D and the D values, have been plot-
ted representing the size in logarithmic scale (Fig. 6). The graph also
shows a clear linear trend and a very good fit (R> = 0.99) with a loga-
rithmic function:

Na = —0.56 InD + 2.1439.

According to this optimistic scaling relationship, and assuming that
the subsidence phenomenon in the future will have similar magnitude
and frequency patterns, we can expect that sinkholes with diameters
larger than or equal to 5 m, 10 m, 20 m, and 30 m, will have maximum
recurrence intervals of 0.8, 1.17, 2.14, and 4.18 years, respectively.

5. Sinkhole susceptibility mapping
5.1. Controlling factors

A number of natural and anthropogenic factors are involved in the
development of sinkholes in the KRQ area (Taheri, 2005). The factors
can be grouped into three main groups: engineering-structural geology,
hydrogeology, and stratigraphy (Table 2). The main factors of the first
group include fault distribution and geotechnical properties of rocks
and cover deposits, which determine their rheology (subsidence mech-
anisms). Regarding hydrogeology, groundwater flow paths, the second-
ary permeability within the karst aquifer, including cavities, and the
water-table decline caused by aquifer overexploitation, are considered
to play a significant role in sinkhole development. The characteristics
and thickness of the overburden underlain by karstified limestone also
have a significant influence on the probability of sinkhole occurrence.
Other factors including irrigation type, land use, groundwater aggres-
siveness, geotechnical conditions, and Quaternary pneumatolytic volca-
nism, should have some influence on sinkhole genesis, but their

Table 3
Pairwise comparison matrix constructed for calculating the main weight for the criteria
(factors) used to assess sinkhole susceptibility.

DF  WLD GE PKA  DDW GA BL AT Weights
DF 1 0.5 0.5 1 5 2 0.2 1 0.08841
WLD 2 1 1 2 5 3 033 2 0.14751
GE 2 1 1 3 5 3 0.5 3 0.17228
PKA 1 0.5 033 1 5 0.5 0.2 2 0.08334
DDW 02 0.2 0.2 0.2 1 033 017 05 0.03695
GA 05 033 033 2 3 1 013 1 0.06775
BL 5 3 2 5 6 8 1 4 0.34386
AT 1 0.5 033 05 2 1 025 1 0.06431

Fig. 5. Plot showing the magnitude and probability relationship obtained with the 47
inventoried sinkholes with available morphometric data. A better fit is obtained when re-
moving the lower and upper bounds of the data set. See explanation in text.

contribution is difficult to assess through statistical approaches due to
the shortage of data.

Based on the information and findings presented in previous studies
(Zamiran Consulting Engineers, 2003; Amiri, 2005; Taheri, 2005; Taheri
et al., 2005; Ouhadi and Bakhshalipour, 2010; Ouhadi and Goodarzi,
2010; Khanlari et al., 2012), as well as new data gathered for this
work, eight parameters were selected out of the available spatial data
layers in order to assess sinkhole susceptibility (Table 4, Figs. 4, 7 and
8): distance to faults (DF), water level decline (WLD), groundwater ex-
ploitation (GE, rate of pumping in public water wells in million cubic
meters per year), penetration of deep wells into the karst aquifer
(PKA), distance to deep wells (DDW), groundwater alkalinity (GA),
bedrock lithology (BL) and alluvium thickness (AT).

5.1.1. Distance to faults (DF)

Faults, both exposed and concealed, may influence the spatial distri-
bution of sinkholes. Fault zones in carbonate rocks are commonly char-
acterized by higher hydraulic conductivity and more cavernous
conditions. Secondary porosity may be particularly high where faults
juxtapose soluble formations against insoluble and impervious rocks
(contact karst). Moreover, faults may act as preferential pathways for
ascending deep-sourced fluids that may enhance groundwater aggres-
siveness by the incorporation of gasses like CO, or H,S. In outcrops of
the Qom Formation in Hamakasi village area, some sinkholes occur as-
sociated with faults or areas with a higher joint density. Moreover, effer-
vescence in the water extracted from some wells suggests input of
dissolved gases from deep sources. Further investigations, including iso-
topic analyses, are necessary to constrain the composition and origin of
those gases. The DF map has been produced by a buffering method con-
sidering five classes (Fig. 7a). The weighted map incorporated the main
weight of the variable (0.08) and the relative weights of the classes
(Fig. 8a).

5.1.2. Water level decline (WLD)

A number of hydrogeological factors may play a significant role in
sinkhole development, including aquifer permeability, transmissivity
and diffusivity, hydraulic gradient, flow direction, rate and regime (lam-
inar vs. turbulent). However, it is not possible to produce reliable spatial
data layers of these factors due to the limited and sparse available data.
Water level decline (WLD) related to aquifer over-exploitation or
mining-related dewatering is one of the most common sinkhole-
inducing anthropogenic factors (e.g. Newton, 1984; Gao, et al., 2001;
Waltham et al., 2005). The main detrimental effects of the water-table
decline include (Gutiérrez, 2010): (1) loss of buoyant support on sedi-
ments, with the consequent increase in the effective weight of cavity
roofs; (2) local increase in groundwater velocity, especially in depres-
sion cones; and (3) replacement of phreatic flows by downward vadose
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Fig. 6. Plot showing the magnitude and frequency scaling relationship obtained with the 41 inventoried sinkholes formed over a period of 23 years (1989-2011). Na is the annual frequency of
sinkholes with a major axial length larger than or equal to D. The hazard values derived from this regression must be considered as minimum estimates (optimistic), since the analyzed in-

ventory is most probably incomplete.

flows with a greater capability to cause internal erosion. This effect is
particularly significant when the water table declines below the
rockhead.

A WLD map of the study area has been prepared computing the
water-table decline over a period of 22 years (1988-2010), using data
from 65 piezometers and applying the IDW (inverse distance weighted)
method (Fig. 9c). The water-table decline since 1988 has reached 75 m
in the central sector of the study area. Although some sinkholes have oc-
curred in zones affected by significant drawdowns, like the Hamadan
Power Plant area, others do not show a clear spatial correlation
(Fig. 8b). The WLD values have been divided into 5 classes (Fig. 7b).
Subsequently, a WLD weighted map has been produced multiplying
the main weight of the factor (0.14751) by the weights assigned to
each class (Fig. 8b).

5.1.3. Groundwater exploitation (GE)

Most probably, the amount and rate of groundwater abstraction has
a significant influence on sinkhole development. Together with other
factors like transmissivity and recharge rate, abstraction determines
the groundwater level decline. Moreover, water pumping from alluvial
aquifers with a high proportion of fine-grained facies may (1) increase
the potential for hydrocompaction, and (2) cause the suction of sedi-
ments with the consequent generation of voids and the weakening of
the soil cover. Seepage forces, effective stresses and flow turbulence
are conditioned by the volume and rate of groundwater exploitation.
Groundwater pumping has greatly increased in the northern sector of
Hamadan province over the last two decades due to rapid agricultural,
industrial and urban development. An annual groundwater exploitation
map has been constructed integrating data from dossiers of 3850 public
water wells of Hamadan Regional Water Co. updated in 2012, and ap-
plying the IDW method. Locally, the annual volume of groundwater ex-
ploitation by deep and shallow water wells exceeds 800 MCM/yr
(million m?/year). There seems to be a reasonable spatial correlation be-
tween the areas with higher water demand and the distribution of sink-
holes. In the GE map, the variable has been classified into five
categories: 1-100, 100-250, 250-350, 350-600, and 600-1700 MCM/
yr (Fig. 7c). The GE weighted map has been produced multiplying the
weight of the variable (0.17) by the relative weight estimated for each
class (Fig. 8c).

5.1.4. Penetration of deep wells into the karst aquifer (PKA)

The depth of the wells that extract water from the alluvial aquifer
varies from 60 to 150 m. In the vicinity of Hamadan Power Plant,
there are also 230-260-m deep wells that penetrate more than 140 m
into the bedrock. Additionally, the onset of the occurrence of collapse
sinkholes coincides with the drilling of deep wells into the karst bed-
rock. Rod falls during drilling of deep wells penetrating into the

limestone bedrock reveals the presence of deeply buried cavities
(Karimi and Taheri, 2010). The vertical distance that deep wells pene-
trate into bedrock may reflect the relative contribution of pumping-
induced suction to internal erosion in the karst voids and overburden.
The washing out of the sediment filling pre-existing conduits may initi-
ate the downward migration of overburden deposits by suffusion and
collapse, as well as the upward propagation of conduits towards the sur-
face. This stopping process is catalyzed by the decline of the water table
and the consequent decrease in buoyant support.

The spatial and temporal correlation clearly indicates that water ab-
straction from the karst aquifer plays an instrumental role in the forma-
tion of human-induced sinkholes, and it seems reasonable to propose
that the higher the penetration of wells into the karst bedrock, the
higher the impact. The PKA variable has been discretized into five clas-
ses (Fig. 7d). The PKA weighted map has been constructed multiply in
the main weight of the variable (0.083) by the weights of the classes
(Fig. 8d). Higher weights are given to the wells that penetrate deeper
into the bedrock and the lower ones to wells confined to the alluvium.

5.1.5. Distance to deep wells (DDW)

Most of the recorded sinkholes are located in the vicinity of deep
production wells. Local people witnessed turbidity changes in deep
wells spatially and temporally associated with cover collapse sinkhole
occurrences. For instance, soon after the formation of the Jahan Abad
cover collapse sinkhole (No. 9), one of the neighboring wells became
turbid during 24 h (Khanlari et al., 2012). Sand pumping into production
wells has received especial attention in recent years. The enlargement of
the screen openings due to poor quality metals (unprotected non-
galvanized steel), use of unsuitable well screens, and improper design
of the gravel pack in tube wells seem to be the main causes of sand
pumping in most of the deep wells in the study area. The turbulent
flow associated with over-pumping causes the washing out of fine-
grained sediment. Unfortunately, we had no direct access to the out
washed sediments. As there is no possibility to measure the volume or
rate of pumped sediment from the karst conduit network
(i.e., human-induced internal erosion from karst conduits), the proxim-
ity to deep wells could be considered as a proxy for this factor. The DDW
map has been produced by a buffering method and classifying the var-
iable into five classes (Fig. 7e). The weighted map incorporates the
main weight of the variable (0.036) and the relative weights of the clas-
ses (Fig. 8e).

5.1.6. Groundwater alkalinity (GA)

In natural waters the alkalinity is mainly related to the concentra-
tion of bicarbonate ion and, to a minor extent, to the carbonate anion
(CO37). Carbonate alkalinity is defined as HCO3™ + 2C0%~ (Langmuir,
1997). In most natural waters carbonate alkalinity roughly equals



K. Taheri et al. | Geomorphology 234 (2015) 64-79 73
Table 4
Available raster data layers of potential conditioning factors. The factors used for susceptibility mapping are indicated in bold (HWRC: Hamadan Water Regional Authority).
Variable Layer Source Description Evaluation/comments
Geomorphology- Sinkhole location SL Field survey Location of recorded sinkholes Comparison between sinkhole
structural distribution and selected factors
geology Distance to faults DF Geological Survey of Iran Fault buffers (m) Zones with higher permeability,
lower mechanical strength and
contacts between different lithologies
(contact karst)
Hydrogeology Water level decline WLD Calculated from HWRC Elevation difference in the groundwater  Loss of buoyant support in sediments
piezometric data level between 1986 and 2012. overlying cavities within the vadose
zone
Groundwater GE HWRC groundwater data base Groundwater consumption extracted Identification of the areas with
exploitation from dossiers on the over 3000 public greatest exploitation and
production wells (million m?/year) human-induced groundwater flow
(depression cones)
Penetration of deep wells PKA  Extracted from HWRC dossiers of  Difference between well depth and Location of wells respect to contact of
into karst aquifer the over 3000 public production  overburden (alluvial cover) thickness alluvium-Kkarst interface, rate of karst
wells aquifer/or filled cavity depletion
Distance to deep wells DDW HWRC wells data base Production wells buffers Impact of pumping on local
groundwater flow. Potential suction
of sand through well screen.
Groundwater alkalinity GA Gathered Data available and Isolines of HCO3 concentration Detection of karstification zones
obtained by authors
Stratigraphy Bedrock lithology BL Data from around 330 exploration Karst and non-karst bedrock distribution Suitability for karst development
and production wells processed
by the authors
Alluvium thickness AT DEM and isopach map Alluvium thickness and distribution of Reflects alluvial thickness and aquifer
rockhead (cover-bedrock contact) type abstraction.
Basic maps Geological units GEOL. Geological Survey of Iran Distribution of lithologies, facies changes, Construction of isopach map in
and or the main structural trends combination with data from
exploration wells
DEM DEM DEM Elevation data Used to construct of structure contour
map of the overburden-bedrock
interface
Hydrography HYD HWRC Distribution of drainage network Distance of sinkholes to channels
Geomorphology GEOM DEM-field survey Geomorphological units Relationship between distribution of
sinkholes and other landforms
Geophysical data GEOP  Geophysical database of HWRC Bedrock units and fault distribution Detection of subsurface geological
and other reports features (e.g. faults)
Main roads MR HWRC data base Local access Comparing the distribution of
sinkholes and infrastructures
Villages and cities SET HWRC data base Local settlement Assessing potential relationship
between sinkhole and population
(human activity) distribution
Land use map LU Soffianian et al. (2011) Land use spatial distribution Comparing sinkhole distribution and
human activities
Hydrogeological ~Pumping wells drilling WD HWRC data base Groundwater over-exploitation Assessment of recent human impact
related maps time on groundwater
Water wells depth WWD HWRC data base Wells drilled in overburden or Use to estimate amount of
overburden and bedrock penetration into bedrock
Groundwater level GLE HWRC piezometric data Groundwater flow, current groundwater Comparison with piezometeric data
equipotential lines level and identification of depression cones
EC EC Data available and collected by Groundwater residence time and water ~ Areas with potentially active
authors quality/aggressiveness karstification
Calcite saturation indices ~ CSI Data available and collected by Karstification capability of groundwater  Areas with potentially active
authors karstification
CO, saturation index COSI  Data available and collected by Karstification capability of groundwater ~ Areas with potentially active
authors karstification
Groundwater temperature ~ GT HWRC data base Karstification capability of groundwater ~ Areas with potentially active
karstification. Location
of thermal flows
Alluvium — overburden AO Data available and collected by Thickness of alluvial deposits and depth ~ Penetration of deep wells into the

isopach map

authors

to bedrock derived from exploration
wells data

karst aquifer

total alkalinity (Drever, 1997). High concentration of HCO3™ in ground-
water may indicate extensive dissolution of carbonate rocks and conse-
quently karst development in the bedrock. High HCO3 may also
indicate nearly saturated water and low dissolution capacity. The
HCO3 increases along the flow path and may come from far field sources.

The HCOj3  value in the typical karst terrain is around 200 mg/I (e.g.
Salvati and Sasowsky, 2002), whereas bicarbonate concentration in
some parts of the KRQ exceeds 1500 mg/l. The dissolved bicarbonate
may be originated from dissolution of carbonate bedrock by water acid-
ified through the incorporation of rising gaseous CO,. Alkalinity values

Fig. 7. Thematic maps of the eight factors selected for the production of the susceptibility model: (a) distance to faults (DF); (b) water level decline (WLD); (¢) groundwater exploitation (GE);
(d) penetration of deep wells into the karst aquifer (PKA); (e) distance to deep wells (DDW); (f) groundwater alkalinity (GA); (g) bedrock lithology (BL); and (h) alluvium thickness (AT).
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Fig. 9. Sinkhole susceptibility map of the study area and the current location of the sinkholes.

have been obtained from 77 water samples analyses. The GA map depicts
five alkalinity classes, from low alkalinity (189-300) to high alkalinity
(800-1525) (Fig. 7f). The GA weighted map incorporates the weights
of the variable (0.067) and those of the different alkalinity classes
(Fig. 8f).

5.1.7. Bedrock lithology (BL)

The presence of karst bedrock is an essential requisite for the develop-
ment of dissolution-induced sinkholes (Taheri, 2005; Heidari et al., 2011,
Khanlari et al,, 2012). In the plains, were the bedrock is concealed by Qua-
ternary alluvium, the distribution of lithologies was mainly inferred
through projections and interpolations from the geological maps, logs
from well logs and geophysical surveys. The bedrock lithology was classi-
fied into five categories depending on the inherent karstification poten-
tial: limestone, marly limestone, marls, conglomerate-sandstone, and
shale-schist (Fig. 7g). According to the AHP calculations for these sub-
criteria, limestone and shale-schist have the highest and lowest relative
weights, respectively. A bedrock weighted-map has been derived from
the bedrock lithology map multiplying the main weight of the factor
(0.34) by the weights assigned to each lithological class (Fig. 8g). In the
preliminary susceptibility model, quite similar relative weights were esti-
mated for the lithologies and marly limestone. The basis of this judgment
is that the presence of inter-stratified marls may favor dissolution at the
contact between the soluble and impervious units (contact karst). How-
ever, the evaluation of multiple models generated with different relative
weights for the lithological classes has revealed that susceptibility is sig-
nificantly higher in the areas with limestone bedrock than in those un-
derlain by marly limestone.

5.1.8. Alluvium thickness (AT)
An isopach map showing the thickness of the alluvial deposits has
been constructed using data from 25 exploratory wells. Geophysical

data and logs from pumping wells and boreholes have been used to
test the validity of the map and refine it. Alluvium thickness is an impor-
tant factor for sinkhole development. It indicates the thickness of alluvi-
um through which cavities rooted in the limestone bedrock have to
propagate upwards to reach the surface and create a sinkhole. General-
ly, the spatial-temporal frequency of sinkholes decreases with overbur-
den thickness, whereas in the study area the majority of the sinkholes
have formed in areas where the Qom Limestone is covered by thick
Quaternary alluvium, rather than in sectors with a thin alluvial mantle
or exposed bedrock. It seems that the variable alluvium thickness indi-
rectly includes other favorable factors such as higher groundwater ex-
ploitation, higher water-table drawdown, and possibly the presence of
tectonic structures and mechanically weaker rocks and cover deposits.
It appears that alluvium thickness explains sinkhole distribution indi-
rectly because it shows a similar distribution pattern to other above-
mentioned hidden factors. An AT map has been produced dividing the
variable into five classes: 0-20, 20-45, 45-75, 75-110 and 110-150
(low to high) (Fig. 7h). The AT-weighted map has been constructed
multiplying the main weight of the factor (0.064) by the relative
weights assigned to each thickness class (Fig. 8h).

6. Discussion and conclusions

Sinkhole hazard has increased dramatically since the 1980s in the
northern plains of Hamadan province, western Iran. The spatial and
temporal correlation between sinkhole occurrences and groundwater
pumping reveals that most of the subsidence events in the study area
are induced by aquifer over-exploitation. Groundwater abstraction
from the alluvial cover (up to 150 m thick) and the underlying cavern-
ous limestone aquifer has resulted in a decline of up to 75 m in the
groundwater level since 1988, locally at a rate higher than 3 m/yr. The
physical effects of the water-table decline that favor sinkhole formation

Fig. 8. Weighted maps of the eight factors produced multiplying the main weight of the variable by the relative weights of each class, both estimated by the AHP approach. (a) Distance to
faults (DF); (b) water level decline (WLD); (c) groundwater exploitation (GE); (d) penetration of deep wells into the karst aquifer (PKA); (e) distance to deep wells (DDW);

(f) groundwater alkalinity (GA); (g) bedrock lithology (BL); and (h) alluvium thickness (AT).
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include: (1) loss of buoyant support; (2) increase in groundwater flow
velocity associated with depression cones; (3) replacement of slow
phreatic flows by gravity-driven downward vadose flows with higher
capability to cause internal erosion; and (4) potential suction of fine-
grained sediments form sediment-filled cavities in the bedrock and
from the alluvial cover.

The sinkhole-related subsidence poses a significant threat for people
and human structures, including sensitive facilities like the Hamadan
Power Plant. Here, wells up to 260 m deep and penetrating as much
as 140 m into the karst bedrock extract groundwater at high rates. Sink-
holes have already formed in the vicinity of the power plant, and in
2004 a large cover collapse sinkhole occurred at a distance of 100 m
from a school. The sinkholes in the study area have a large damaging po-
tential (severity) and might even cause the loss of human lives due to
two main factors: (1) a great proportion of the subsidence events corre-
spond to collapse sinkholes that form catastrophically; and (2) they fre-
quently exceed 20 m in diameter.

The constructed sinkhole inventory, including 49 sinkholes, most of
them with chronological and morphometric data, has allowed the calcu-
lation of valuable sinkhole hazard estimates. Such hazard values should
be considered as minimum (optimistic) values due to two main reasons:
(1) the sinkhole inventory is most probably incomplete; and (2) it is like-
ly that the hazard will increase in the near future, as long as the main
driving factor (groundwater abstraction) remains. A minimum probabil-
ity of 1.8 sinkholes/yr has been estimated for the study area, covering
6532 km? The magnitude and frequency relationship constructed
using the 41 sinkholes with chronological and morphometric data indi-
cates maximum recurrence intervals of 1.17, 2.14 and 4.18 years for sink-
holes with major axial lengths equal to or higher than 10, 20 and 30 m,
respectively. It is highly desirable to continuously update the sinkhole in-
ventory in the following years, in order to investigate several practical is-
sues: (1) potential changes in the spatial distribution patterns of the
subsidence phenomenon (e.g. clustering, alignments, relationship with
groundwater abstraction points); (2) temporal evolution of the overall
sinkhole temporal frequency; i.e., does the rate at which sinkholes
form in the area decrease or increase? and (3) potential variations in
the magnitude and frequency relationships.

A preliminary sinkhole susceptibility model was produced in a GIS
environment applying the analytical hierarchy process (AHP) approach
and considering a selection of eight factors, each categorized into five
classes: distance to faults (DF), water level decline (WLD), groundwater
exploitation (GE), penetration of deep wells into karst bedrock (PKA),
distance to deep wells (DDW), groundwater alkalinity (GA), bedrock li-
thology (BL) and alluvium thickness (AT). Relative weights were pre-
liminarily assigned to each factor and to their different classes through
systematic pairwise comparisons based on expert judgment. A sinkhole
susceptibility index was obtained for each pixel from the summation of
the products given by the weights assigned to each factor and the corre-
sponding class. The resulting susceptibility index values were then clas-
sified into four susceptibility classes (low, moderate, high and very
high) for the production of a preliminary susceptibility model.

The inventoried sinkholes, covering a time span larger than two de-
cades of groundwater over-exploitation, have not been used for the de-
velopment of the susceptibility model. The initial weighting of the
factors by expert judgment (systematic pairwise comparisons) was
based on theoretical background on karst and sinkhole development,
without considering the spatial relationships between the variables
and the inventoried sinkholes. Consequently, they can be considered
as an independent and representative sample of subsidence events,
which can be used to assess the prediction capability of the model
(e.g. Galve et al., 2009c¢). The higher the spatial correlation between
the distribution of sinkholes formed in the past and that of the highest
susceptibility classes, the higher the prediction rate of the model.

The preliminary sinkhole susceptibility model was evaluated using
the sinkhole data layer. Subsequently, multiple models were developed
changing the relative weights. Evaluation of those models has allowed

us to progressively improve the prediction capability of the models
through a trial and error processes. In the susceptibility model with ap-
parently higher prediction capability presented in this work, 51% and
49% of the 49 recorded sinkholes are located within the very high and
high susceptibility zones, respectively (Fig. 9). The spatial correlation
rises to 55% and 45%, if the 3 depressions with doubtful origin and the
6 old sinkholes with unknown date, probably formed before the anthro-
pogenic lowering of the groundwater level, are disregarded (Table 1).
These figures suggest that most of the future sinkholes can be expected
to occur within the very high and high susceptibility zones of the map.
However, this apparently high prediction rate has a limited usefulness
from the risk management perspective, since those two susceptibility
classes cover 884.5 km? (26% of the total area). It would not be feasible
and/or practical to apply mitigation measures in such large area. There-
fore, it would be desirable to produce more practical models predicting
the distribution of a large proportion of the new sinkholes with more
spatially restricted high susceptibility zones.

Bedrock lithology is the factor that received the higher weight
(0.343). Obviously, the probability of sinkhole occurrence largely de-
pends on the lithology of the bedrock situated immediately beneath
the alluvial cover. There is a group of factors related to groundwater ex-
ploitation that have received significantly lower weights (WLD: 0.147;
PKA: 0.083; GE: 0.172; DDW: 0.036). However, they implicitly assign
the highest weight to the human disturbance that is thought to be the
main inducing-triggering factor, with an aggregate value of 0.440. Rela-
tively low values have been ascribed to the remaining factors: distance
to faults (0.088), alluvium thickness (0.0643), and groundwater alkalin-
ity (0.068).

The limitations of the model are partly related to the difficulty of
gathering data on some relevant geological factors, due to their hidden
nature. For instance, the distribution of limestone bedrock, largely
concealed by thick Quaternary alluvium, is highly uncertain; the bed-
rock lithology data layer may have significant inaccuracies. A close ex-
amination of the spatial distribution of the inventoried sinkholes
reveals that they tend to form clusters and alignments (Fig. 9). A signif-
icant proportion of sinkholes occur on an N-S trending belt south of
Famenin city, consistently with one of the faults considered in the dis-
tance to fault data layer (Fig. 3a). Around 3 km SW of the Hamadan
Power Plant, there is a clear sinkhole alignment with a NE-SW orienta-
tion, strongly suggesting that subsidence phenomena is controlled by a
buried fault or fault system with that trend. However, the distance to
fault data layer does not include such inferred fault or any other tectonic
structure with a similar orientation.

The model presented in this work has been constructed by
weighting a selection of controlling factors. Additional susceptibility
models could be generated and evaluated applying other approaches.
One alternative is to assess susceptibility on the basis of the statistical
relationships between the spatial distribution of inventoried sinkholes
and that of different sets of controlling factors. Another alternative is
to produce susceptibility models using the spatial distribution of the
recorded sinkholes. Susceptibility may be assessed considering parame-
ters like sinkhole density, distance to the nearest sinkhole, or preferred
sinkhole orientations. These approaches might allow the production of
high quality models with a limited effort in the study area, where sink-
holes tend to cluster and form fault-controlled alignments (e.g. Galve
et al.,, 2009b).
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