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Abstract: The construction of dam is important for many reasons. Prior to construction,
it is essential to assess the dam’s base reservoir to identify any subsurface cavities. This
study was conducted along nine electrical resistivity (ERT) profiles and eight induced
polarization (IP) profiles, which are traditional ERT profiles, trending SW to NE direction
in the reservoir part of the failed Chag-Chaq dam NW of Sulaimaniyah city. The aim
of this study was to delineate subsurface layers, underground features, determine the
depth to bedrock, and investigate indications of the causes of collapse of the constructed
Chag-Chaq dam. The Res2Dinvx64 program used in the inversion method to obtain true
2D resistivity sections using a Schlumberger-Wenner array, which is highly sensitive to
changes in resistivity both vertically and laterally. Based on the resistivity values, it was
found that the area consists of three geological layers; the first layer consists of soil, while
the second layer consists of rock fragments, the interface between them has disappeared
because the first layer is thin, and the third layer is specified as consolidated and cohesive
limestone of the Kometan Formation. The surface of the Kometan limestones is irregular
due to weathering and faulting resulting from tectonic movements leading to the collapse
of the area and later filled with sediments of recent deposition. The IP method was
only used to distinguish clay and water. According to IP values, water is present in the
subsurface of the study area. According to the ERT sections, a sinkhole with a depth range
of (15—-39 m) was encountered at the beginning of most of the profiles. The occurrence of
subsurface sinkholes and cavities in the fractured limestone of the Kometan Formation,
especially in the western part of the dam region, is considered to be a contributing factor
to the collapse of the dam when it is filled with water and subjected to the water pressure.
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1. Introduction

Water is an important resource in everyday life and in the global economy.
Its development has been driven primarily by a lack of water during the
dry season. A dam is a structure built across a river with the intention of
raising the water level to form a reservoir (Energy education, 2021). Reser-
voirs (the dam basin and the upstream side on which water is collected) are
used to store water, particularly when there is a surplus. In addition, they
are used for flood control, irrigation, power generation, navigation, urban
and industrial supply, fish farming, and tourism. Dams have many benefits,
such as stored water and supply water for irrigation. Dams prevent the
occurrence of flooding by collecting excess water to prevent it from flowing
downstream (Abdelwahed, 2019).

The destroyed Chag-Chaq dam was one of the small core clay body dams
that was constructed about 2 km northwest to Sulaimani city in Kurdistan
region — Iraq. This dam was especially needed for flood control, irrigation,
and navigation in the region. The dam collapsed on 4th of February, 2006.
This dam is a zonal earth dam with a gravelly shell and a clay core in the
middle. The Chag-Chaq dam was created by engineers with limited exper-
tise in dam design and construction. One of the most significant mistakes
in the design, which has been acknowledged, was the choice to locate the
spillway in the identical valley as the dam, rather than as a stand-alone
structure. The spillway wall has been made vertical. When building em-
bankment dams, it is not advised to compact the embankment close to the
vertical wall because this will cause a weak link to form at the point where
the wall and embankment meet (FEMA, 2005).

Since the 1920s, geophysical methods had been employed in dam site
surveys and safety monitoring. The selection of specific geophysical meth-
ods depends on the exact target and the geological conditions encountered
in the field (T'sai and Lin, 2022). Saleh et al. (2010) revealed that geophys-
ical methods are often used in site investigation to determine depth to the
basement and map the characteristics of the subsurface prior to excavation
and construction. The use of multiple geophysical methods helps to obtain
more accurate results.

Zhao et al. (2021) believed that dam failures were caused by cracks, un-
controlled water flow through the dam, water leaking, joint separation due
to poor design and construction. These ground surface conditions and the
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nature of the dam construction may cause dam to collapse. Overlooking sub-
surface elements such as underground cavities, sinkholes, faults, and joints
can also lead to more serious problems that may result in dam collapse.
Subsurface characteristics could impact both the surface and underground
areas below the dam, including its body and structure. Consequently, a
comprehensive assessment of these factors is necessary to prevent the com-
plications witnessed in the dam area. Evidently, in the surrounding area
of the dam, the underground fractured Kometan limestone has abundant
cavities, voids, and sinkholes, supplying Sarchnar springs with fresh water
throughout the year.

Loke (1999) suggested that the Wenner-Schlumberger array is moder-
ately sensitive to both vertical and horizontal structures. Dahlin and Zhou
(2004) expected that the most commonly used arrays in the 2D electri-
cal imaging surveys are conventional arrays such as the Wenner, Schlum-
berger, or Dipole-Dipole arrays. Capizzi et al. (2005) mentioned electrical
resistivity tomography as the most widely used method for detection of un-
derground voids. A study conducted by Othman et al. (2019) had used
2D resistivity method to determine the suitability of the Mirakan site (Er-
bil Governorate, Kurdistan Region — Iraq) for dam construction to store
and supply the people with fresh water especially in summer season. Aziz
(2005) used 2D resistivity tomography for the first time for a hydrogeologi-
cal study in Bazian Basin — west of Sulaimani city, northeastern Iraq. Amin
(2008) applied electrical resistivity method to delineate aquifers and evalu-
ate hydraulic parameters from surface resistivity measurements in Sharazoor
Basin, northeastern Iraq.

Youssef et al. (2012a) used the integration of remote sensing and electri-
cal resistivity methods to investigate sinkholes in Saudi Arabia, indicating
unconsolidated material in the subsurface (karst phenomena). Gardi et al.
(2015) applied two-dimensional electrical resistivity tomography (ERT)
method to identify the nature of subsurface structures and assess their suit-
ability for dam building to explore the dam site in Shaqglawa-Erbil Gover-
norate, NE Iraq.

Shao et al. (2021) suggested that one geophysical method may provide
ambiguity in interpretation of the subsurface layers, such as electrical re-
sistivity, which is unable to distinguish between water and clay content,
ERT with induced polarization (IP) are applied for this purpose. In this
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article, IP data was employed as a supplementary technique to distinguish
between water and clay layers in ERT. Conrad Schlumberger (Schlumberger,
1920) first convincingly described the IP response in his classic monograph
‘Btude sur la prospection électrique du sous-sol’ (Baban et al., 2023), ap-
plied combined ERT/IP methods and geoelectrical parameters to evaluate
groundwater in Qularaisi NW Sulaimani City — Kurdistan region — Iraq.

Cardarelli et al. (2006) used electrical resistivity tomography to detect
buried cavities in Rome. Youssef et al. (2012b) detected sinkholes using
electrical resistivity tomography in Saudi Arabia. Camarero and Moreira
(2017) applied electrical resistivity tomography on an earth dam. Shan-
shal and Al-Heety (2020) detected subsurface cavities using inverted syn-
thetic models by 2D electrical resistivity tomography technique. Moreira et
al. (2022) applied electrical resistivity tomography (ERT) in uranium min-
ing earth dam.

The aims of this study are:

1. To investigate the suitability of the subsurface geological features, ground
conditions and geological structures for the dam basin. The electrical
resistivity method was applied for this purpose. The IP method was
used to distinguish between water and clay only.

2. Determine the depth to bedrock, perform bedrock strength assessment.

3. Mapping of underground structures, fractures, voids and sinkholes and
evaluation of the selected underground area for dam construction, “the
dam basin”.

4. Investigation of the causes of the collapse of the constructed Chag-Chaq
dam.

2. Location of the study area

The study area encompasses the Chag-Chaq dam, situated approximately
2 km northwest of Sulaimaniyah city in the Kurdistan region of Iraq. The
Chag-Chaq dam basin is located in the Chag-Chaq stream valley, which
falls between the plunges of the Sulaimani anticline, the western side of
the Sulaimani anticline lies on the site of the dam (study area), while the
eastern Sulaimani anticline is located in the eastern part of the area due
to the strike slip fault that cuts the Sulaimani structure (Al-Hakari, 2011).
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The study area, comprising the reservoir basin, covers an estimated area of
about 45,039 m? with a relatively flat topography showing slight undulations
ranging from 768 to 771 metres, as illustrated in Fig. 1. This specific site
was selected due to the lack of geophysical studies in the vicinity. A solitary
previous geophysical study (seismic refraction tomography) conducted by
Baban et al. (2022) is available, along with supplementary verification tools
such as outcrop information, which significantly aids in data interpretation.

The governorate of Sulaimani is located in the Northeast of Iraq. Accord-
ing to Al-Qayim, et al. (2019), the northern and eastern sections of Sulai-
maniyah city have undulated landforms characterized by various stages of
alluvial fan formation on the mountain fore-slopes. The low altitude sec-
tion of the mountain pediment covers the middle part of the Sulaimaniyah

| Coordinates of the study area
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Fig. 1. Location map of the study area (Google Earth, 2022).
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city area. During the early phases of the city’s development, expansion was
limited to the east of the Chaq-Chaq valley and over a drainage network of
low-order streams (orders two and three) (Ai-Qayim, et al., 2019).

The outcrop of the Kometan Formation, alongside recent deposits com-
prising soil and rock fragments, was observed in the field. Within the
Kometan Formation, predominantly composed of limestone, outcrops were
visible on both the eastern and western perimeters of the study area, shaping
the valley basin within. The thickness of recent deposits varied across the
study area; in some locations, it measured less than 1m, while in others, it
exceeded this depth. Notably, a layer of recent deposits was identified within
specific coordinates, such as between longitude 534788.23 m E and latitude
3940115.19 m N and longitude 534685.81 m E and latitude 3940103.69 m N,
as depicted in Fig. 2.
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Fig. 2. Photo image shows the layer thickness and types of layers.

3. Geology and tectonic setting
3.1. Geology

The geological setting of Iraq allows such a quality profile with its sedimen-
tary cover of 4—13 km thickness that overlies the Precambrian basement.
Kometan Formation (Late Turonian — Early Campanian) was firstly de-
scribed by Dunnington (1958); Jassim and Goff (2006). Lithologically, it
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consists of white-to-light-gray, hard, uniform and medium-bedded limestone
and chalky limestone Al-Qayim et al. (2012). The thickness of its compo-
sition reaches 100—120 m (Karim et al., 2008). This formation is cropping
out in north, northeastern and northwestern parts on the limbs of Azmar-
Goizha and Plunge of Piramagrun, and Sulaimani anticlines as well as in
the western part of Sulaymaniyah city and this study area. Quaternary sed-
iments based on field observations, there are two units of alluvium and some
residual slope wash soil layers that exposed in Chaq-Chaq valley terraces
which belonged to different periods of recent time.

The Zagros orogenic belt resulted from the collision of the Arabian and
Eurasian Plates in the Cenozoic up to the present-day Fig. 3. The Zagros
orogenic belt extends almost 2000 km across Iran and Iraq, through Syria
and southeastern Turkey. The tectonic evolution of the Zagros can be sum-
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Fig. 3. Tectonic subdivisions of the NW segment of the Zagros Fold—Thrust Belt (modified
by Zebari et al., 2019).
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marized as a series of Late Proterozoic, Permian and Mesozoic rift events
that were followed by closure of the ancient continental margin leading to
continental collision in the Cenozoic (Alavi, 2004).

The Iraqi territory is the northeastern extension of the Arabian platform
that surrounds the Arabian shield. Early workers subdivided the Arabian
platform within the Iraqi territory into two major parts: a stable part to
the southwest and an unstable part to the northeast Dunnington (1958).
These broad lines of definition were adapted latter by many workers, either
under the same names or others, then further subdivided into smaller and
smaller zones and subzones followed to describe the structural framework
of Iraq (Ditmar, 1971; Buday, 1980).

3.2. Tectonic setting

Tectonically Iraq can be divided into two main tectonic units, Alpine Geosyn-
cline and Nubian-Arabian Platform. The structure and structural develop-
ment of Iraq is basically determined and strongly influenced by its position
on the border between these two main Phanerozoic tectonic units of the
Middle East (Buday and Jassim, 1987; Baban, 2001). The Apline Geosyn-
cline unit is divided into External, Central, and Internal zones, each of them
is divided into subzones.

Lawa et al. (2013) divided the Iraqi territories into four main tectonic
zones, which are most widely used tectonic division these days. These Zones
involve low folded thrust zone, high folded thrust zone, imbricated zone and
suture zone. The boundary between these zones characterized by faults
such as Zagros Mountain mentioned previously. Zagros Mountain front
fault, high Zagros reverse fault and Zagros main suture fault. In addition
to the transversal faults such as Sirwan-Khanaqin fault, lesser Zab Fault
and great Zab fault.

Tectonically, the area involved in this study is located within the high
folded zone, which lies in (Zakho-Sulaimani sub-zone) of north eastern part
of Iraq and exactly within the Sulaimani-Sharazur Basin, on the Sulaimani
anticline known as Harmetool Mountain according to Bety (2013). Accord-
ing to Al-Hakari (2011) the Sulaimani anticline is around 2 km northwest
of Sulaimani city that is falling in two directions: its northeastern plunge
began before its southeastern plunge of the Piramagrun anticline, forming
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Fig. 5. Upstream (reservoir) side of the failed Chaq-Chaq dam (study area).

an echelon with it, and its southwestern plunge, which begins below Su-
laimaniyah city as shown in Figs. 4 and 5. A small anticline, known as the
Sherkuzha anticline, emerges as a minor structure extending in a northwest-
southeast direction. This feature is situated adjacent to the Piramagrun,
distinguished by a brief syncline. Towards the southeastern inclination, the
fold bifurcates to create a surface exhibiting an anastomosing pattern, with
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the Sherkuzha anticline set apart from the Sulaimani anticline by a slender
syncline.

4. Hydrology and climate

Hydrologically, the study area’s lowlands are confined to large valleys such as
the Tanjero valley. Chaq-Chaq and Kanipan are the two important streams
in the region, they flow from the north and northwest (Bety, 2013). The
Tanjero stream, running approximately 13 km southwest of the city centre,
originates from the merging of two streams near Kani-Goma village, situ-
ated about 7.5 km from the city centre. Serving as a primary water source
for the Darbandikhan reservoir, located 50 km southwest of Sulaimaniyah
city, the Tanjero Stream plays a crucial role in the region. Over time, the
area has been shaped by alluvial and fluvial processes alongside periodic
floods, influencing its development from the initial stages onwards.

A significant challenge in the study area was the absence of hydrological
data, presenting a notable hurdle for the consultant. The lack of a hydro-
metric station in the basin led to insufficient data on crucial factors such
as flow discharge, storms, sediments, water quality, and flood patterns —
essential information vital to the study’s comprehensive analysis.

The purpose of the climatology study is to recognize and estimate the
values and perform frequency analysis of the most significant climate fac-
tors affecting the study area including precipitation, air temperature, wind,
relative humidity, evaporation. Sulaimaniyah station which is located at
latitude 35°33’ N and longitude 45°27' E, at elevation 884.8 m. Shahsavari
(2012) mentioned that 3-year drought period has occurred from 1978 to
1980 and there was drought period a 6-year period from 1997 through 2002
and another drought period was a 7-year period from 2005 through 2011 at
Sulaimaniyah which is the nearest station to the dam site. Furthermore,
some single drought years occur during the study period in 1973, 1975, 1980,
1983, 1989, 1990, 1999, 2005, 2008, 2017 and 2021 as shown in Fig. 6.

At Sulaimaniyah station, a total annual amount of precipitation recorded
was approximately 1235.2mm since 2018. No precipitation was recorded in
July from 2017 —2021 because it was the warmest month in Sulaimaniyah,
the total annual precipitation recorded in 2021 was approximately 291.9 mm,
as shown in Fig. 7.
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Fig. 6. The average of annual precipitation from years 1973 —2021 collected and recorded
at Sulaimaniyah station.
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Fig. 7. The monthly average of precipitation from years 2017 —2021 recorded at Sulai-
maniyah station.

5. Methodology
5.1. Data acquisition

The fieldwork strategy involved segmenting the study area into nine Elec-
trical Resistivity Tomography (ERT) and eight Induced Polarization (IP)
profiles, oriented from southwest to northwest, to effectively detect bedrock
layers. Situated in the northern region of the Chag-Chaq dam, all profiles
ran parallel to each other. Utilizing the ABEM Terrameter LS (Guideline
Geo AB, 2021) from Guideline Geo, Sweden, a single-channel instrument,
both ERT and IP methods were applied for data collection.

For the resistivity survey setup, a resistivity meter with four electrodes
was employed, equipped with a multi-electrode survey system for 2D analy-
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sis. The ABEM Terrameter LS instrument featured a total of 41 electrodes,
connected through four cables spanning approximately 200 metres in total
length, each with a takeout ranging between 10 and 11 metres.

The electrical resistivity survey commenced during the autumn season,
initiating ERT profiling across the nine designated profiles extending from
southwest to northeast. Distinct spacing intervals were observed between
individual profiles, with precise recording of South and North coordinates
for each line is documented in Table 1.

Table 1. Number of profiles, direction, and coordinates for electrical resistivity and in-
duced polarization method.

No. of profiles South coordinates North coordinates
East North East North
ERT-Tr-1 534783 3939971 534824 3940178
ERT-Tr-2 534766 3939981 534806 3940192
ERT-Tr-3 534746 3939992 534788 3940201
ERT-Tr-4 534729 3939998 534772 3940210
ERT-Tr-5 534712 3940008 534753 3940218
ERT-Tr-6 534694 3940014 534734 3940225
ERT-Tr-7 534674 3940024 534715 3940231
ERT-Tr-8 534665 3940028 534705 3940230
ERT-Tr-9 534650 3940036 534690 3940240

The pre-installed array types in this instrument consist of multiple Gra-
dient, Dipole-Dipole, Wenner, Schlumberger, Pole-Dipole and Pole-Pole.
All profiles have been acquired using the Wenner-Schlumberger protocol of
524 apparent resistivity data reading measurements for each (41) electrode
profile. The electrical resistivity data acquisition layout was created at the
beginning prior to the survey, as shown in Fig. 8.

A total of 41 electrodes were placed to perform the ERT profile, which
were arranged in a straight line along the measurements. The electrode
spacing was 5 m for all electrical resistance profiles as shown in Fig. 9, ex-
cept for the first profile, which was 3 m. The total length of each profile was
200 m, except for the first profile (120 m). For each profile, 524 apparent
resistivity data readings were recorded.

Four profiles (ERT-Tr-1, ERT-Tr-7, ERT-Tr-8 and ERT-Tr-9) were con-
ducted during the autumn season in the Chaq-Chaq upstream (Reservoir)
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E Electrode

Fig 8. Electrical resistivity tomography data acquisition layout.

Google Earth

Fig. 9. Nine profiles for ERT method in study location (Google Earth, 2022).

of the dam, while other five profiles (ERT-Tr-2, ERT-Tr-3, ERT-Tr-4, ERT-
Tr-5, and ERT-Tr-6) were executed during spring season as shown in
Fig. 10.
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Fig. 10. Shows the field work and the linear spread configuration of profile 9.

5.2. Data processing

The Res2Dinvx64 software was utilized in this study to create the flow chart
(Fig. 11) that illustrates the steps of the Electrical Resistivity Tomography

[ Filter bad data point/s from Terrameter LS tool box ]
!
[ Separated electrical resistivity data from induced polarization ]

1
[ Saved as file format software ]

Data input
Forward modelling
Change settings

Inversion

Iteration

[ Display final inversion model ]

Fig. 11. Flow chart shows data processing for electrical resistivity tomography by
Res2Dinvx64 software.
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(ERT) process. The Tetrameter LS toolbox was used to sort and measure all
recorded data for the generation of 2D ERT. The electrical resistivity data,
excluding induced polarization, were saved in separate files. These data were
then used as input to the Res2Dinvx64 software for forward modelling, using
different settings applied for inversion by varying the number of iterations for
all profiles. Finally, the final inversion model was prepared for interpretation
and display. The main objective of the inversion algorithm was to find a
subsurface resistivity model that closely matches the measured apparent
resistivity data through theoretical (computed) response.

6. Interpretation of the results

Table 2 provides a summary of the RMSE and iteration number for all nine
electrical resistivity tomography and induced polarizations. The values of
%RMS below 5 are appropriately processed and represented. The interpre-
tation results are presented in two figure parts, which include the following:
a) Inverse model resistivity section.

b) Inverse model chargeability section.

Table 2. The RMSE and iteration number of all nine electrical resistivity tomography
and eight induced polarizations.

Profile RMSE Iteration Profile RMSE Iteration
(%) number (%) number
ERT-Tr-1 1.25 7 IP-Tr-1 1.2 7
ERT-Tr-2 4.4 7 IP-Tr-2 0.12 4
ERT-Tr-3 4.9 5 IP-Tr-3
ERT-Tr-4 3.5 7 IP-Tr-4 0.25 1
ERT-Tr-5 4.1 6 IP-Tr-5 0.14 7
ERT-Tr-6 5 7 IP-Tr-6 0.10 6
ERT-Tr-7 0.85 9 IP-Tr-7 1.3 7
ERT-Tr-8 1.96 7 IP-Tr-8 12.1 6
ERT-Tr-9 1.62 6 IP-Tr-9 3.6 6

ERT-Tr-1 profile

Figure 12 illustrates a 2D resistivity inverse section for the ERT-Tr-1 profile.
Three horizontal layers are evident in this section. The interface between
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Fig. 12. Geoelectrical section from 2D inversion model result in ERT-IP-Tr-1 profile.

the first and second layer is invisible. The thickness of the first layer ranges
from 0—2.5 m, which is the surficial layer in average, with resistivity values
ranging from 0-50 2.m, corresponding to sediments or soil from recent
deposits that cover the floor of the upstream of the dam reservoir. The
second layer consists of rock fragments with thickness ranging from 1 to
12 m. The rock fragments are characterized by higher resistivity values than
the first layer and range from 51 —100 Q2.m. The top of third layer is located
at depths ranging from 2 to 13 m and consists of fractured limestone with
resistivity ranging from 101 to 399 2.m. At a distance of 0—80 m, the rocks
have extremely high resistivity values equal to and greater than 400 2-m,
indicating the presence of hard and compact limestone that appeared at a
depth of 10—-12 m.

There are many anomalies in the ERT section as shown in Fig. 12a, from
the right side of the section at a distance of 68—78 m, another anomaly
has appeared due to a collapse that has been filled by recent deposits or
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may be a saturated body. Another anomaly represented on the left at a
distance of 18 —51 m relates to a sinkhole filled by recent deposits or may
be a saturated body. The right side of the section at 92—-96 m shows
a narrow vertical collapse and infill by a recently deposited or possibly
saturated body. Figure 12b shows a 2D IP section for the IP-Tr-1 profile.
Depending on the IP values, the first and second layers consist of saturated
recent deposits. This method removes the ambiguity between clay and water
content. According to this method, the recent deposits are filled with water
because they have a low electrical resistivity value and a low IP value, and
they are in the range of 0—3 msec.

ERT-Tr-7 profile

The electrical resistivity tomography section for the ERT-Tr-7 profile is
shown in Fig. 13a. The interface between first and second layers is invisible
because the first layer is thin. The resistivity values for the first and second
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Fig. 13. Geoelectrical section from 2D inversion model result in ERT-IP-Tr-7 profile.
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layers were 0—100 2.m, which corresponds to soil and rock fragments from
recent deposits that cover the floor of the upstream of the dam reservoir.
The interface between the second and third layers is clearly visible at a
depth of 8 -12 m ant at a distance of 39—41.5 m.

The third layer consists of two parts; the first is observed at the top of
this layer and consists of fractured limestone with different resistivity values
ranging from 201 —1900 Q2.m. Below this part, hard and compact limestones
with high resistivity values in the range of 1901 -2100 2.m are evident at
17-20 m depth and at a distance of 112160 m.

From distance 38 m, one reverse fault may be present. One deep col-
lapse at distance ranging from 0—38 m is evident and may be generated
due to this fault. This collapse was filled by sediments of recent deposition.
Three small anomalies consisting of rock fragments of limestone, gravel or
sand were observed in the centre near the surface between a distance of
93-113 m and are characterized by high resistivity values in the range of
20002100 ©2.m. One void was observed at distances ranging from 24 —40 m
and at distances ranging from 3 —14 m. Figure 13b shows a 2D IP section for
the IP-Tr-7 profile. The first and second layers consist of saturated recent
deposits with TP values ranging from 1-2.8 ms. According to this method,
recent deposits filled with water had a low electrical resistivity value and a
low IP value.

ERT-Tr-8 profile

Figure 14a illustrates the electrical resistivity tomography section for ERT-
Tr-8 profile. First layer mixed with second layer and interface between
them disappeared because first layer is thin. The thickness of first layer and
second layer together (recent deposits) ranges from 3 to 8 m, which is con-
sidered to be a soil with rock fragments with resistivity values ranging from
0 to 200 Q.m. The depth of the third layer starts in the range of 4—9 m.
The top of third layer consists of fractured limestone, whose resistivity value
ranges from 201 —1400 2.m. The bottom of third layer has a high resistivity
value indicating a solid limestone in the range of 1401 —-1600 2.m. There
may be one reverse fault at a depth of 4 m at a distance of approximately
78 —80 m. One collapse observed at distance ranging from 0 to 73 m is filled
by recent deposits and may have formed due to this fault. A single void is
evident near the surface at a distance of 112 to 118 m.
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Fig. 14. Geoelectrical section from 2D inversion model result in ERT-IP-Tr-8 profile.

One small collapse is visible near surface at a distance of 0 to 50 m and
is filled with sediments of recent deposition. A small green sphere shape
appears near the surface at distances ranging from 14 to 32 m, with resis-
tivity values ranging from 400 to 700 2.m, indicating a fractured limestone
according to 2D IP section for IP-Tr-8 profile illustrated in Fig. 14b. The
recent deposits, which consist of soil and rock fragments and as a result
of having low IP value ranging from 0.0 to 0.02 ms, suggest the existence
of water in the recent deposits. At the same time, water is present in the
fracture at the top of the third layer due to the low IP value.

ERT-Tr-9 profile

The electrical resistivity tomography section for the ERT-Tr-9 profile is dis-
played in Fig. 15a. Recent deposits present and consist of soil and rock
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Fig. 15. Geoelectrical section from 2D inversion model result in ERT-IP-Tr-9 profile.

fragments having resistivity value ranges between 0—200 2.m. The top of
the third layer is located at distance between 0 and 27 m, with resistivity val-
ues ranging from 201 to 750 Q2.m indicating fractured limestones. Hard and
compact limestone with high resistivity values ranging from 751 -850 2.m
is found at a depth of 36 m.

In the middle of the section, the thickness of recent deposits decreased
and a small elliptical-shaped anomaly (red colour) with a high resistivity
value in the range of 751 -850 (2.m was observed at a distance of 108 —
139 m, indicating pieces of hard limestone. A single collapse is present
between 10 and 78 m, which is filled with recent deposits. At a distance of
99 to 108 m near the surface in the middle of the section, one small hemi-
spherical anomaly is visible, which has a high resistivity value and consists
of pieces of limestone. Another collapse was observed on the right side at a
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distance of approximately 135—194 m, which was filled by recent deposits.
Based on the 2D IP section for the IP-Tr-9 profile that was displayed in
Fig. 15b, water is present in this region, which has low ERT and IP values
and ranges from 0.0 —15 ms.

7. Discussion

Resistivity profiles showed a distinct three-layered profile with a high-resis-
tivity layer at the base overlain by a middle layer and an uppermost layer
with a low resistivity. The two upper layers are interpreted as recent de-
posits divided into two resistive layers that consisted of soil in the upper
layer and rock fragments in the middle layer, which had a low resistivity
value. The high resistivity layer in the bottom of the profiles was interpreted
as rock that consisted of weathered limestone from the top and hard and
compact limestone below.

Resistivity values vary based on profiles. In the case of the ERT-Tr-1
profile, a thin layer of soil covering the study area was reported with an aver-
age thickness ranging from 0 to 2.5 m, and the second layer consists of rock
fragments ranging from 4 to 13 m in thickness and the interface between the
two is invisible. In the case of the ERT-Tr-1 profile, the resistivity values for
the overburden layer were 0—100 .m, for the fractured limestone 101 —399
Q.m and for the compact limestone 400 Q2.m. For the ERT-Tr-7 profile, the
resistivity value for the overburden layer was 0—100 2.m, for the fractured
limestone the resistivity value ranged from 201 —1900 Q2.m, and for the hard
limestone the resistivity value ranged from 1901 -2100 Q.m. For ERT-Tr-8,
the resistivity value of the overburden layer was 0—100 .m, for fractured
limestone the resistivity value ranged from 101 —1400 ©.m and for solid and
compact limestone the resistivity value ranged from 1401 -1600 Q.m. And
for ERT-Tr-9, the resistivity value of the profile for overburden layer was
0-200 Q.m, for fractured limestone the resistivity value ranged from 201 —
750 ©2.m and for solid and compact limestone the resistivity value ranged
from 751 -850 2.m.

For all other profile sections, the interface between the first and second
layers was invisible because the first layer was thin and calculated with the
second layer, with the first and second layers having the same composition.
The first and second layers consist of recent deposits and can be called over-
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burden layer. For profiles ERT-Tr-2, ERT-Tr-3, ERT-Tr-4, ERT-Tr-5 and
ERT-Tr-6, the overburden layer covered the bedrock of the dam reservoir
floor (upstream) and its thickness ranged from 1—16 m on average and had
resistivity values ranging from 0—100 Q.m. The thickness value of the re-
cent deposits varied from site to site at some locations, and this range was
greater than this level due to present collapse or voids filled by the sediments
of recent deposits. The upper part of the third layer started at a depth of
8—-39 m and had varying resistivity values ranging from 101 to 1999 (2.m,
indicating fractured limestone that had eroded due to weathering and kars-
tification. The bottom part of the third layer shows high resistivity values,
which are higher than 2000 Q2.m and indicate hard limestone.

Several anomalous features were discovered throughout the ERT sec-
tion, including collapses and voids filled with sediments of recent deposition.
These anomalous structures lead to leakage and pose a risk to the safety
and stability of the dam. This reservoir (dam basin-upstream) downstream
of the dam contains a heavily fractured rocks, voids and sinkholes and wa-
ter leakage via fractures in the sinkhole and voids floor and a significant
amount of water entering the reservoir through fractures in the limestone
bed, which is located in a highly fragmented karstic region. The ground
water may be present in the study area depending on IP values, and sur-
face water was present at depths of approximately 4 to 10 m, and at some
locations at depths of 4 to 39 m due to existence of sinkholes and caverns
and the water collected therein. Separation of clay (sediment) and water
content is difficult with the ERT method alone because each has a low re-
sistivity value, resulting in ambiguity in their resolution. For this purpose,
by combining ERT with IP, the result was integrated to distinguish water
and clay. According to Johansson et al. (2007), clay has a low electrical
resistivity value with a high IP value, whereas water has a low electrical
resistivity value and an IP value.

The bedrock was determined to be approximately 15—39 m in depth; the
resistivity of the limestone was highly dependent on t he degree of fracturing
and the amount of water contained in the fractures. The ground water may
be present in study area, especially at ERT-Tr-8 and ERT-Tr-9. The sur-
face water was present at depths ranging from 4 to 10 m. Surface water is
able to infiltrate the fractured rock and collect in the collapse, so it spring
here and can depend on a limited period. This has been confirmed by a
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hand-dug well near the study area approximately 40 m from the ERT-Tr-1
profile. This well was dug by hand to a depth of 10 m and water appeared
at 4 m. The upper part of the third layer starts at a depth of approxi-
mately 7—15 m (fractured limestone) and the lower part of the third layer
of bedrock (compact limestone) starts at a depth of 1539 m.

Depending on previous geophysical work (Baban et al., 2022), the re-
sults indicated that the first and second layers are weak and fissured and
subjected to sinkholes buried by recent sediments, whereas the third layer
indicates the harder-to fracture rocks. Based on this work, a sinkhole/cavity
appeared at the beginning of most of the profiles with depths ranging from
15—39 m. The presence of sinkhole was related to the layers filling with wa-
ter during the winter rainy season, after which the water penetrated deeply,
leading to the collapse of the layers and the formation of this sinkhole. The
presence of this sinkhole in the western part can be considered as the cause
of the collapse of the dam after the application of water pressure on the
dam, and also the side of the dam was not connected to the rocks forming
the shoulder of the dam.

8. Conclusions

In general, the dam area consists of three layers depending on the resistivity
value, with the first layer consisting of soil, the second of rock fragments and
the third of fractured limestone of the Kometan Formation. The presence
of surface water in the recent deposits at depth ranges from 2.0 to 14 m.
Depending on the resistivity values along profiles ERT-Tr-8 and ERT-Tr-
9, the profile might indicate the presence of ground water in the fractured
Kometan limestone. The resistivity of limestones is highly dependent on
the degree of faulting and the amount of water contained in the fractures.
The ERT sections presented in this study indicate the presence of sinkholes
with depths ranging from 15—-39 m at the beginning of most of the profiles.

The collapse of the dam can be attributed to the presence of subsurface
sinkholes and cavities in the fractured limestone of the Cometan Formation,
particularly in the western area of the dam. These geological features played
a significant role in the failure of the dam when it was filled with water and
subjected to the resulting water pressure.
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