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Abstract: The electrical resistivity tomography method has been widely used in geophysics for many
purposes such as determining geological structures, water movement, saltwater intrusion, and tectonic
regime modeling. Karstic springs are important for water basin management since the karst systems
are highly complex and vulnerable to exploitation and contamination. An accurate geophysical
model of the subsurface is needed to reveal the spring structure. In this study, several karst springs in
the Gökova Bay (SW, Turkey) were investigated to create a 3D subsurface model of the nearby karstic
cavities utilizing electrical resistivity measurements. For this approach, 2D resistivity profiles were
acquired and interpreted. Stratigraphically, colluvium, conglomerate, and dolomitic-limestone units
were located in the field. The resistivity values of these formations were determined considering both
the literature and field survey. Then, 2D profiles were interpolated to create a 3D resistivity model
of the study area. Medium-large sized cavities were identified as well as their locations relative to
the springs. The measured resistivities were also correlated with the corresponding geological units.
The results were then used to construct a 3D model that aids to reveal the cavity geometry in the
subsurface. Additionally, several faults are detected and their effect on the cavities is interpreted.
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1. Introduction

Geophysical surveys, especially electrical resistivity tomography (ERT) or its combination with
induced polarization (IP) have been widely used in subsurface research for many years [1–18].
These nondirect methods are commonly applied on the surface or into boreholes for collecting
information about the subsurface rock properties. These geophysical measurements can be interpreted
in 2D, 3D, or 4D (time-lapse). These methods are also used in determining karstic structures, recharge,
and discharge dynamics [19–26].

Karstic springs are the discharge points of karstic aquifers. These kinds of springs are of great
importance in understanding karst systems. Modeling a karstic aquifer and its springs can contribute
to enhance management and protection policies for the ecosystem in the studied watershed. Modeling
can also provide accurate results on the ecological and hydrogeological evaluation of the region.
Therefore, especially in recent years, scientists have been modeling river waters in terms of both
flow and physicochemical properties [27–33]. These studies are also beneficial for flood risks and
contamination issues both in the subsurface (vadose zone) and groundwater (saturated zone).

In this study, the Azmak Springs are examined, which are located Akyaka District (Ula, Muğla),
Gökova Bay, the southwest coast of Turkey (Figure 1). There are around 40 large and small springs in
the region. In addition, the Azmak Springs outflow into a 2 km long stream named Azmak as well.
The Azmak Stream discharges to Gökova Bay. There are also submarine water sources in Gökova
Bay [34–36]. These springs are known to be the discharge points of a large karstic aquifer that is widely
extended in the region [37–40]. The electrical conductivity and flow rate of the spring water increase
and decrease together. Thus, the salinization mechanism can be due to the venturi effect in such karst
springs near the sea [37]. Several geophysical studies have been carried out in the alluvial plain of
Gökova Bay. It was determined that the thickness of the alluvium unit containing clay lenses was 50 m
towards the north near the springs and 160 m in the center of the plain [41–45]. Yet, the Azmak Springs
have not been studied in terms of geophysics.
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The Azmak Stream creates a wetland in the region, very close to the sea. Both Gökova Bay
(sea) as well as the land, were designated as a special environmental protection area by the Turkish
Ministry of Environment and Forests in 1988. Gökova Bay, the Azmak Stream, and the wetland host
important fauna and flora such as otter (Lutra lutra), sand shark (Carcharinus plumbeus), island gull
(Larus audoinii), Mediterranean monk seal (Monachus monachus), crested cormorant (Phalacrocorax
aristotelis), red pine (Pinus brutia), oriental sweetgum (Liquidambar orientalis). Moreover, it should be
noted that the Azmak Stream is a great tourist destination in the region that makes water management
more difficult since the water consumption triples during the high tourist season. Over pumping to
cover increasing water demand results in salinization by the sea-water intrusion.

Gökova Bay horst-graben structure is a product of tectonism that creates a major widening zone
and affects all of western Turkey [46]. This horst-graben is structurally determinant on the karst aquifer
in the region. The faults formed because of this tectonism are physically and chemically effective on
the Azmak Springs. The relationship between the underground cavities of the Azmak Springs and
local faults has not been studied before.

The physicochemical properties of the spring water are vital elements of the regional ecosystem [47–49].
For this reason, the underground physical structure of the Azmak Springs feeding the Azmak River, and the
effects of the faults that are determinant in the formation of these springs have been investigated here
using the geophysical electrical resistivity tomography method that has already proven its effectiveness in
such studies [50–52].

2. Local Geology and Spring Water

Gürer et al. [46] have studied the regional geology. They stated that Akyaka Formation consists of
fossiliferous limestone on the top and grey-beige colored fluvial-alluvial conglomerate on the bottom.
There is no Gökova alluvium at the horst-foot and there are colluvium, conglomerate, and limestone from
top to bottom, stratigraphically. The basement rock consists of the Lycian nappes marble which belongs to
the Late Cenozoic-Proterozoic age. These marbles are unconformably overlain by the Akyaka Formation
(upper Oligocene age). Akyaka Formation continues through the west, crossing the geophysical study
area, and uncomfortably covered by the Pliocene-Quaternary colluvium [46] (Figure 2).
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Middle Jurassic aged dolomitic-limestone blocks (Gereme Formation, G-DL) outcrop at the 
south of the area, alongside the stream (Figure 4a). Minor karst features were found in this unit. 
Additionally, from top to bottom stratigraphically, horizontally oriented colluvium, poorly rounded-
sorted conglomerate, and dolomitic-limestone were located in the south. In the east of the area, soil, 
well-sorted poorly rounded matrix-supported colluvium (PQ-Col), medium-large dolomitic-
limestone (G-DL) fragments were located from top to bottom, stratigraphically (Figure 4b). Barely 

Figure 2. The geology around the study area: (a) geological map of the broader study area; (b) geological
section from B (South) to A (North) as depicted in the geological map.

Akyaka District, the Azmak Stream, and the Azmak Springs are located on the fault zone creating
the horst and graben. The graben named Gökova Plain is covered by alluvium. In Akyaka District,
the Azmak Springs have developed in the Late Triassic-Middle Jurassic aged Gereme Formation
dolomitic-limestone unit. The dolomitic-limestone outcrop at the bottom of the horst. These karst
springs recharge Azmak Stream in Akyaka District that discharges into Gökova Bay after a 2 km long
surface flow.

A one-week geological trip to the area was performed. Geological units and tectonic elements were
investigated. Especially, the study area was examined in detail. Matrix-supported colluvium was the
most encountered unit with variable grain size at the north of the geophysical survey area. Medium to
large carbonate clasts are also found (Figure 3). These carbonate clasts comprise some voids in places
that were created by surface runoff. These units are part of Plio-Quaternary Colluvium (PQ-Col).
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Middle Jurassic aged dolomitic-limestone blocks (Gereme Formation, G-DL) outcrop at the
south of the area, alongside the stream (Figure 4a). Minor karst features were found in this
unit. Additionally, from top to bottom stratigraphically, horizontally oriented colluvium, poorly
rounded-sorted conglomerate, and dolomitic-limestone were located in the south. In the east of
the area, soil, well-sorted poorly rounded matrix-supported colluvium (PQ-Col), medium-large
dolomitic-limestone (G-DL) fragments were located from top to bottom, stratigraphically (Figure 4b).
Barely well-rounded large rocks at this size were not very common at 70–80 cm depth in the north part
of the study area.
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In the west of the area, from top to bottom (stratigraphically), clast supported colluvium,
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minor karst feature (rill) were found (Figure 5b,c).
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The tectonic elements of the study area play an important role in the formation of the springs and
groundwater movement. Based on the field survey, a WWN-EES normal fault crosses the study area,
along the Azmak Stream (Figure 2). The fault plane is visible on the dolomitic-limestone in the south
of the area (Figure 4a).
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The geophysical survey was conducted in August, which is the lowest flow period in the
region. Flow rate, temperature, specific conductivity (at 25 ◦C), total dissolved solids, and salinity
measurements of the spring waters were made every 15 days in the period of June, July, and August
(Table 1). The flow rate and physicochemical values of the water differ. Spring L1 is the farthest to
the sea while the L8 is the nearest (Figure 1). Yet, neither the salinization nor the flow rate is ruled
according to the distance to the sea. This phenomenon points out the complex subsurface cavity system.
The most saline spring is L2 and it has the lowest flow rate and higher temperature. The seawater
temperature was higher during the study period. The seawater intrusion is quite limited yet effective,
considering the values of physicochemical parameters.

Table 1. Flow rate and some physicochemical values of the spring waters. Each value is the mean of
measurements taken every 15 days in June, July, and August.

Springs Flow Rate,
Q (m3/h)

Temperature,
T (◦C)

Specific Conductivity,
SpC (µS/cm)

Total Dissolved
Solids, TDS (mg/L)

Salinity,
Sal (mg/L)

L1 543 15.8 2050 1277 879
L2 141 16 3730 2013 1447
L8 860 15.5 3630 2079 1321

3. Materials and Methods

The ERT method was used to gather electrical resistivity values of the subsurface. The ERT survey
was designed to characterize the local aquifer system and detect the fractures as they act as pathways
for groundwater movement/discharge. Thus, based on the geological/tectonic settings of the study
area, the ERT survey was designed. Then, the resistivity distribution of the subsurface was created and
interpreted the geological, tectonic, and hydrogeological structures. In this study, subsurface cavities
were investigated. These cavities are ending up with the springs and might have filled/semifilled
by freshwater, seawater, or a mix of them. IP is a geophysical imaging method that is utilized to
distinguish the electrical chargeability of the subsurface material [15,16]. IP measurements were taken
during the deployment of ERT. IP was applied to assist the interpretation of the ERT results. The IP
method is very sensitive to clay. Clay fillings were anticipated due to karstification in the survey area.

Both ERT and IP measurements were performed along eight lines using the multielectrode
AGI Supersting R8 resistivity imaging system. ERT survey lines, AK1, AK2, AK3, AK4, and AK5,
were conducted from West to East. The lines AK6, AK7, and AK8 were conducted from North to South
(Figure 6). For the IP survey, maximizing the quality of the acquired data was attempted by optimizing
the geometry of the IP survey, keeping at least one potential electrode in between the current electrode’s
pair and maximize the collected signal [53]. Stainless steel electrodes instead of the recommended
porous pot (Cu-CuSO4) were used. The optimum injected current was selected, since it is proven that
the more current is not always the best option [54]. An alternating polarity transmitter was used for
the IP survey and hardware notch filter as well as stacking was applied to acquired data to minimize
the noise [55]. The survey was performed in August which is the driest month in the region. The data
acquisition was completed in five consecutive days to minimize the effect of seawater-groundwater
level changes. The used array type in all measurements was Wenner-Schlumberger that offers the best
vertical resolution and high sensitivity to lateral inhomogeneities [56]. Lateral resistivity changes were
expected to be found based on local literature and other apriori information. The length of the lines,
the number of electrodes, electrode spacing, depth of resistivity model, and the final root mean square
errors (RMSE) after the inversions are given in Table 2.
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Figure 6. Location of the geophysical survey lines and the springs.

Table 2. Information about the geophysical survey lines.

Lines Number of
Electrodes

Electrode
Spacing (m)

Line
Length (m)

Depth of Resistivity
Model (m)

Root Mean Square
Error—RMSE (%)

AK1 56 20 1120 200–220 2.8
AK2 and AK3 56 10 560 100–120 3.1 and 2.9

AK4, AK5, AK6, and AK7 56 5 280 55–60 2.1, 4.2, 3.1, and 5.2
AK8 56 8 448 80–90 2.4

A differential GPS was used to locate each electrode for all the lines. The accurate coordinates of
the electrodes were used during the inversion for applying the topographic correction.

The AGI EarthImagerTM 2D inversion modeling software was used for processing ERT and IP
profiles. The finite difference method and the proper boundary conditions were used for forward
modeling. For filtering the data, a low-pass filter with a moving average was applied. Damped
least-squares, smooth model, and robust inversions were applied to the filtered data. The most
reliable results based on the geology of the study area were constructed from the use of the damped
least-squares inversion method. The iterative inversion procedure was terminated when the predefined
RMSE limit (the difference between calculated and observed data) and the L2-norm statistics fulfill our
convergence criteria. The average RMSE for ERT dataset, after the end of the inversion, was 3.23%.
After processing the ERT and IP data, even most of the suggested ways were applied to improve the
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quality of the IP data as mentioned above. Yet, the quality of the IP data was found as not acceptable.
Thus, IP data were not used for the interpretation.

After having the ERT sections, the geophysical survey area was revisited, and the outcropping
units were located and identified. Then, it was determined which geological units in the field reflected
which resistivity values, considering the consistency over the survey area. During the geophysical
survey, several water wells were found. The depth to the groundwater level was measured and used
for the validation of the geophysical sections.

The final data were imported in the RockWorks software to create a 3D subsurface geometry.
In RockWorks, the anisotropic inverse distance weighting (IDW) method in the “Fence” module under
“P-Data” in “Borehole Manager” was used to create a 3D model. Least-square optimization was applied
for smoothing the interpolated data.

The final stage of the resistivity interpretation was to relate each resistivity range to the local
geological unit. The outcropping geological units in the area were located and the corresponding
electrical resistivities on the 2D ERT sections were determined. This is also part of the ground-truthing
to produce the final geo-model from the 3D resistivity model of the study area. The resistivity values
for some earth materials proposed by Palacky [57] are given Table 3. These were considered as base
values and were used for comparison, not for interpretation.

Table 3. Electrical resistivity of some earth materials proposed by [57].

Material Resistivity (ohm-m)

Seawater 0.2–1
Fresh groundwater 3–100

Alluvium 10–1000
Limestone >1000

4. Results

The average elevations around the northern, middle, and southern part of the study area were
100, 40, and 5 m above sea level (asl), respectively. The average geophysical investigation depths
of the northern, middle, and southern part of the study area were 200, 100, and 50 m, respectively.
Therefore, the average elevations of the bottom of the sections are 100, 50, and 50 m below sea level
(bsl), respectively, from north to south. The Azmak Springs display a wide range of resistivity values
between 5.6 and 10,000 ohm-m. These values show significant vertical and horizontal variations.
The ERT sections are mostly composed of three layers. The resistivity values were investigated in three
classes; lower resistivity zone between 0 and 400 ohm-m; medium resistivity zone between 400 and
1000 ohm-m; higher resistivity zone between 1000 and 10,000 ohm-m. The quite high resistivity values
between 5000 and 10,000 ohm-m were found near the locations of the L2 and L8 springs. These high
resistivity values are close to ground surface with an average of 30 m of vertical size. The general
shape of these areas was averagely elliptic in lateral dimension. Additionally, some lateral changes in
the resistivity values reflected the normal faults which are expected due to the hors-graben structure in
the region.

The line AK1 shows distinctive lateral change (Figure 7a). The zone with the resistivity values
higher than 2000 ohm-m is located between 20 and 330 m along the line. Resistivity lower than
400 ohm-m is located between 880 m and the end of the line with 70–200 ohm-m. Other areas reflected
400–1000 ohm-m and 1000–2000 ohm-m resistivity values.
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The line AK2 displays three main resistivity layers (Figure 7b). The first layer is represented by
the values between 170 and 800 ohm-m and is located close to the surface roughly between 50 and
20 m elevation from the sea level. The second layer is represented by >2000 ohm-m and is located
below the first layer. The resistivity value of the below layer is between 600 and 1000 ohm-m.

The line AK3 displays three main resistivity layers (Figure 7c). The first layer is represented
by the values 100–500 ohm-m at between 10 and 40 m elevation from the sea level. The two zones
with the resistivity values higher than 2000 ohm-m are under the first layer between 0 and 80 m
with 35 m of thickness and between 300 and 560 m with 40 m of thickness. The third layer showed
500–750 ohm-m resistivity.

The line AK4 displays two main layers (Figure 7d). This section is mostly represented by low
resistivity values, ranging between 0 and 700 ohm-m. The zone with over 2000 ohm-m extends from
the center to the end of the line. The area between 80 and 120 m has the resistivity value of 5–35 ohm-m.
Additionally, the blue circled area is notable with around 10,000 ohm-m resistivity at 210 m.

The line AK5 displays two main layers (Figure 7e). The top layer is around 10,000 ohm-m
resistivity while the bottom is between 30 and 500 ohm-m. The blue circled area is notable with around
10,000 ohm-m resistivity between 100 and 150 m.

The line AK6 displays three main layers (Figure 7f). The resistivity of the top layer is between 210
and 800 ohm-m. The resistivity value of the middle layer is between 1300 and 2400 ohm-m while the
bottom layer is changing from 200 to 800 ohm-m.

The line AK7 displays two main layers (Figure 7g). The resistivity of the top layer is between 50
and 700 ohm-m from 0 to 150 m along the line. The resistivity of the second layer is between 700 and
4500 ohm-m from 150 m to the end of the line.

The line AK8 displays three main lateral changes with two vertical layers (Figure 7h). The first layer
with 600–1000 ohm-m is between 0 and 110 m along the line. The second layer with 118–600 ohm-m is
between 110 and 340 m. The third layer with 2000–7800 ohm-m is from 340 m to the end of the line.

5. Discussion

5.1. Assessment of 2D ERT Sections

Several geological units were found in the geophysical survey area: matrix-supported colluvium
(with voids in places), clast-supported colluvium, poorly rounded conglomerate, medium-large
carbonate clasts, dolomitic-limestone blocks (with karst features in places).

The outcropped units were linked to the near-surface resistivity values. For the line AK1,
the matrix-supported colluvium showed 400–800 ohm-m resistivity values while the large carbonate
clasts gave 1200–200 ohm-m. For the line AK4, the dolomitic-limestone with minor karst features
corresponded resistivity values higher than 4000 ohm-m. For the line AK5, the matrix-supported
colluvium with voids and dolomitic-limestone gave 2800–4000 ohm-m and higher than 4000 ohm-m,
respectively. For the line AK6, the matrix-supported colluvium reflected resistivity values between 1000
and 1400 ohm-m. For the line AK7, clast-supported colluvium, conglomerate, and dolomitic-limestone
showed the resistivity values 1600–2400 ohm-m, 2400–4000 ohm-m, and higher than 4000 ohm-m,
respectively. For the AK8 line, conglomerate and dolomitic-limestone with minor karst features
corresponded 2000–4000 ohm-m and higher than 4000 ohm-m resistivity values, respectively. Overall,
the geological units and the corresponding electrical resistivity values in the survey area are given
in Table 4.
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Table 4. The proposed electrical resistivity values corresponding to the geological units in the survey area.

Material Electrical Resistivity (ohm-m)

Matrix-supported colluvium 400–1400
Matrix-supported colluvium with voids 2800–4000

Clast-supported colluvium 1600–2400
Poorly rounded conglomerate 2000–4000
Medium-large carbonate clasts 1200–2000

Dolomitic-limestone >4000
Dolomitic-limestone with minor karst features >4000

Based on the electrical resistivity values of the outcropping geological units and the geological
background of the survey area, 2D ERT sections were interpreted. It should be mentioned that
concerning the karstic conduit modeling and interpretation using the ERT, the interpretation is mainly
quantitative due to the limitation of the ERT related to electrode spacing and n-level measured resolution.

It was observed that some resistivity values do not exactly match each other at the crossing points
of the geophysical lines. Along a depth ranging from 0 to −50 m asl, at the crossing between the
AK4 and AK7, AK4 section showed around 20 ohm-m while AK7 section showed around 500 ohm-m.
Although this is quite rare, this may be due to the higher error margin at the edges of the sections
considering that the crossing of the AK4-AK7 is located at the edge of the section.

For the line AK1, the area between 20 and 330 m along the line is interpreted as dolomitic-limestone
(Figure 7a). The thickness of dolomitic-limestone is around 100 m and it is under the colluvium
unit. The resistivity values higher than 10,000 ohm-m might be the indication of the cavities [58,59].
The area located between 880 m and the end of the line is considered as fully saturated formations
and is interpreted as two different units; clay-rich matrix-supported colluvium with 70–200 ohm-m
resistivity and carbonate clasts with 200 and 400 ohm-m resistivity values. The black dashes at 310, 620,
and 860 m are interpreted as faults, due to lateral changes of resistivity. Other units in 400–1000 ohm-m
are interpreted as unsaturated colluvium. The areas between 1000 and 2000 ohm-m are interpreted as
dolomitic-limestone. The reason is that these units are most probably filled with fine-grained units.

For the line AK2, the upper layer (170–800 ohm-m) and the middle layer (>2000 ohm-m) are
interpreted as colluvium and dolomitic-limestone, respectively (Figure 7b). The third (bottom) layer is
the carbonate clasts. In addition, the dashes at 118 and 260 m are defined as faults. The weak zone
around the fault at 260 m is distinct.

For the line AK3, the zone with the resistivity values higher than 2000 ohm-m is between 0
and 80 m along the line with 35 m of thickness and between 300 and 560 m with 40 m of thickness
are interpreted as dolomitic-limestone (Figure 7c). The dolomitic-limestone outcrops after 300 m.
The second layer consists of colluvium and carbonate clasts (400–750 ohm-m). The black dashes at 110
and 280 m are interpreted as faults. Faulting in this area created the lower resistivity zone.

For the line AK4, the zone with over 2000 ohm-m resistivity that extends from the center to the
end of the profile is interpreted as dolomitic-limestone of a thickness between 25 and 30 m (Figure 7d).
This part matches up with the L2 spring location. The red circled area between 80 and 120 m showed
5–35 ohm-m resistivity value which is probably due to the seawater intrusion through the springs.
The blue circled area with around 10,000 ohm-m resistivity at 210 m with 8–12 m of thickness is
interpreted as a karst cavity.

For the line AK5, the top layer around 10,000 ohm-m resistivity is also interpreted as a karst cavity
in dolomitic-limestone (Figure 7e). This part up to 160 m along the line also matches up with the
L2 spring location as it is the same case for the AK4. The bottom layer is probably highly fractured
dolomitic-limestone which contains brackish water.

For the line AK6, the top layer is composed of colluvium and carbonate clasts (210–900 ohm-m)
(Figure 7f). The thickness of this unit varies between 2 and 15 m. The middle layer is interpreted as



Water 2020, 12, 3343 12 of 18

highly fractured dolomitic-limestone with fresh-water content (>1000 ohm-m) of a thickness ranging
from 25 to 30 m. The bottom layer is composed of colluvium (400–1000 ohm-m).

For the line AK7, the top layer from 0 to 150 m along the line is interpreted as colluvium (Figure 7g).
The thickness of this unit is changing from 15 to 35 m. As the second layer, dolomitic-limestone
outcrops after 160 m along the line, near the Azmak Stream. The thickness of the dolomitic-limestone
varies between 40 and 50 m. The dolomitic-limestone unit continues to the beginning of the profile in a
highly fractured form under the colluvium. L8 spring was developed in this unit.

For the line AK8, from the beginning to 120 m along the line is interpreted as colluvium (Figure 7h).
The blue zone at 135 m is evaluated as a fault zone. The resistivity of the area between 110 and 300 m
matches the typical groundwater resistivity (Table 3) [57]. The underground cavity for the L1 spring in
this section can be seen at 380 m. This unit between 350 and 400 m is dolomitic-limestone containing
minor cavities with over 5000 ohm-m resistivity.

5.2. 3D ERT Model

The 3D model was illustrated by limiting the values according to resistivity levels to understand
the geometry and to assess the lithology and hydrogeology of the study area. The survey lines are
not visible on the model. The model is visually manipulated to show the zones of interest. The 3D
resistivity model of the studied region is shown in Figure 8, by using the fence representation. The area
with the resistivity higher than 4000 ohm-m, clearly reveals the karstic network which makes it easier
to see the continuity of the cavity geometry of the L8 and L2 springs.
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Figure 8. 3D resistivity model of the study area. L2 and L8 springs are shown in blue circles. View from
top and southeast. Blue and its tones indicate the cavities.

The areas greater than 2000 and 1000 ohm-m are given in Figures 9 and 10, respectively. Since the
data of all these regions are geolocated in the model, information can be obtained about the size of
the geometry of the karstic conduits and its continuity. Considering the spring locations and the
geographical size/shape conditions, the image given in Figure 9 is interpreted as the cavities. The inner
part of the yellow zone has the resistivity values between 2000 and 18,000 ohm-m. The image in
Figure 10 demonstrates the dolomitic-limestone unit with cavities in itself. The cavities are mostly
located in the west of the study area. These are the cavities of the L2 and L8 springs. Additionally,
it can be concluded that a porous zone could be the body for the spring L1 in the east of the study area.
The vertical size of the cavities varies between 50 and 100 m while the horizontal size is changing from



Water 2020, 12, 3343 13 of 18

50 to 200 m. The vertical size is larger in the northwestern part of the study area and it gets thinner
through the south near the stream/springs and the edge of the alluvium of the Gökova Plain.
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In the upstream part of the Azmak Stream, the cavity geometry of the L8 and L2 springs was
modeled in 3D around the region. Since the modeling was performed mathematically using resistivity
values and the IDW method, the data set is also as important as the methodology. The densification of
geophysical survey lines will increase the accuracy of the model by reducing the mathematical error.

This 3D model could be used as a starting point for flow and physicochemical modeling of the
stream. Thus, parameters such as flow along the stream, temperature, or electrical conductivity can be
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modeled with CFD (computational fluid dynamics). CFD modeling would be useful in identifying the
local ecosystem and hydrogeology where the stream plays a vital role.

The karstification level of active karsts increases by time. The karstification increase may not always
be easy to detect. However, due to the close location of karstic springs to the surface, the development of
the cavity structure by time can be followed by geophysical methods. With the ERT time-lapse surveys,
significant results about karstification can be obtained with consecutive studies to be performed at
a certain time interval for several years. Especially when the duration of this study is extended to
decades, crucial, accurate, and sensitive information about karstification can be gathered [60–63].

In hydrogeological studies, karst aquifers have been one of the difficult topics to study due to their
complex structure. Moreover, the work becomes even more complicated if this karst discharges near
the sea through the springs and the freshwater of the springs are at risk of salinization. For this, it is
important to make a hydrogeological model of the springs with the aim of sustainable management and
protection of freshwater resources. In all such hydrogeological model studies, hydrogeologists neglect
some parameters and build their work on several assumptions. If the number of these assumptions
decreases with more information/data about the natural environment, the accuracy of the study
increases. In this regard, knowing the physical structure/geometry of the springs at the discharge points
makes a great contribution to the research on the salinization dynamics and sustainable management
of the freshwater resources. Some assumptions and neglected parameters made in the studies of
hydrogeological modeling of springs can be reduced with such data. This causes the management of
water resources to be done more precisely and more accurately.

6. Conclusions

In this study, the underground geometry of the karst springs in the Gökova Bay was
examined utilizing ERT. The geological units in the field were determined successfully by proving
consistent resistivity measurements. From top to bottom stratigraphically, colluvium, conglomerate,
and dolomitic-limestone units were located in the study area. The resistivity values of these geological
units were determined with a reasonable consistency considering both the literature and field
survey. The colluvium was generally composed of horizontally oriented and poorly rounded clasts.
Additionally, colluvium with large voids was widely available. The elevation and the thickness of
the colluvium increased towards the north of the site. In the north, the colluvium continued up to
5 m of depth and no conglomerate or dolomitic-limestone was observed at this depth. Throughout
the 5 m of thickness, medium-sized clasts were seen in places, but generally, they were fine-grained.
According to the field observations, the resistivity values are in direct proportion to grain size and void
content while it is in inverse proportion to matrix content. Conglomerate and limestone outcrop in the
south of the site near the springs. The conglomerate was generally composed of poorly rounded clasts.
Dolomitic-limestone in the area contains fissures and fractures that are suitable for karstification and
often show minor karst structures as they are located on the fault creating the horst-graben structure.
Where the conglomerate and the dolomitic-limestone were detected in the field, it is also clearly
detected in 2D resistivity models. This supports the accuracy of the 2D and the 3D resistivity models.

It has been determined that underground cavities forming karstic springs are mostly developed
in the western part of the study area. While it was determined that L2 and L8 springs were formed as a
result of cavity structures, it was concluded that the L1 spring could be located in a porous formation.
In addition to the normal fault, which is effective on the resources and the geography of the region and
constitutes the horst-graben system, three faults perpendicular to this fault and seen in Figure 7a–d
were determined. It has been determined that these faults divide the cavities seen in Figures 9 and 10.
It has been observed that the spring cavities are not continuous in the vertical direction. Additional
geophysical methods can be applied to gain information about the deeper zone. Thus, salinization in
the springs can be explained more precisely.

This geophysical study was carried out on the upstream and it would be a great contribution to
the modeling of the stream by following the same study along with the springs on the whole riverbank.
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Then, another suitable geophysical method can be used to model the stream. Once the stream has been
modeled in this way, the entire ecosystem will be able to be studied with very high sensitivity.
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