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ABSTRACT

Atterberg limits are important index parameters used to classify soils for various engineering
applications. Engineering properties of soils are predicted through simple correlations with
index properties and thereby the engineering behavior of soils are qualitatively assessed. There
are two popular methods of determining liquid limit, and plastic limit is commonly determined
adopting rolling thread methods. To avoid operator related variations in determining plastic limit
by conventional method, some researchers have explored using cone method as an alternative.
However, there is no consensus about the depth of penetration to reckon the end of plastic state.
Though various other test methods have been developed to determine plastic limit (like roll plate
device), cone penetration with its limitation of determining plastic limit, is the only method to
determine both liquid and plastic limit of soils. Since laboratory vane shear test is a simple and
reliable method of determining undrained strength of fine-grained soils, the authors have explored to
determine both liquid and plastic limits through correlations developed between undrained strength
and water content over a range of consistencies between liquid and plastic states. This would
eliminate determining liquid and plastic limit separately without sacrificing the reliability of results.

1. Introduction

design. include classification

of soils (Feng, 2004a), prediction of engineering

Such applications

Atterberg’s original proposal for consistency
limits (Atterberg, 1911) included seven qualitative
limits, of which only two found more common usage
in geotechnical engineering, namely liquid limit
(LL) and plastic limit (PL). LL is the water content
at which the soil starts to flow under its own weight.
PL is the onset of soil brittleness or the water content
corresponding to the transition from plastic- to semi-
solid state.

The LL and PL, either individually or in the
form of plasticity index (PI) have been used in a
number of empirical correlations and can be helpful
for preliminary estimates in the early stages of

properties like undrained shear strength (Skempton,
1954), consolidation parameters [e.g., the coefficient
of compression, coefficient of recompression,
preconsolidation pressure, settlement (Terzaghi
and Peck, 1967; Azzouz et al.,, 1976; Leonards,
1976; Nagaraj and Srinivasa Murthy, 1986)], and
determination of soil penetration resistance (Stroud,

1974) and the like.

The most common techniques to determine
the liquid limit are the Casagrande cup and cone
penetration test; and plastic limit are the thread rolling
methods. Determination of LL by the Casagrande cup
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method involves a number of uncertainties (see, for
instance, Wroth and Wood, 1978; Lee and Freeman,
2007; Kayabali and Tiifenk¢i, 2010a). The fall
cone method is advantageous in comparison with
Casagrande’s method as it has less operator dependent
variations and has good reproducibility of results.
It also gives much lower standard deviation of the
results than the cup test when identical samples are
tested at multiple laboratories (Sherwood and Ryley,
1970; Haigh, 2012). Thus, there is not much debate
on the uncertainties of fall cone tests. However,
determination of plastic limit by the thread rolling
method has always been a point of concern due to
its operator related variations. Hence, a number of
attempts have been made to determine the plastic limit
using the fall cone method. Some of such attempts
include the works of Towner (1973), Campbell (1976,
1983), Wood and Wroth (1978), Campbell et al.
(1980), Feng (2000, 2001), Belviso et al. (1985), Rao
(1987), Harison (1988), Sharma and Bora (2003), Feng
(20044a,b), Al-Dahlaki and Al-Sharify (2008), Rashid
et al. (2008), Lee and Freeman (2009), Sivakumar
et al. (2009, 2014). Shimobe (2010), using various
types of cones, concluded that the extended fall cone
method is capable of simultaneously determining both
the liquid and plastic limits. He further stated that
the fall cone test can also be used to determine the
liquidity index as a state quantity, the undrained shear
strength, and sensitivity of soils in terms of the cone
penetration. Extrusion method was also employed as a
tool to determine the consistency limits of fine-grained
soils. Timar (1974), using the direct extrusion method,
obtained partial success towards determining the two
most common consistency limits. Whyte (1982),
based on the results of preliminary reverse extrusion
(RX) tests on a low plasticity clay, showed that RX
is a reliable method for determining soil plasticity;
also, that it is simple, rapid and economical. Kayabali
and Tiifenk¢i (2010b) showed that the RX test can
provide a reasonable degree of success in determining
LL and PL and that the RX test eliminates most of
the uncertainties involved in both the conventional PL
and LL tests, most importantly those that are operator
dependent. Kayabali et al. (2016) developed a testing
apparatus called the mud press machine (MPM).
Using the test results of 275 soil samples, the authors
of the study showed that Atterberg limits can be

determined in a more rational and quantifiable basis
using the MPM.

Vane shear test is one of the most common tools to
assess the undrained shear strength of cohesive soils.
It can be employed both in the laboratory and in the
field. It was originated in Sweden in the early 1900s
and became popular towards 1940s. Major advantages
of the test are: ease to conduct, simplicity, robustness
and speed. It also allows the measurement of peak
and residual strength, and therefore, the sensitivity
of cohesive soils. It provides an indirect assessment
of over-consolidation ratio of a soil deposit as well
(Ameratunga et al., 2016). It is recommended to be
used on soils with an undrained shear strength less
than 100 kPa (American Society of Testing Materials,
2000). The miniature vane test employing four springs
with different stiffnesses is capable of measuring
undrained shear strength of soils from a few kPa to
about 100 kPa, which is the common range for the
plastic behavior between the liquid and the plastic
limit of fine-grained soils.

Kyambadde (2010) stated that, although VST is
not the most attractive method, it provides a degree
of validation of liquid limit data where vane shear
strength relationships are available.

The scope of this investigation is to illustrate the
usability of miniature vane shear test to determine the
two major Atterberg limits.

2. Materials and Methods

One hundred soil samples were subjected to
Atterberg limits and vane shear tests. Majority of
the soil samples used in the study were residual soils
produced by weathering of igneous rocks and few
soils were lacustrine deposits obtained in the vicinity
of Ankara, Tiirkiye. The soils selected to be used in
this study were such that they had a wide range of
plasticity. The liquid limits ranged from 23 to 106,
and the plasticity index ranged from 7.5 to 50. The
positions of soil samples on the plasticity chart are
presented in Figure 1.

The wvarious equipment employed for this
experimental research includes a fall-cone, a roll-plate
device (Figure 3) and a miniature vane shear apparatus



Bull. Min. Res. Exp. (2024) 174: 1-10

which are respectively shown in Figures 2 to 4. The
device for the vane shear test (Figure 4) measures the
torgue by electronic transducers instead of by springs.
It facilitates measurement of torque up to 3.0 N.m. The
measurable shear stress using this servo-controlled

Figure 1- Positions of soil samples on the Casagrande chart.

Figure 2- The fall cone device used in this investigation.

Figure 3- Roll-plate device for plastic limit tests.

Figure 4- Miniature vane shear test device.

VST device ranges from 0.1-466 kPa when the blade
dimensions are 12.7 mm x 12.7 mm. The rotational
speed ranges from 0.001-1200 degrees per minute.

All soil specimens were first sieved through an
ASTM#40 mesh (American Society for Testing
Materials, 2005). Then, sufficient quantity of water
was added and the soil was mixed thoroughly before
transferring into polythene covers. The mixed soil
samples in polythene covers were properly labelled,
and were placed in desiccator filled with water at the
bottom to maintain 100% humidity. The samples were
left for at least 20 h for proper saturation. For each
of the soil samples the liquid limit was determined
by using a fall-cone device (BS1377-1990). At
least five trial points were obtained by varying
the water content from dry side to wet side and the
corresponding cone penetration was recorded. The
range of cone penetration was targeted to be between
I5 mm to 25 mm. Water content corresponding to
20 mm penetration was reckoned as the liquid limit
of soil (British Standards Institution, 1990). Plastic
limit of all the soils was evaluated as per the standard
procedure outlined in ASTM D4318-05 Standard
(American Society for Testing Materials, 2005) using
the roll-plate device. Tests were repeated at least 5
times and the average of five plastic limit tests was
taken to represent the soil subjected to the roll-plate
test. The test results of liquid limit and plastic limit of
all the soils are tabulated in Table 1.
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Table 1- The results of Atterberg Limits tests and vane shear tests (LL: liquid limit, PL: plastic limit, PI: plasticity index, USCS: Unified Soil
Classification System, a and b: coefficients obtained from the curve fitted to the semi-logarithmic experimental curve of the vane shear
test, R%: the regression coefficient, ML: silt of low plasticity, MH: silt of high plasticity, CL: clay of low plasticity, CH: clay of high

plasticity).

No. LL PL PI uscs a b R?
1 51.1 35.9 15.2 MH 2E+08 0.377 0.976
2 63.0 442 18.8 MH 5.E+07 0.287 0.970
3 77.2 44.6 32.6 MH 14909 0.118 0.976
4 32.4 19.3 13.1 CL 12109 0.271 0.988
5 60.4 37.0 23.4 MH 5968 0.109 0.986
6 433 25.8 17.5 CL 44731 0.246 0.988
7 41.0 28.0 13.0 ML 163178 0.275 0.950
8 40.0 26.9 13.1 ML 211404 0.288 0.988
9 47.1 29.4 17.7 ML 21980 0.187 0.980
10 41.7 25.6 16.1 CL 63439 0.259 0.991
11 37.0 23.7 13.3 CL 8959 0.242 0.998
12 429 25.4 17.5 CL 17698 0.219 0.990
13 36.2 21.6 14.6 CL 16136 0.25 0.985
14 445 26.3 18.2 CL 31014 0.228 0.999
15 51.3 30.5 20.8 MH 8595 0.145 0.978
16 36.0 233 12.7 CL 24575 0.255 0.998
17 35.0 22.5 12.5 CL 32018 0.26 0.998
18 41.0 239 17.1 CL 96358 0.277 0.993
19 233 15.8 7.5 CL 26556 0.323 0.998
20 52.0 29.2 22.8 MH 16740 0.169 0.922
21 86.5 47.6 38.9 MH 6093 0.086 0.966
22 46.0 259 20.1 CL 7303 0.166 0.985
23 39.6 22.1 17.5 CL 14016 0.226 0.992
24 45.4 24.0 21.4 CL 6445 0.175 0.998
25 65.6 37.2 28.4 MH 171511 0.192 0.972
26 75.4 40.9 34.5 MH 8817 0.112 0.992
27 72.9 44.9 28.0 MH 5341 0.096 0.971
28 103 62.2 40.8 MH 7639 0.074 0.943
29 41.7 26.3 15.4 ML 22955 0.22 0.997
30 46.1 29.0 17.1 ML 83707 0.246 0.981
31 54.1 33.7 20.4 MH 20170 0.166 0.997
32 56.1 33.6 22.5 MH 88339 0.214 0.996
33 51.5 31.2 20.3 MH 25663 0.192 0.978
34 74.7 439 30.8 MH 916 0.058 0.915
35 45.0 24.6 20.4 CL 7024 0.174 0.996
36 68.6 42.8 25.8 MH 34188 0.135 0.967
37 58.2 39.5 18.7 MH 54624 0.163 0.995
38 60.0 39.8 20.2 MH 344266 0.205 0.983
39 50.4 23.1 27.3 CH 3019 0.149 0.990
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No. LL PL Pl USCS a b R?
40 51.0 30.1 20.9 MH 104103 0.214 0.967
41 95.0 52.1 42.9 MH 2731 0.073 0.996
42 85.0 46.9 38.1 MH 3649 0.084 0.989
43 735 46.9 26.6 MH 120860 0.154 0.970
44 71.1 46.0 25.1 MH 11807 0.116 0.990
45 77.8 49.4 28.4 MH 1.E+06 0.174 0.991
46 101 62.2 383 MH 922631 0.145 0.934
47 48.9 35.7 13.2 ML 1.LE+06 0.263 0.998
48 36.8 19.3 17.5 CL 3165 0.191 0.992
49 33.8 18.8 15.0 CL 6551 0.233 0.992
50 32.0 18.8 132 CL 24462 0.311 0.996
51 65.3 31.0 343 CH 2761 0.116 0.997
52 57.2 354 21.8 MH 56743 0.186 0.976
53 41.6 27.4 14.2 ML 6773 0.165 0.997
54 49.0 33.0 16.0 ML 883887 0.259 0.997
55 44.1 26.8 17.3 ML 75389 0.235 0.993
56 53.5 25.6 279 CH 8660 0.171 0.981
57 33.1 19.8 13.3 CL 10956 0.26 0.997
58 38.7 23.8 14.9 CL 1979 0.159 0.999
59 375 21.8 15.7 CL 4517 0.208 0.997
60 53.0 31.3 21.7 MH 81326 0.211 0.994
61 54.0 33.7 20.3 MH 424 0.067 0.941
62 85.1 41.1 44.0 MH 10705 0.108 0.986
63 62.9 37.4 255 MH 35110 0.161 0.996
64 55.8 30.4 254 MH 24486 0.178 0.987
65 38.5 24.1 14.4 CL 1922 0.161 0.993
66 44.1 28.9 15.2 ML 62961 0.229 0.994
67 63.4 37.1 26.3 MH 9868 0.133 0.991
68 443 26.8 17.5 ML 45369 0.222 0.991
69 55.0 313 23.7 MH 14609 0.159 0.989
70 51.1 29.6 21.5 MH 18762 0.174 0.993
71 52.0 339 18.1 MH 2.E+06 0.275 0.987
72 41.0 24.6 16.4 CL 62589 0.261 0.996
73 37.9 23.2 14.7 CL 2567 0.178 0.995
74 65.1 39.2 259 MH 164541 0.184 0.986
75 50.2 29.9 203 MH 26825 0.194 0.984
76 63.7 414 22.3 MH 8.E+06 0.258 0.980
71 40.9 26.0 14.9 ML 136616 0.281 0.988
78 50.9 325 18.4 MH 36741 0.191 0.998
79 71.8 36.4 35.4 MH 283563 0.202 0.984
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Table 1- Continued.

No. LL PL Pl USCS a b R?
80 53.1 34.6 18.5 MH 853309 0.247 0.986
81 47.8 28.6 19.2 ML 18210 0.181 0.977
82 529 26.7 26.2 CH 5226 0.149 0.984
83 86.5 61.5 25.0 MH 174311 0.127 0.996
84 106 73.8 324 MH 49136 0.092 0.997
85 91.7 46.4 453 MH 1707 0.072 0.960
86 51.4 309 20.5 MH 9713 0.16 0.993
87 102 66.7 35.1 MH 39473 0.098 0.995
88 70.9 43.2 27.7 MH 4576 0.108 0.985
89 24.6 14.4 10.2 CL 9276 0.353 0.999
90 25.1 14.4 10.7 CL 4485 0.271 0.978
91 74.0 37.7 36.3 MH 2981 0.094 0.992
92 79.8 38.6 41.2 MH 4561 0.101 0.992
93 85.8 41.7 44.1 MH 2371 0.085 0.990
94 86.9 424 44.5 MH 5409 0.097 0.989
95 88.0 43.1 44.9 MH 3884 0.088 0.991
96 90.2 444 45.8 MH 2425 0.078 0.995
97 90.8 453 45.5 MH 4599 0.089 0.997
98 92.8 46.7 46.1 MH 2475 0.075 0.996
99 90.0 47.9 42.1 MH 4725 0.084 0.990
100 98.0 48.2 49.8 MH 1905 0.067 0.993

The vane shear tests were performed in accordance
with the ASTM D4648-00 Standard (American Society
of Testing Materials, 2000). Each of the soils used in
the study was prepared in a similar way as done for the
liquid limit and plastic limit test. The test procedure
involved conducting five trials of vane shear tests
using the saturated soil having a consistency between
the liquid limit and plastic limit. The measured torques
were converted to undrained shear strengths using the
relationships given in Equations 1 and 2 (American
Society of Testing Materials, 2000):

T=1txK )
nD? D
K= 2x106 [1 + 3H )

where T = torque (N.m), T = undrained shear strength
(N/m?), K = vane blade constant (m?®), D = measured
diameter of the vane (mm) and H = measure height
of the vane (mm). The measured undrained shear
strengths with respective water contents were plotted
in a semi-logarithmic plot. One such typical plot

for soil No. 58 is shown in Figure 5, from which an
equation was obtained in the following form:

y=aexp 3)

where y is the undrained shear strength (s ) and a and
b are the regression coefficients.

Figure 5- A sample plot constructed upon VST test results.
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3. Experimental Results

From Table 1, it can be seen that of the 100
samples collected from different locations, 57 soils
are classified as MH (silt of high plasticity), 26 are
classified as CL (clay of low plasticity), 13 as ML (silt
of low plasticity) and 4 as CH (clay of high plasticity).
Thus, the soils covered a wide range of plasticities. As
mentioned earlier, each soil sample was subjected to
five vane shear tests at different water contents. Thus,
the resulting number of undrained shear strength
and water content pairs is 500 for 100 soil samples.
Listing of such a large data occupies a great deal of
space; so, to save space, the results of vane shear tests
are presented only in terms of a and b coefficients as
presented in Table 1.

In order to explore for a possible correlation
between undrained shear strengths obtained from the
miniature vane shear test and Atterberg limits, the
numerical data presented in Table 1 was subjected
to a series of statistical analyses. To show if it was
possible to determine the liquid limit in terms of the
undrained shear strength and water content, a multiple
regression analysis was performed using the software
DATAFIT (DATAFIT, 2008). This way a series of
both complex and rather simple empirical equations
were obtained defining the LL in terms of s, and w.
One of the simplest of such relationships are selected
and provided as follows:

LL=0.902 (W**) 8,23 (R?=0.92) )

where s is in kPa and w is in %. The maximum
coefficient of correlation was 0.95 for highly
complex polynomial equations which involved many
constants. As a next step, Equation (4) was employed
to predict the liquid limit empirically. Figure 6 is a
plot of the empirically-predicted liquid limits with
those determined experimentally using the fall-cone
method. The deviations from the measured liquid
limits were evaluated statistically in terms of absolute
percent errors. Figure 7 is the histogram of absolute
percent errors of the measured liquid limits when
determining the liquid limit using the predictive
Equation 4. The overall absolute percent error is 6.8%.
A quick glimpse on Figure 7 reveals that the amount
of error for the predicted liquid limits of 80% of all
soils is within +10%.

Figure 6- Comparison between the predicted liquid limits versus
the measured liquid limits.

Figure 7- Histogram of absolute errors of predicted liquid limits.

Similarly, 500 sets of water content, undrained
shear strength and plastic limit were also subjected
to a multiple regression analysis to predict the plastic
limit in terms of water content and undrained shear
strength. The following simple version of the empirical
equation was obtained:

PL =0.609 (') 5 01%  (R?=0.95) )

In the next step, Equation (5) was employed to
predict the plastic limit empirically. Figure 8 is a
plot of the empirically-predicted plastic limits with
those determined experimentally using the roll-plate
method. The deviations from the measured plastic
limits were evaluated statistically in terms of absolute
percent errors. Figure 9 is the histogram of absolute
percent errors of the measured plastic limits when
determining the plastic limit using the predictive
Equation 5. The overall absolute percent error is 5.3%.
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Figure 8- Comparison between the predicted plastic limits versus
the measured plastic limits.

Figure 9- Histogram of absolute errors of predicted plastic limits.

A quick glimpse on Figure 9 reveals that the amount
of error for the predicted plastic limits of 86% of all
soils is within +10%.

Equations 4 and 5 are found very useful in that they
can be used to predict the two Atterberg limits, namely
the liquid limit and plastic limit based on a single
trial of VST test which is done at any water content
between plastic limit and liquid limit. To avoid error
introduced by a single trial of VST test in predicting
liquid and plastic limits, it is better to use the results
of at least a few trials of vane shear tests conducted at
different water contents between PL and LL, so that
the coefficients a and b are obtained.

The coefficients a and b as presented in Table 1
for each soil sample were also subjected to multiple
regression analyses along with the Atterberg limits
data. One hundred sets of a and b coefficients and the

liquid limit yield the following short version of the
predictive equations:

LL=3.62 (a*%) b*?  (R>=0.92) (6)

Similarly, plastic limit is defined in terms of a and
b coefficients:

PL=1.72 @) b  (R>=0.92) )

The overall absolute percent error between the
measured and predicted the liquid limits is 6.3% and
that for plastic limit, it is 3.9%, which implies that the
Atterberg limits are predicted with a slightly higher
degree of accuracy than those predicted by Equations 4
and 5 which make use of water content and undrained
shear strength.

4, Results

In order to eliminate determining the liquid
and plastic limit separately without sacrificing the
reliability of estimating these limiting water contents,
the authors have explored to determine both these
limits using a laboratory vane shear test through
the correlations developed between the undrained
strength and water content over a range of consistency
between the liquid and plastic states. From the vane
test results of 100 natural soils used in this study
having a wide range of plasticity properties, attempts
to do a multi regression analysis of the two empirical
coefficients a and b (obtained from the undrained
strength versus water content of individual soils)
with the LL and PL led to two separate correlation
equations to empirically predict the LL and PL with
the undrained strength and water content in terms of
the empirical coefficients. Even a single test data from
vane shear test at a water content between LL and PL
can be just sufficient to predict LL and PL respectively
using the correlation Equations 4 and 5. However, to
improve the efficiency of predicting LL and PL, one
can use the results of at least a few trials of vane shear
tests conducted at different water contents between PL
and LL, so that, the coefficients a and b are obtained.
These coefficients can be used to predict LL and PL
respectively using the correlation Equations 6 and 7.
The developed correlations becomes handy to have
an independent and quick check on the test results of
LL and PL while handling large data generated at soil
laboratories.
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ABSTRACT

Bozburun Peninsula (Marmaris) attracts attention due to its various karst shapes on limestones of
different ages. It is also located in an important region in terms of tectonic activity. In this study,
the distribution of karst shapes determined by satellite images, topographic maps and field studies
was examined. In this context, the elevation ranges (m), base and hillslope angles (%), depth (m)
and pitting rates (RP), elongation ratio (RE) and directions (EA o) of the relevant shapes were
determined. Then, the relationship between the faults and the quantitative results obtained was
interpreted. Remote Sensing (RS), Geographic Information System (GIS) technologies, calculations
and field observations used in the study; it enabled us to reveal that there is a close relationship
between karstic formations such as polje, uvala and doline and geological structures such as faults,
diaclasis, folds and Nappe windows. Available data also show that geological structures have a
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positive effect on karstification in the study area.

1. Introduction

Bozburun Peninsula is an important place due
to its location between the Aegean Sea and the
Mediterranean coasts. The peninsula hosts many coves
and gulfs. The study area is located between latitudes
36°33'-36°55'N and longitudes 27°57'-28°18'E in
the southwest (SW) of the Aegean Region. The
peninsula is administratively within the boundaries of
Marmaris district. The area is surrounded by the Gulf
of Hisaronl of the Aegean Sea in the west and the
Gulf of Marmaris of the Mediterranean Sea in the east
(Figure 1). Doganer (1999), in a study her work on the
Bozburun Peninsula, stated that the northern border
of the peninsula can be formed by a line to be drawn
between the I¢cmeler Bay and Hisardnii Gulf. The

peninsula extending southwest from here to Rhodes
Island covers many settlements (Bozburun, Taslica
etc.). However, in this study, the border was expanded
to the town center of Marmaris based on the basin
boundaries. The study area extends in the southwest
direction towards Rhodes Island and has a projection
area of ~440 km? (approximately) (Figure 1).

Bozburun Peninsula is located in the western part
of an important karst belt, the Taurus Karst Region
of the South Anatolian Karst Belt. Micro and macro
sized karst shapes are frequently encountered in
the Bozburun Peninsula, as in the rest of the Taurus
Mountains.

The degree of influence of the factors (geological/
geomorphological features, processes, climate and
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Figure 1- Maps showing the Bozburun Peninsula and its vicinity.

time) effective in the development of karstic lands
may vary across regions. Sub-humid characteristic
conditions of the Mediterranean climate, the direction,
thickness and slope of different lithological layers are
known as important factors in karstification (Tuncer
and Nazik,2010; Dogan etal.,2017; Nazik and Poyraz,
2017; Oztiirk, 2020; Aydm and Tuncer, 2021). Based
on the lithological structure, limestones are known
as the most suitable rock for the formation of karstic
lands. There are pelagic and neritic limestones formed
in different depositional environments inside study
area. Their mineral or element composition (calcium,
clay, marl, micrite etc.) displays some variations based
on location in Bozburun Peninsula.

A large number of karst morphology studies have
been carried out in various regions of Tiirkiye. The
studies explain the effect of different geological and
climatic conditions on karstification. Although there
are many research on geomorphology in the study area
and its close vicinity, karst studies are only limited to
caves (Giinhan and Oner, 2021; Giinhan et al., 2018).

12

For this reason, a detailed study is needed on the
Bozburun Peninsula having very unique karst shapes.

The morphological appearance of the region have
been determined by active tectonism, neotectonism,
fluvial erosion and sea level changes due to epeirogenic
movements (Dogan, 1996; Tuncer and Nazik, 2010;
Akdeniz, 2011; Nazik and Poyraz, 2015). Existing
data and observations imply that there is a close
relationship between the faults and the elongation
directions of the karstic features in the tectonically
active region. The faults are generally trends along
E-W, ENE -WSW directions. However, these faults
are cut by different faults with and acute or right angle.
This is clearly observed in the area reflecting the
tectonic characteristics of the Southwest Aegea (Tur
et al., 2015; Topal, 2018). As a result, a remarkable
karst patterns have appeared in the study area. Hence,
main purpose of the study is to shed light to the
relationship between tectonism and karst formation in
the peninsula. Morphometric indices have been used
to explain this relationship.
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In order to explain this relationship, the main
factors affecting topography and geology such as
trends, geological/geomorphological features and
their relationships have been studied during this study.

In geomorphology studies, morphometric indices
have become very important especially in recent
years. The collaboration between in Geographic
Information Systems (GIS) and Remote Sensing (RS)
technologies is very important in this subject. Many
studies have been conducted on this issue in Tiirkiye
as well. Some important studies can be listed as
(Turoglu, 1997; Ciirebal, 2004; Erginal and Ciirebal,
2007; Ozdemir, 2007, 2011; Oztiirk and Erginal,
2008; Bahadir and Ozdemir, 2011; Sarp et al., 2011;
Yildirim and Karadogan, 2011; Uzun, 2014; Avci and
Giinek, 2015; Nazik and Poyraz, 2016; Koéle, 2016;
Topuz and Karabulut, 2016; Avci and Kiransan,
2017; Aver and Sunkar, 2017; Gegen and Olmez,
2017; Topal, 2018; Ege and Duman, 2020; Ege et al.,
2019; Izmirli and Ege, 2019; Aydin and Tuncer, 2021;
Simgek et al., 2021). Although, the study area presents
unique morphological features, no detailed study has
been found on the relationship between tectonism-
and Kkarstification. It is thought that this study may
contribute to this gap.

In explaining the karst patterns of the study area,
morphometric analyses have been performed using
GIS and RS technologies. In this context, quantitative
inferences have been made about the topographical
character of the area, its relief and the formation
systematic of karstic lands by means of morphometric
analyses.

2. Factors Affecting the Formation of the
Peninsula

2.1. Material and Method

In order to understand and describe the physical
features of the site, 16 topographic maps with 1/25.000
scale and 10 m isohips were digitized using ArcGIS
10.5 package program in GIS environment, and
geomorphology map was drawn by the same program.
While detecting dolines, uvalas and poljes, images
and three-dimensional data in the Google Earth Pro
program were used, and the relevant locations were
confirmed by field studies. These data were digitized

again in GIS environment. While explaining the
geological features, the geological map of the
1/100.000 scale Marmaris O20 map of the General
Directorate of Mineral Research and Exploration
(MTA) was used.

As a result of intensive literature review; it has
been observed that morphometric analyses, which
can reinforce the outputs of field studies, are used
quite frequently, in recent years. It is possible to
explain the geomorphological character of the study
area from a morphometric perspective and to define
it quantitatively in this way (the valleys and drainage
systems, lakes, karstterrains, slopes and to explain these
geometric pattern etc.). This definition systematically
provides support to the studies. One of the most
suitable indices to accurately determine the effect of
faults on karst shapes are the elongation ratio (R;) and
elongation direction (E, o) from the morphometric
indices (Williams, 1972; Day, 1976, 1983; Bondesan
et al., 1992; Thery et al., 1999; Shanov and Kostov,
2014; Oztiirk et al., 2018; Ege et al., 2019; Oztiirk,
2020; Aydin and Tuncer, 2021; Saroli et al., 2022). In
order to understand the characteristics of formation of
the karstic shapes in Bozburun Peninsula, apart from
the Elongated Ratio (R.) and elongation direction (E,
o), other geomorphological/morphometric features
of the related shapes [area size, elevation, slope
values, depth, also Pitting Ratio for poljes (R.)] were
included in the research. While mapping the faults
in the region; digitized fault data from MTA were
compared with faults detected using Landsat 8 satellite
imagery in Geomatica 2016 program. As a result
of the observations in the field, some of them were
associated with each other, combined and missing
ones were added.

In this study, following both the morphometric
and general geomorphological characteristics of the
area and the karst shapes in the area, Kernel Density
Analysis was performed in the GIS environment to
understand where the karstification on the peninsula
is concentrated. The azimuth angle of the trends of the
faults and karst shapes was calculated with the Geo
Rose 0.3.0 program. The poljes, the largest of the karst
shapes, have been considered in more detail than the
others.
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2.2. Geological Features

The Bozburun Peninsula is lithologically included
in the Western Taurus Karst System/Region. The
Western Taurus Karst Region consists of Lycian
Nappes, the youngest nappes of the Taurus Mountains
and autochthonous carbonate rocks belonging to it
(Ekmekei, 2003; Nazik and Tuncer, 2010; Nazik
et al., 2019). Different geological formations have
been pushed on top of each other in the field. These
structures were formed under the compression regime
from the Palaeotectonic period to the present day.
The units corresponding to different facies of the
tectono-stratigraphic units of the Lycian Nappes have
an incompatible appearance and cover a wide area in
Southwestern Anatolia (Ersoy, 1990; Tuncer, 2021).

The study area and its surroundings are located
in an important region where the Bodrum Nappes,
Gulbahar Nappes and Marmaris Ophiolitic Nappes
belonging to the Lycian Nappes crop out. Almost all of
the formations on the peninsula belong to the Mesozoic
Era. Existing units in order from oldest to youngest;
Middle-Upper Triassic Cdvenliyayla  Volcanite
(spilite, basalt, tuff), Middle-Upper Triassic Kizilcadag
Melange and Olistostrome (contains ophiolite melange
and rarely Jurassic-cretaceous cherty limestones are
observed), Middle-Upper Triassic Orluca Formation
(sandstone, claystone, calsite), Upper Triassic
Bayirkdy Formation (commonly dolomite, dolomitic
limestone), Upper Triassic- Lias Giiverdagi Formation
(algal, neritic limestones predominate), Jurassic-
cretaceous Orhaniye Formation (pelagic limestones
Peridotite,

Upper Senonian Karanasiflar Formation (volcanite

in intensity), Cretaceous Marmaris
units; spilite, basalt), Upper Senonian Karanasiflar
Formation (limestone and rarely volcanite breccias),
Upper Senonian Karabdgiirtlen Formation (volcanite
units: spilite, basalt), Upper Senonian Karabogiirtlen
Formation (sandstone, claystone, siltstone) (Erakman
et al., 1982) (Figure 2). Karstification is mostly was

observed inside Orhaniye and Giiverdagi Formations.

The Giiverdagi Formation (TRJg, Bozburun units/
Bodrum Nappes) has a structure dominated by neritic
carbonate rocks. Many karst shapes have formed
on the formation surface. The Kkarstic features are
also observed within dolomitic limestones in some
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places. This formation is overlain by the Karanasiflar
Formation (Kkn, Bozburun units/Bodrum Nappes)
unconformably. The formation is observed as
extensively deformed inside the study area. Therefore,
the thickness of the formation can not be determined
precisely. The thickness of the formation has been
estimated as about 800 m by some researchers (Bilgin
et al., 1997; Senel and Bilgin, 2010).

The other unit containing karstic features, is
Orhaniye Formation (JKo, Turun¢ units/Giilbahar
Nappes). This formation consists of calciturbidite
micritic interlayers and chert micrites with thin-
medium local thickness. The formation is intensely
deformed by tectonics. The thickness of the formation,
whose upper relationship is not observed, is about
400 m (Bilgin et al., 1997; Senel and Bilgin, 2010).
The formation is of pelagic origin.

It is understood that pelagic and neritic limestones
formed in different periods of the Mesozoic era are
important for the karst formation in the study area.
The most common of these are neritic limestones.
These formed in different periods between the middle
triassic and cretaceous time interval (Senel and
Bilgin, 2010). These Mesozoic limestones are quite
suitable for karstic occurences due to their lithological
characteristics (Sahin, 2005; Oztiirk et al., 2018).

The limestones in Bozburun Peninsula are
surrounded partly both vertically and horizontally
by impermeable (spilit, basalt, etc.) or relatively less
permeable and less soluble rocks (such as dolomite).
This features form the boundaries of the horizontal
and vertical development of the poljes in particular.
The impermeable levels (such as serpentine) of the
Marmaris Opbhiolitic Nappes control the northern
boundary of the karstic formations belonging to the
peninsula (Senel et al., 1994; Senel and Bilgin, 2010;
Giinhan et al., 2018).

It is estimated that the peninsula acquired its
presentday configuration during the neotectonic
period (since the latest Oligocene) under different
tectonic regimes. These regimes include three
compressions and two extensional tectonics. (Tur
et al., 2015). It is emphasized in many studies that
13-degree rotation occurred counterclockwise due to
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development of the Biiyiikk Menderes Graben inside
and vicinity of the study area. It is also mentioned
that the dominant shapes and structures are alligned
along NE-SW direction throughout the study area and
its close vicinity (Tur et al., 2015; Giinhan and Oner,
2021) (Figure 2).

2.3. Tectonic Features

The study area is located in the southwestern most
part of Tiirkiye together with the Datca Peninsula.

The peninsula was formed inside the Western
Taurus Mountains of the Anatolide-Tauride block
during the paleotectonic period. The Western Taurus
Mountains start from the Aegean coast and extend to
the Kirkkavak Fault Zone in the Isparta angle. The
study area is located parallel to the subduction zone
formed by the African and Eurasian plates, a product
of the Fenno-Sarmatian and Gondwana masses. This
feature has gained a NE-trend during the neotectonic
period. Common earthquakes occur due to tectonic

processes in the South Aegean Arc. In addition, some
active volcanoes are observed in this region (Pichon
and Angelier, 1979; Tur et al., 2015) (Figure 3).

Moreover, some researchers stated that the faults
in the Bozburun area play an important role in the
development of the current hydrological system
of the study area (Nazik and Tuncer, 2010; Nazik
and Poyraz, 2015; Giinhan et al., 2018). Based on
existing data and new field observations, it is thought
that faults play an important role in the formation of
karst structures. It is estimated that karst development
in the region accelerated during late Pleistocene in
relation to both the acceleration of seismotectonic
processes and the demise of the last ice age (Tur et
al., 2015; Giinhan and Oner, 2021). The types of faults
in the region are normal, reverse and strike-slip in
character (Figure 4, 5). The trends of the faults are
mostly aligned along E-W, ENE — WSW directions.
However, at many points, a different fault can also
cut this trend at a perpendicular or near-vertical angle.

Figure 2- Geological map of Bozburun Peninsula (Senel and Bilgin, 2010).
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Figure 3- Map showing the main tectonic features of the Southern Aegean Arc and its surroundings.

Figure 4- Detection of fault linearity in Geomatica 2016.
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Figure 5- Morphotectonic map of the Bozburun Peninsula.
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This can be clearly observed on the Bozburun
Peninsula reflecting the tectonic characteristics of
the Southwestern Aegean Region (Ulug et al., 2005;
Giindogdu et al., 2015, 2020; Tur et al., 2015; Topal
et al., 2016; Giinhan and Oner, 2021; Dikbas et al.,
2022).

The Rhodes Fault, one of the most important
active faults in the region, produced a 6.3 magnitude
earthquake on May 23, 1961 in the offshore Gulf of
Marmaris. The P wave focal mechanism, solution
of the earthquake indicate that this earthquake was
originated from a reverse faulting event (Ersoy et al.,
2000). In addition to the Gulf of Marmaris, Gulf of
Gokova and Gulf of Hisaronii and their immediate
surroundings exhibit high tectonic/seismic activity.
Many earthquakes with magnitudes above 5 have
occurred in this region. Some ancient earthquakes
were reported by some researchers in the region
(Kirkan et al., 2023).

2.4. Geomorphic Features

The Taurus belt of Anatolia is very rich in terms
of karst shapes. The current shape of the belt occured
due to uplift of the submarine carbonate platform and
volcanics. The area includes many relatively small
scale faults and related micro basins formed by the
local tectonism. The karst development continued
in relation to physical and chemical decomposition
in the research area. The formation of the karstic
features seem to be controlled dominantly by faults
(Erol, 1983, 1990; Akay and Uysal, 1988; Simsek et
al., 2021). Hills, valleys and many plains have occured
in relation to faulting and folding in the study area
(Tagligil, 2008).

It is suggested that the geomorphological and karst
processes in the area has begun with the retreat of the
sea since the Lower Miocene and the rise of Anatolia
during the Middle Miocene (Sengér et al., 1985). In
addition, the humid and warm climatic conditions
intensified karst formation during the emplacement
of the Lycian Nappes at that time. It is proposed that
the karstification ceased during the Pleistocene ice
age (Oztiirk, 2020). Some studies also suggested that
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the ending of the Ice Age and the intensified seismic
activity also enabled the karstification in the region
during the Last Pleistocene. Itis thought that the current
karstic patterns developed since then (Oztiirk, 2020;
Giinhan and Oner, 2021). Moreover, it is thought that
the karst revival in the study area mainly developed
along paleovalleys during this period. Some findings
suggest that some uvala formations is located along
river beds in some locations in the study area. It is
also observed that some existing karstic features are
degraded along younger folds and fractures in some
locations. These were not included in the our study
because they had a damaged structure.

Caves are valuable in classifying carbonate
aquifers and determining the range of aquifer types
(Ford and Williams, 2007). It is observed that some
epikarstic processes dominate the karstification in
some local areas and many related caves have been
observed inside the study area (Table 1, Figure 6).
The epikarstic caves are mostly distributed around the
Bayirkdy Polje and on the Giiverdagi Formation in the
peninsula. Some of these features also constitute asome
water resources in the study area. It is estimated that
these caves start to develope during the paleotectonic
period. However, some recent studies suggest that the
neotectonic processes seem to reshape the existing
elements (Nazik and Poyraz, 2015; Gilinhan et al.,

2018). Some sedimentary units support this view.

Although it can be said that the caves in the study
area have generally gained a “hanging” structure as
a result of the neotectonic activity, the underground-
surface drainage relationship has been newly
established at some points and limited at others due
to the controls of different lithological units. When
evaluated from this perspective, they are both perched

and rare, small and irregular in pattern.

It is possible to come across small “erosion plains”
characteristic of the Mentese Region, especially in
the central and southern parts of the peninsula. Here
too, due to faulting, especially uvala and poljes
show a specific trend. The list of poljes is as follows:
Haciagac Polje (P1), Kuyucak Polje (P2), Osmaniye



Table 1- Some know caves and their brief characteristic properties in the study area (See Figure 7. The caves are mosly populated around
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Bayirkdy area) (Giinhan et al., 2018 and Giinhan and Oner, 2021).

Cave names Altitude (m) | Direction Depth (m) | Trend of faults | Known features

Mahalbasi 430 Horizontal 102 - -

Bozenyakasi ~400 - - - -

Kayaini 477 Vertical 50 N-S :Egzs(:lércr?\;;cite deposition

Katranh Cengirek | 458 3 116 N-S :Tl:l)lgbr:;):tr}; Soefn tthe cave is in the form of a sinkhole.
Torudibegi 1 506 Vertical 51 N-S -Abundant fault breccias

Torudibegi 2 ~450 - - N-S -

Sakizegi 333 Vertical 126 N-S, WSW-ENE | -Debris present

Kirpiyeri 188 - - - In the form of a small cavity.

Ikizincirli Cengirek | 174 Vertical 131 WNW-ESE -Cave chimneys (old and still in formation).
Uggil ~150 Vertical - - -

Armelli 150 Horizontal | 62 - -

Figure 6- The location of the caves clustered around Bayirkdy (modified from Giinhan et al., 2018).

Polje (P3), Bayirkdy Polje (P4), Kizilkoy Polje (P9S),
Selimiye Polje (P6), Avlana Polje (P7), Ortadren Polje
(P8), Sogiit Polje (P9), Aglan Polje (P10), Taslica

Polje (P11), Sindilli Polje (P12) and Sergelimani Polje

(P13) (Figure 7).
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Figure 7- Geomorphology map of Bozburun Peninsula.

3. Discussion

3.1. General Geomorphological Characteristics of
Dolines and Uvalas

Dolines, one of the Kkarstic erosion/dissolution
forms, have different formation systematics. They
are classified as dissolution, collapse, covered and
subsidence dolines (Ford and Williams, 1989; Dogan,
2004; Oztiirk et al., 2018a). Dolines are important
morphological shapes. Because they provide specific
information about the morphological development of
an area. Dolines also may provide quantitative results
suitable for geomorphologic analysis (Oztiirk, 2018a).
As a result of the studies carried out using the Google
Earth program, 107 characteristic dissolution dolines
have been identified in an area of approximately
440 km? The distribution of the dolines in the field
coincides with highly fractured neritic limestones.
These morhological features are distributed along
some large-scale or smaller-scale faults.
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Uvalas are generally larger depressions than
dolines, formed by the merging of dolines close to
each other (Cvijic, 1893; Siir, 1994; Kranjc, 2013).
Bonacci, an important karst researcher, described
poljes as a large karstic features originated from the
uvalas with not less than 0.5 km? in size (Bonacci,
2004). In this study, following criteria have been taken
into account during the determination of the uvalas.
The criteria are: 1) the shape should be formed by the
merging of at least two dolines, 2) the area should
be smaller than 0.5 km?, 3) base of the shape should
be covered with terra rossa, 4) the area should be
a depression and 5) the at the base rocks should be
soluble. Based on these 81 different uvalas have been
determined throughout the peninsula during this study.
Uvalas, similar to dolines, are generally observed
along joints and fractures located mainly inside neritic
limestones. In addition, some uvalas in the study
area were found in the contact areas of pelagic and
neritic layers, where there were layers with dolomitic
interfaces and even intertwined with each other and
with different structural units, and in some places they
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were superimposed on these other units (volcanites,
etc.), settled in the thrust windows and grew with the
fluvial effect. These probably also have paleovalley
characteristics.

Based on field observations and related studies, the
size (m?, km?), elevation steps (m), elongation ratio
(Rp) and elongation direction (E, o), density (Kernel
density analysis) and depth (m) of dolines and uvalas
have been evaluated in the peninsula. This paper also
attempts to understand the extent of the relationship
between poljes, dolines, uvalas, and tectonism.

3.1.1. Areal Size

The smallest doline in the field has an area of
233 m?, and the largest doline has an area of
11292 m? The average doline size is calculated
as 3824 m? Dolines identified in the study area
have been evaluated using areal size histogram
(Figure 8). Based on this data, the areal size of 40
dolines corresponding to the maximum number range
varies between 233 m? and 2333 m2. This is followed
by a range of 2333.1 m2- 4433 m? with 32 dolines.
67% of the dolines are under 4433 m?. It is thought
that the tectonic effect (continuous reactivation of the
land, fragmentation and fracturing along the thrusts
and normal faults) played a significant role. In the
literature, the dolines smaller than 27.000 m? are
considered as small dolines (Brinkmann et al., 2008;

Oztiirk, 2018b). In this framework, all dolines in the
field are classified as small dolines.

It is known that uvalas, which is a dissolution
feature larger than itself, are formed by the merging
of dolines. However, as mentioned above, very small
dolines that have developed due to tectonic effects and
that are very close to each other may easily merge and
become uvala. Therefore, very small uvalas can be
formed by the merging of the two very small dolines.
Such uvalas are also observed in the study area. Based
on the available data, 19% of the uvalas in the study
area are smaller than the largest dolines. Moreover, the
majority of dolines (75%) are larger than the smallest
uvala(Figure 8).

It seems that the extensive tectonic deformations
have negatively affected the size of the uvalas in the
study area. It is detected here that 67 (~70%) of the
observed uvalas are smaller than 70600 m?. The uvalas
observed on the peninsula are much smaller than
0.5 km? Therefore, it is deemed here appropriate to
include the uvalas inside small uvala class (Brinkmann
et al., 2008; Aguilar et al., 2016) (Figure 8).

3.1.2. Elevation Steps (Histogram)

Most of the dolines (~61%) in the Bozburun
Peninsula are located at altitudes between 201-450 m
(Figure 9). It is estimated that climatic conditions will
not make a significant difference in this narrow range.

Figure 8- Histogram graphs; a) sizes of dolines, and b) sizes of uvalas.
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It can be thought that the fact that the fractures and
pits formed along the anticline surfaces, caused by the
geomorphological development under the influence of
orogenic movements and tectonism that have become
more intense since the Miocene, coincide with these
elevation ranges is more decisive in the distribution
of dolines. The elevation histogram of uvalas is
very similar to that of dolines (i.e. 201-450 m). The
distribution and elongation directions of uvalas are
very similar to dolines due to same structural features.
In these levels, partially degraded uvalas and paleo-
valleys are observed due to periodic reactivation,
especially on medium to high slopes. In addition, it
has been also observed that fluvial processes have
reactivated the karstic features in some places due to
high slope values of the hillsides along the dolines
connected to the main uvalas.

3.1.3. Slope

According to the slope analysis performed in
ArcGIS 10.5 program, the slope groups determined by
using Oakes (1958). Based on this, more than 60% of
the peninsula (278 km?) is located in the slope groups of
the very steep slope class between 15% and 40%. The
average slope is about 21.2%. It has been observed that
most of the karst shapes, including poljes, have slope
values exceeding 8%. The presence of knickpoint and
fractures is important in this sense. The base slopes of
the karstic features are generally included in the slope
groups up to 8%. Areas with steeply-sloping (15%
and above) includes significant amounts of degraded
dolines and uvalas. It is understood that they are still
in the formation phase in relation to tectonism along
paleo-valley floors (Figure 10).

3.1.4. Depth

The depths of the dolines in the field vary between
1-11 m. In the calculations and observations, it has
been understood that the average depth of the dolines
in the peninsula is 2.5 m. These shapes, which are
included in the dissolution doline group, which
has a widespread distribution on karst areas, are
quite common in the Taurus Mountains. It has been
determined that secondary and tertiary faults rather
than main fault lines are effective in the formation of
dolines on the peninsula, whose elongation direction
do not directly overlap with the main fault lines in
general (Figure 11). On the contrary, the depth of
the dolines usually reaches 5-6 meters in various
locations, especially between two effective fault
lines. At another point where different faults intersect,
even a doline with a depth of 11 meters was detected
(Figure 12).

Uvala depths have a wide range ranging from 1 to
45 m in the study area. The average depth is 11.8 m.
Considering that the areal sizes of uvala shapes are
generally several times larger than dolines, this value
at depth seems normal.

3.1.5. The Morphometric Indices: Elongation Ratio
(Rp) and Elongation Direction (E, &)

In the field, dolines that have been exposed to
periodic rejuvenation and degradation in places are
frequently encountered in medium-high inclined
locations. In this respect, it can be thought that
faulting in the neotectonic period affected the
elongation ratios of karstic shapes. The elongation
ratio is calculated by taking the ratio of the long axis
to the short axis of the doline or related karstic shape

Figure 9- Histogram of the elevation ranges (m) where dolines and uvalas are located.
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Figure 10- The distribution of slope and karst shapes in the study area.

Figure 11- Developed in a crack formed by a fault, example of a dissolution doline reaching 5 m in
depth (Google Earth Pro 2020 image).
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Figure 12- Resp., a) a Google Earth image of the Bozburun Peninsula., b) The deepest doline (11m)
of the Bozburun Peninsula is marked with a black star in the image. This doline is located

in the ESE direction of Bay1r Village.

in many studies (Bondesan et al., 1992; Aydin and
Tuncer, 2021) (Formula 1). At this point, the long and
short axis should intersect each other at an angle of
90°. If the value moves away from 1, it means that the
shape moves away from circularity and resembles an
elliptical feature (Oztiirk, 2018b). Basso et al. (2013)
subdivided the elongation ratio into 4 categories
(Table 2). In this context, 65% of the dolines in
the field are in the elongated class. There are many
elongated dolines in the region that extend diagonally
to each other and are sensitive to fluvial degradation.
These dolines, also due to the effect of neotectonism,
combined to form elongated uvalas. Most of dolines
(%65) and uvalas (%76) has an elongated form in the
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peninsula.(Figure 13). Almost half of the uvalas in the
field are located exactly on a fault, and extend parallel

to the faults (Figure 14).

Ry = Long axis (m) (Formula 1).

~ Short axis(m)

Table 2- Classes of elongation ratio (from Basso et al., 2013;
Oztiirk, 2018a, b; Aydin and Tuncer, 2021).

Elongation ratio (R;) Geometry of Shape

Less than 1.21 (R, < 1.21) Circular, semi-circular

1211t01.65(1.21<R,) <1.65) Semi-elliptical
165t01.8 (1.65<R_ < 1.8) Elliptical
Greater than 1.8 (R, > 1.8) Elongated
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Figure 13- Elongation ratio graphs of dolines (left) and uvalas (right).

Figure 14- Rose diagrams of the elongation directions of; a) dolines, b) uvalas and c) faults in the study area.

3.1.6. Density

Dissolution dolines are pit-like shapes where
the surface-groundwater relationship is established,
and are formed as a result of chemical and physical
erosion around the diaclasis, faults and layer joints that
are weak in terms of karstic dissolution (Siir, 1994;
Dogan and Yesilyurt, 2004). In the study area, fields
where these conditions come together at different
levels have a determinative effect on the density of
dolines. Especially the dolines around the Bozburun
and Selimiye faults are located in Nappe windows and
the hillslope angles are over 8 percent. This view is
supported by fault data obtained from Google Earth
image analysis, 1/100.000 scale geological maps
prepared by MTA, and field observations. (Figure 15).

The distribution of uvalas in the study area is more
compatible with the presence and elongation of the
faults compared to the distribution of dolines. Itis clear
that the weakness of the structural lines as well as the

larger fractures following the fault and the depressions
formed by the direct fault have a great effect here.
Many uvalas sitting on the pelagics between Turung
and Hisaronii Bay, where faults of different characters
exist, prove this inference.

The elongation direction of the poljes directly
coincides with the locations of the fault lines. This
overlap and the general characteristics of the poljes
are mentioned in the next section. The names of the
poljes identified in the study and named according to
their location are from north to south; Haciagag Polje,
Kuyucak Polje, Osmaniye Polje, Bayir (Bayirkoy)
Polje, Kizilkoy Polje, Selimiye Polje, Avlana Polje,
Ortadren Polje, Sogiit Polje, Aglan Polje, Taslica
Polje, Sindilli Polje, Sercelimani Polje (Figure 16-18,
Table 3).

3.2. Properties and Morphometry of Poljes

The largest shapes formed as a result of
karstification are poljes. Poljes are formed by
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Figure 15- Map showing Polje Kernel density distribution and the faults in the Bozburun Peninsula.
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providing optimum conditions for karstification. In
addition to the lithological structure, tectonic activities
and climatic conditions also play a triggering role for
karstification and polje formation. Poljes are generally
bowl-like depressions that are close to elliptical shape.
(Ford and Williams, 1989; Siir, 1994; Dogan, 2003;
Ege, 2015a, b, 2017).

In this study, before the poljes were identified,
the literature on the detection and morphometric
properties of poljes were reviewed in detail, just as
in the determination of other karstic shapes. Then,
the data coming from the field observations were
classified and reported with a systematic approach.
Poljes have converted to digital data in Google Earth
Pro and ArcMap 10.5; it was re-evaluated by using
the 1/25000 topographic maps. While determining the
boundaries of the polje base, the bedrock remnants,
where the slope erosion continues, have been taken
as the boundary reference. In addition, care has been
taken to clearly distinguish the terra-rossa on the
floor of the polje. Gams (1978), on the other hand,
emphasizes that three criteria must be met for a
depression to be considered as a polje. They are: 1)
presence of a flat bottom (may be terraced) in rocks
or loose sediments, 2) presence of a closed basin with
high flanks (e.g. 18% in this study) and 3) presence
of a karst drainage system. In addition to this, Gams
(1978) divided the poljes into 5 classes considering
these features: 1) Border polje, 2) Peripheral polje, 3)
Piedmont polje, 4) Overflow polje and 5) Piezometric
level polje.

According to Bonacci (2004), poljes with an area
between 0.5 km? and 10 km? are considered as small
poljes. However, considering all the literature, it is seen
that the areal size cannot be applied strictly. Mainly,
hydrological and geomorphological criteria are taken
as a reference during definition (Simsek et al., 2021).
In this study, 13 poljes are classified as small. Their
sizes range between 0.25 km? (Sergelimani Polje)
and 1.6 km? (Bayirkdy Polje). The morphometric
properties of the detected poljes are important in
terms of understanding the tectonic influence on the
morphology (Table 3). Polje evaluation starts from the
north towards south (Figure 16- 18).

The Haciagag Polje (P1) developed at the point
where two faults intersect. The diameter/depth ratio
of the semi-elliptical and plate-shaped polje was
calculated as 12.22. The polje, at the bottom of which
alluvial deposits are observed, was originally formed
on Cretaceous pelagic limestones. It is bounded by
spilites at the bottom and hillsides. The ponors at the
bottom are used for agricultural irrigation and animal
husbandry.

The Kuyucak Polje (P2) is located approximately
1.5 km southwest of Haciagag. The Kuyucak Polje
is located on a secondary fault in a syncline. The
diameter/depth ratio of the elliptical polje was found
to be 19.72. Kuyucak Polje is 1.5 km away from the
Senonian aged low angle thrust fault forming another
polje (Osmaniye) from the southeast, and its long axis
exactly coincides with the strike of this fault. The
shape, whose bottom consists of pelagic limestones,
has dry drainage.

Another karst shape located 1.5 km southeast of
Kuyucak is the Osmaniye Polje (P3). It is surrounded
by a Senonian low angle thrust fault from the
northwest. The elongated form and direction of the
polje were formed by this fault. The diameter/depth
ratio was found to be 31.33. This ratio shows that the
cavity is less than the Haciagag and Kuyucak poljes.
The bottom and hillsides of the polje are covered with
breccias and limestone blocks in places. Dolomites
crop out in this region and spilites and basalts are also
encountered in places. Arelatively new active drainage
was observed southeast of the base of the polje.

The largest polje of the field named Bayirkdy Polje
(P4), which was formed directly on the Selimiye Fault
Zone is located southwest of Osmaniye Polje. In this
region, the main faults and secondary fractures with
different character cross cut each other. The intersection
caused the polje in question to be in circular form,
and the polje does not present a certain elongation
direction. The diameter/depth ratio is 13.87. There are
settlements and gardens in the polje which developed
on neritic limestones. The surrounding valleys were
probably reactivated during the neotectonic period.
Therefore, there is a thick alluvial layer at the base
of the polje (Figure 16-18). The polje is a completely
closed basin. Probably the aquifer level is higher than
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other poljes. There are many karst springs around the
shape and active water is observed in its ponors.

Kizilkdy Polje (P5) is another polje located 3 km
southwest of Bayirkdy Polje. The polje has a circular
form due to intersection of both low angle thrust fault
and normal fault. A large number of hums (residual
hill) were found in the Kizilkéy Polje. Diameter/
depth ratio of this polje is 21.16. There are abundant
limestone containing breccias on the slopes and at the
bottom. Alluvium also have an important place in the
polje base with dry drainage. Ponors were detected at
several points, and it is observed that there is water
inside these ponors from time to time. There are
settlements and gardens in the polje.

The Selimiye Polje (P6) is the another polje
observed in the study area. It is located approximately
1.3 km west of Kizilkdy. There is a village inside
this polje. The polje is 600 m away from the shore
line and its maximum depth is 60 m. The elongation
direction of the shape is parallel to the trend of the
low angle thrust fault and normal fault. Its has is
semi-elliptical shape and its diameter/depth ratio
is 8.17. The periphery and base of the polje, which
developed on pelagic limestones, mostly consists of
breccias. Sandstone and mudstones are also observed
in the polje. The seismicity due to neotectonic activity
reactivated the paleovalley in the basin and allowed
it to rise 60 m above the shoreline. The west of the
polje seems to have started to experience active fluvial
processes again, probably due to the knickpoint that
occurred later and the increase in the base slope.
There are some karstic springs on the slope separating
the polje from the shoreline. It is estimated that the
groundwater level of the polje, which is feed by the
northern hillsides and karst sources, is high.

Avlana Polje (P7) is the another polje and located
approximately 2.3 km southwest of Selimiye. This
feature is also controlled by a thrust fault and its
elongation direction also conforms to this. This polje
is in the elongated class in terms of its form. The
diameter/depth ratio is 7.95. This ratio is the lowest
compared to other poljes in the study area. This value
also shows that the shape has the highest hillslope
angle compared to the others. The lithology of the
shape consists of pelagic limestones and breccias, as
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in the others. There is a seasonal stream in the polje.
This stream flows through a reactivated paleovalley
and reaches Bozburun Bay in the south. Neotectonics
appears to play an important role in the development of
this shape. In the polje, there are summer cottages used
for touristic purposes and a sub-village settlement.

Ortadren Polje (P8) is the another polje observed
in the study area. This feature is located about 3
km southwest of Avlana polje. It seems that the
development of Ortadren Polje is also controlled by
a thrust fault and displays a similar trend compared
to this fault. The is in the elongated class in terms
of its form. The diameter/depth ratio was calculated
as 17.63. The shape appears to develop mainly on
pelagics sediments. The base of the polje consists of
calcareous breccia.

Another polje on the peninsula is the S6giit Polje
(P9). This is semi-elliptical karst shape and elongated
by a thrust fault. The diameter/depth ratio of the figure
is 14.64. Neritic limestones and breccia form the main
lithological structure of the polje. It is surrounded by
high hillslope angle (over 40%). The hillsides were
artificially terraced by local people for pasture use.
Seasonal drainage is available. In the polje, there are
a few houses that form the lower settlement of S6giit
village.

Taslica Polje (P10) is the another polje observed
in the study area and located in approximately 2 km
South of Sogiit Polje. This shape seems to develop
on top of a thrust or normal fault. The diameter/depth
ratio of the polje is 26.5. The shape has formed on
neritic limestones. An intense karstic drainage system
has developed in the polje with many ponors and
hums. Taglica Polje is seperated from Aglan Polje in
the east by a small and narrow cill. It seems likely that
these two poljes will merge in the future.

Aglan Polje (P11), parallel to Taglica Polje, formed
on the edge of a normal fault. The elongation ratio of
this shape (6.76) is the highest compared to the others.
The diameter/depth ratio of the polje is 28.09. There
is an artificial pond in a ponor belonging to the Polje.
This pond is used for irrigation and animal husbandry
purposes by the local people.
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Another polje that is very likely to merge with the
Taslica Polje in the feature is the Sindilli Polje (P12).
This shape is classified here as the elongated. Sindilli
Polje is also separated from Taglica polje by a small
threshold in the south, and seems to have developed
under the control of a thrust and normal fault. The
diameter/depth ratio is the highest value in the study
area (i.e. 49.96). The shape is rather shallow compared
to the others. Beekeeping and animal husbandry are
carried out in the polje. There are several ponors,
and some remnants of an ancient city on the terraced
slopes.

Approximately 2.3 km south of Sindilli Polje,
Sercelimani Polje (P13) is located on a normal fault
and has the highest elongation ratio (4.44) in the field.
The diameter/depth ratio of the figure was calculated
as 34.42. The coast is reached by descending a small
threshold (~15 m) from both ends of the polje, which
has an average floor height of 27 m (Table 3, Figure
16, 17).

4. Results

With this study, the formation and elongation
directions of the karstic features in the study area can
be shown as evidence that the seismotectonic processes
in the region mostly took place in a counterclockwise
direction with a bending movement of approximately
8-13° as emphasized in previous studies (Tur et al.,
2015; Giinhan etal., 2018). So-called Quaternary thrust
faults generally play a major role in the development
of the poljes in the study area. The normal faults that
develop close to thrust faults also play an important
role in the formation of karstic features. The trends of
both fault types generally coincide with karst shapes.
It is thought that there is a dominant direction in the
tectonic evolution of the area and that the torsion
movement continues counterclockwise from this axis,
which is open to discussion (Pichon and Angelier,
1979; Sengdr et al., 1985; Seyitoglu and Scott, 1991;
Ulug et al., 2005).

The fact that the tertiary lands are not encountered
intensively from the Cretaceous until the Quaternary
in the research area can be explained in two ways:
First, the possibility that the Tertiary formations
were largely submerged by sea waters due to the

transgression experienced after the Pleistocene glacial
period (18000 years BP). The second possiblity is
the study area, which started to rise with the Alpine
Orogeny that started at the end of the Cretaceous,
never experienced marine or lacustrine conditions
at that time, and that Kkarstification continued
uninterruptedly after the Cretaceous until today. In
order to evaluate these possibilities, detailed geological
and geomorphological studies are needed throughout
the peninsula, including coastal measurements. 107
dolines, 81 uvalas and 13 poljes have been identified
during this study in the Bozburun Peninsula. As a
result of the evaluations, it is seen that the dolines and
uvalas in the peninsula display a highly fragmented
appearance, and the dolines and uvalas in the area
are classified as small dolines and uvalas (Bonacci,
2004; Brinkmann et al., 2008). In the study, the
density of dolines and uvalas in this region, which are
concentrated in the altitude steps in the range of 200-
450 m, is explained by the presence of neotectonic
reactivation and related faults, rather than climatic
effects. It is estimated that the erosion cycle will at
these slope grades until the karst base level is reached.
It has been observed that dolines and uvalas with flanks
greater than 15% have a degraded structure. While the
average depth of the dissolution dolines are as 2.5 m,
the average depth of the uvalas are 11.8 m. Available
data suggest that the depth of karst shapes has a
positive correlation with the fault presence. It is seen
that majority of dolines and uvalas and all of the poljes
overlap with faults. The elongation direction (EA o) of
dolines and uvalas have a very close relationship with
the azimuthal strikes of the faults and overlap in many
places. Most of the dolines (65%) and uvalas (76%)
in the peninsula are elongated in nature. It has been
determined that almost half of the uvalas in the field
are located exactly on a fault.

Based on the lithology, it has been observed that
there are more karstic shapes on the neritic limestones
compared to the pelagic limestones. This is because,
neotectonic faults affect neritic limestones more than
pelagic limestones. In addition, joints and faults,
especially nappes, that developed parallel to the
Bozburun and Selimiye faults intensifies and trigger
karstification.
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Table 3- Some characteristics of poljes determined in this study (Gams, 1978, 1998; Ford and Williams, 1989; Bonacci, 2004).

. The . .
Elongation . Polje depth (altitude
Name of . - altitude of . .
. . ratio (R_) = | Elongation . difference between | Diameter/depth
polje (from | Area | Morphological E T the deepest | Lithology of . . .
s (Long Direction . : the highest and = Pitting ratio
north to (km?) | characteristic . point of the polje. .
axis/short (E o lowest point of the (R,)
south) axis) the sole. polje basin) -m)
X -] .
(m)
Haciagag 1.52 (semi- Limestone
2 Boundar o - ) 271 12.22
Polje (P1) 0.28 oundary elliptical) 506 (pelagic)
K k 1.76 Limest
WYUCEE 029 | Structural e NE-SW 505 {mestone 155 19.72
Polje (P2) (elliptical) (pelagic)
. Breccia
Osmaniye 4.77 .
nantye i og Border NE-SW 415 (limestone 181 31.33
Polje (P3) (elongated) .
predominant)
Limestone
(Neritic)-
Bayirkoy 1.19 Dolomite-
1.61 Boundar . - 154 . 611 13.87
Polje (P4) y (circular) Breccia
(Limestone
predominant)
Limestone
(Neritic)-
Kizilkdy 1.23 Dolomite-
1.32 Boundar . - 232 . 241 21.16
Polje(P5) Y (circular) Breccia
(Limestone
predominant)
Selimi 1.53 i- Limest
CIMYe 1 946 |  Boundary 3 (semi - 60 tmesfone 360 8.17
Polje (P6) elliptical) (neritic)
Avlana Polje 2.01 Limestone
0.26 Boundar E-W 70 " 349 7.95 (Deg)
(P7) Y (elongated) (neritic) (Deep)
Ortadren 245 Limestone
4 Boundar NE-SW 4 . 192 17.
Polje (P8) 040 y (elongated) S 8 (pelagic) ? 63
Breccia
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(,)gu 0.85 Boundary _( . - 195 predominant)- 348 14.64
Polje(P9) elliptical) .
Limestone
(neritic)
Aglan Polj 6.76 Limest
g TOU¢ 1 033 | structural NE-SW 246 imesione 172 28.09
(P10) (elongated) (neritic)
Taslica Polje 3.11 Limestone
15 Structural NE-SW 182 . 388 26.50
(P11) (elongated) (neritic)
Sindilli Polje 4.19 Limestone 386 49.96
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(P12) 066 Structura (elongated) S (neritic) (Shallow)
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CIYEUMA |55 | Structural NNE-SSW| 17 imesone 97 34.42
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Figure 16- A cross section showing some poljes in the study field Haciagag Polje (P1), Kuyucak Polje (P2), Osmaniye Polje (P3), Bayirkoy
Polje (P4), Kiz1lkdy Polje (P5), NE (Northeast), TRby: Bayirkdy Formation, TRJg: Giiverdagi Formation, JKo: Orhaniye Formation,
Kkn: Karanasiflar Formation; shaped on the section Google Earth Pro and it has been scaled to Senel and Bilgin (2010).
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Figure 17- a) View of the Osmaniye Polje from northwest, b) Google Earth image of the Bayir Polje; the largest polje occured in the intersection
of the faults in the study area, c) the S6giit polje occured under the control of a low angle thrust fault, and d) x, y and z (Taslica,
Sindilli (Asag1 Taslica) and Aglana Polje). A view from the south almost parallel to the faults.

Figure 18- Figure showing the geological elements and polje locations.

31



Bull. Min. Res. Exp. (2024) 174: 11-35

Based on the literatiire, poljes with an area between
0.5 km? and 10 km? are considered as small poljes
(Bonacci, 2004). Based on the criteria suggested by
Gams (1998), it is suggested here that 0.25 km? is
more appropriate for the lower limit of small poljes
within the scope of this study. 13 poljes meeting these
characteristics have been found in the field based on
the Gams (1998) and Bonacci (2004). It has been
determined that eight of the poljes are classified as
boundary while five of them are classified as structural
type based on the origin. The main elongation
directions are NE-SW in ellipsoidal karst shapes.
Circular or semi-elliptical (i.e., non-ellipsoidal) karst
shapes predominantly coincide with the different fault
intersections in this study.
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ABSTRACT

This article presents tangible geological evidence for the coexistence of porphyry copper and
epithermal gold systems within single polygenic deposits and provides a paleothermophysical
model for their origins. A brief metallogenic analysis of the Southern Caucasus and Northern
Iran has shown that such deposits are confined to long-living calc-alkaline island arcs and were
formed during their orogenesis. Examples of complex Sonajil (Iran), Gharta, and Merisi (Georgia)
deposits are considered. The investigation has shown that for combined porphyry and epithermal ore
formation, some preconditions are suggested to exist: (i) a source of anomalous energy that exceeds
the thermodynamics of the enclosing environment; (ii) the existence of a temperature gradient that
determines conventional flows of fluids composed of endogenous and meteoric constituents (proven
by rhythmical zoning of ore lodes); (iii) the stability of such conditions for a period of sulfide ore
formation. However, such a process of sulfide ore formation cannot explain the formation of high
sulfidation gold deposits. The precipitation of native gold requires phreatic collapse in the ore conduit
channel, already after the formation of hydrothermally altered rocks, and this event results in the
creation of either hydrothermal breccias often with jigsaw-fit texture or brecciated vuggy silica where
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host rocks and hydrothermally altered rocks are cemented by a gold-bearing quartz matrix.

1. Introduction

By the end of the recent and the beginning
of the new centuries, our understanding of the
metallogenic setting and genesis of gold, copper, and
polymetallic mineralization in the Southern Caucasus
and Northern Iran, as well as of the entire Tethys
Belt, has dramatically changed. Previously, they
were thought to represent perhaps simultaneous but
separate products of different ore-forming processes.
Today, however, they are considered as deposits
united by a common origin and separated from their
original magmatic sources by varying distances. For
instance, gold and base metal deposits in the Southern
Caucasus were traditionally classified into three main
types: Volcanogenic gold and base metal massive

sulfides of the Kuroko type, hydrothermal gold and
polymetallic vein deposits, and porphyry copper (with
or without gold) stockwork veins (Tvalchrelidze,
1980 and 1984). This approach significantly limited
the possibilities for new discoveries, as exploration
was based on incorrect assumptions. As a result, the
resource base of the regional stakeholder countries
began to deplete. For example, at the beginning of
the new millennium, Tiirkiye gold resource base was
considered to be extremely limited, and the prospects
for new discoveries were viewed pessimistically
(Engin, 2003).

Identification of low, intermediate, and high

sulfidation epithermal gold deposits, investigation of
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their typomorphic features, and the development of
a comprehensive methodology for their prospecting
and exploration (Arribas, 1995; Hedenquist, 2000;
Goldfarb et al., 2001; Payot et al., 2005; John et al.,
2018; Wang et al., 2019) led to fast discoveries of new
gold deposits in Tiirkiye (Oyman et al., 2003; Diarra
etal., 2019; Aluc et al., 2020; Gulyiz et al., 2020), the
Lesser Caucasus (Bogdanov et al., 2013; Moritz et al.,
2017; Veliyev et al., 2018; Imamverdiyev et al., 2021),
and Iran (Mehrabi et al., 2008; 2014; Aghazadeh et al.,
2015; Heidari et al., 2015; Sholeh et al., 2016). These
discoveries were extremely important for improving
the resource base of the corresponding countries, which
is vital for their economic development (Tvalchrelidze,
2003). Correspondingly, the current state of mining,
for instance in Tiirkiye, has significantly improved
(Ersoy, 2022; Hastorun, 2022).

New metallogenic models have proven that both
epithermal and porphyry deposits are related to the
development of calc-alkaline island arcs during
subduction and orogenic stages (Yigit, 2006; 2009;
Mederer et al., 2013; Moritz et al., 2016). Therefore,
porphyry and epithermal deposits are traditionally
described separately, without paying any attention to
a possible genetic relation between them (Ghaderi et
al., 2018; Kuscu et al., 2019). Even the models for
these types of mineralization are generated separately
(Sinclair, 2007; Taylor, 2007; Berger et al., 2008; John,
2010; John et al., 2018). Commonly, these models are
based on typomorphic features of world-scale classical
mines (see, for instance, Boomeri et al., 2010).
However, already in 2000, R.H. Sillitoe outlined a
genetic unity of porphyry copper and epithermal gold
mineralization (Sillitoe, 2000). During the following
years, a lot of evidence of gold presence in porphyry
copper deposits was released (Shafiei and Shahabpour,
2008; Hajalilou and Aghazadeh, 2016). Nonetheless,
descriptions of real natural examples of telescoping
and superposition of porphyry, low, intermediate, and
high sulfidation epithermal systems are extremely rare,
and | found no comprehensive numeric models of such
systems. That is why in this article, | will both present
tangible geological evidence for the coexistence of
such systems and attempt to provide a corresponding
paleothermophysical model for their genesis.
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2. Metallogenic Setting of Epithermal and
Porphyry Systems

2.1. The Southern Caucasus

The distribution of epithermal gold and porphyry
copper (£ gold) systems in the Caucasus, as shown
in Figure 1, reveals that the deposits are uniquely
positioned within the Lesser Caucasus and confined
to two tectonic zones. The first is the Late Cenozoic
rift zone (known as the Adjara-Trialeti zone), which
extends beyond Georgia into Tiirkiye (Adamia et al.,
2011). Originating in the Late Alpine (Paleogene-
Neogene) period atop the Cretaceous cover of the
Transcaucasian Microplate, today it is overlaid by the
intermountain trough (Adamiaetal., 1981). Within this
zone, Neogene homodrome basalt-andesite-rhyolite
volcanism expands from the rift’s eastern edge (where
tuffaceous sandstones and clays form a rhythmical
series) towards the west (where typical basaltic
and then andesitic volcanic flows are succeeded by
rhyiodacitic and rhyolitic volcanic cones interspersed
with tuffites). Alkalinity gradually increases in the
same direction. In the Late Neogene, several quartz
diorite to quartz monzonite massifs were intruded,
predominantly in the rift’s central and western, more
tectonically active parts. Orogenesis here concluded
by the end of the Neogene, just before the Quaternary
period. The described volcanic-plutonic affinity is
marked by several typomorphic deposits, displaying
signs of porphyry copper ores in conjunction
with either high sulfidation gold mineralization or
intermediate sulfidation gold-polymetallic lodes.
These types of mineralization will be briefly described
below.

The second zone — the Middle Jurassic-
Cretaceous Island arc — is identified as the Somkhito-
Karabakh zone of global extent (Tvalchrelidze, 1980;
1984). This volcanic belt spans territories of Armenia,
Azerbaijan, Georgia (where it is covered by Cenozoic,
Early Quaternary, andesite-basaltic nappes), and
then extends to Tiirkiye and beyond. The modern
metallogenic model of this zone has been elaborated by
an international team of Swiss, Georgian, Armenian,
and Azeri geologists (Mederer et al., 2013; Richards,
2015; Moritz et al., 2016; 2017).

In both zones, two volcanic-plutonic ore-bearing
affinities have developed. The Middle Jurassic
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Figure 1- Distribution of the most important porphyry copper (+ gold) and high, intermediate, and low sulfidation gold deposits of the

Caucasus. Map of metallogenic zoning is modified from Adamia et al. (2011) by author.

rocks, lying directly upon the crystalline basement
of the Transcaucasian Microplate, start with a basal
conglomerate that overlaps Paleozoic granites.
In Armenia and Azerbaijan, a thick calk-alkaline
subaqueous andesitic volcanic-sedimentary series
has developed. However, north-westward towards
Georgia, this island arc affinity decreases in thickness,
and Middle Jurassic volcanic rock outcrops become
rare. During Bathonian times, this affinity was
intruded by vast quartz diorite bodies, one of which,
the Shnokh-Kokhp massif, controls the world-class
Tekhut Au-Cu porphyry mine (no. 7 in Figure 1) with
ore reserves of 460 million tons and copper grade
of 0.35% (Marutani, 2003). Cretaceous sediments
in Armenia and Azerbaijan are represented only by
limestones with insignificant thickness.

Conversely, in Georgia, the thickness of
Cretaceous rocks sharply increases, hosting rich ore-
bearing Cretaceous andesitic (minor basalt-andesite-
dacite-rhyolite) calk-alkaline formation which formed
numerous central-type volcanoes and vast fields of

acid subaqual pyroclastics in intervocalic areas. This

sequence is especially thick (up to 1-1.5 km) within
the Bolnisi Mining District, which hosts the great
majority of the country’s gold and copper reserves (no
3-6 on Figure 1). The sequence is intruded by several
quartz diorite bodies the significance of which in ore
formation is discussed below.

Among the deposits of the Bolnisi Mining District,
the largest one is Madneuli intermediate sulfidation
mine with primary ore reserves of 93.1 million tons
and metal inventories in them: copper — 542 thousand
tons; zinc — 79.8 thousand tons; lead — 8.2 thousand
tons; silver — 134 tons; gold — 53.8 tons (Tvalchrelidze,
2003). The mine is the main copper and gold producer
in Georgia.

Petrology of both Middle Jurassic and Cretaceous
volcanic-plutonic affinities was described in detail
some 35 years ago (Tvalchrelidze, 1987).

2.2. Northern Iran

Figure 2 analyses the distribution of typomorphic
porphyry copper (£ gold) and primarily high
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Figure 2- Distribution of typomorphic porphyry Cu (= Au) and epithermal gold deposits of Iran. Map of metallogenic zoning is drawn from

Kaviani et al. (2009) modified by author.

sulfidation gold deposits of Iran. These deposits
include world-class mines such as Sungun (no. 1
on Figure 2) with recoverable ore reserves of 861
million tons and copper grade of 0.6% (Hosseini et
al., 2017) and Sarcheshmeh (no. 11 on Figure 2) with
ore reserves of 1538 million tons and a copper grade
of 0.58% (Boomeri et al., 2010).

It is evident from Figure 2 that all typomorphic
deposits, without exception, are associated with
the Urmia-Dokhtar metallogenic zone. This zone
represents an andesitic island arc that underwent
orogenesis in the Late Neogene — Early Quaternary
period. During the 1980s, the extensive development
of orogenic magmatism, with still active volcanoes
like Sakhand and Sabalan, was not fully understood
(Berberian and King, 1981), but it is now clear that this
zone continues to be subject to ongoing subduction
beneath the Iranian Microcontinent (Kaviani et al.,
2009).

In Northern Iran, the Urmia-Dokhtar zone is
overlapped by Early Quaternary basaltic nappes and
borders the Alborz magmatic belt to the north and the
Sanandaj-Sirjan metamorphic zone to the southwest.
The latter represented a rift zone that had undergone
orogenesis and metamorphism before the Alpine
period (Kaviani et al., 2009; Richards, 2015).

Thus, both in the Southern Caucasus and Northern
Iran, porphyry copper-gold as well as epithermal
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ore-forming systems are related to long-lived island
arcs that have experienced relatively continuous
subduction followed by active development of
orogenic magmatism. As a rule, these systems form
individual porphyry, high, intermediate, and low
sulfidation deposits, but seldom do deposits bear
features of different mineralization types. Below, such
examples are considered.

3. Combination of Ore-Forming Systems

3.1. Porphyry and High Sulfidation Systems — Sonajil
Deposit, Northern Iran

The Sonajil Depositis located in the East Azerbaijan
Province of Iran, near Heris city, approximately 85
km from Tabriz, the province capital. The deposit has
been extensively explored by our international team.
To date, recoverable reserves of high sulfidation gold
ores have been estimated, and gold-producing open
pit mines, a heap, and a Carbon-in-Leach (CIL) plant
are under construction. The estimated total resources
of the gold-bearing site are 7.6 million tons with gold
grade of 1.5 g/t, hosting approximately 361 thousand
troy ounces of the metal. Porphyry copper ores are
currently under extensive exploration. All 12 drilled
boreholes have intersected porphyry ores with an
average copper grade of 0.4%. The explored vertical
interval of mineralization now exceeds 600 m. In
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these boreholes, the first indications of gold presence
with commercial grades were identified.

Figure 3 presents the model geological map of
the Sonajil deposit. The geological structure of the
deposit is complex. The geological section begins
with an Eocene volcanic suite of basalt-andesitic
composition, which consists of basalt and andesite
lavas, volcanic breccias of the same composition,
tuffs, and tuffaceous volcanic-sedimentary rocks.
In the ascending sequence, this suite is replaced by
Miocene sandstones and marls. The overall sequence
concludes with an Early Quaternary volcanic flow of
basalt and dolerite composition, which occupies the
highest hypsometric level of the terrain.

The Eocene volcanic sequence is intruded by two
stages of an igneous complex. Outcrops of two phases
of the Inchekh intrusive body are observed in the
central part of the area. The first phase is composed
of alkali rocks — monzonites and syenites, whereas
the second phase consists of calc-alkaline quartz
monzonites and microdiorites. These rocks exhibit
porphyritic structures and can be interpreted as a root
part of a volcano. The younger Sonajil intrusive stage
has a well-expressed hypabyssal character and is
represented by mica granites and monzonites.

The deposit comprises two sites. The epithermal
high sulfidation gold mineralization site is situated

4.5 km southwestward from the porphyry copper
deposit. The ore-bearing structure of this deposit
trends northwestward (azimuth 320-340°), with a
length of about 1400 m, a width from 10 to 50 m, and
an incidence angle of 45-60° to the west-south-west.
Ore mineralization is traced up to a depth of 200 m
from the surface. Within this deposit, the gold-bearing
body is presented by hydrothermal breccia, where
fragments of hydrothermally altered (quartz + sericite)
andesites are cemented by grey quartz. The quartz
matrix of the breccias, occasionally accompanied by
calcite, is remarkably thick (more than 200 m) from
the surface. The breccia exhibits a jigsaw-fit texture,
the origin of which has been detailed in several
publications (Figure 4a, Cas et al., 2011).

Porphyry copper deposit, situated in the north-
eastern part of the deposit, is presented by typical
medium-grade ores in hydrothermally altered (quartz
+ enargite) intrusive rocks, mainly diorites of both
Inchekh and Sonajil intrusive bodies (Figure 4b). The
orebody is under extensive drilling campaign because
prospects to discover a world class copper-gold
deposit are very high.

Thus, the key features of the deposit important for
further discussion are as follows:

1. Porphyry and high sulfidation epithermal sites
are spatially separated.

Figure 3- Model geological map of Sonajil deposit, This study.
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Figure 4- Typical ores of Sonajil deposit, a) gold ores presented by thin impregnation of free gold in the hydrothermal breccia with
jigsaw-fit texture; debris of hydrothermally altered quartz-sericite rocks are cemented by quartz. Average Au grade of
the interval is 1.41 g/t. b) porphyry gold-copper ores in hydrothermally altered diorites. Average grades of the interval:

Copper — 0.56%, gold — 0.74 g/t.

2. Gold mineralization occurs in hydrothermal
breccia, formed later than the country andesitic rocks
were hydrothermally altered.

3.2. Vertical Zoning of Epithermal High Sulfidation
and Porphyry Systems — Gharta Deposit, Georgia

The Gharta deposit is located in the Kareli District,
Shida Kartli Region of Georgia, approximately 152.5
kilometers from Tbilisi, the capital city, at the northern
slope of the Trialeti Ridge in the Lesser Caucasus.
Metallogenically, it is situated at the north-eastern edge
of the Adjara-Trialeti rift zone (Figure 1). The deposit
has been the subject of extensive exploration by our
international team. To date, having covered only about
15% of the deposit’s area with a drilling campaign,
we have already identified 9.1 million tons of high
sulfidation gold with an average gold grade of 0.93 g/t
and 62.8 million tons of porphyry copper ores with an
average copper grade of 0.42%. A model geological
map of the deposit is represented in Figure 5.

The geological structure of the deposit features an
area covered by outcrops of Late Neogene intrusive
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body of quartz diorite composition, which has intruded
into Paleogene-Lower Neogene rhythmical slates,
argillites, and aleurolites, as well as Upper Cretaceous
chemogenic limestones. The host rocks are mainly
preserved as relics within the intrusive body and
are only visible in the north-western part where the
intrusive contact with the mentioned rhythmical slate
suite is observed. Numerous mainly sub-latitudinal
faults with steep, subvertical dips are present. The
entire structure, including the ore zone, is inclined to
the east at an angle of 35-45°.

The ore zone has an irregular ellipsoid shape and is
presented by hydrothermally altered rocks developed
exclusively within the intrusive rocks. Two contrasting
types of metasomatic alterations were identified.
Within the epithermal gold bonanza zones developed at
upper horizons in the western flank of the mineralized
zone, hydrothermally brecciated and often fractured
vuggy silica is observed (Figure 6a), where debris of
quartz diorite and early products of its hydrothermal
alteration — quartz-sericite rocks are cemented by grey
quartz. At deeper horizons, porphyry copper ores are
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Figure 5- Model geological map of Gharta deposit. This study.

hosted by high-temperature quartz-sericite-garnet-
bearing rocks with intense development of epidote.
Development of garnet (andradite, as identified
diffractometrically) is sometimes so pronounced
that quartz diorites are altered to a monomineralic
“garnetite” (Figure 6b).

Awell-pronounced vertical zoning is characteristic
of the deposit (Figure 7). At upper horizons, epithermal
high sulfidation gold ores are developed. Beneath
100 meters from the surface, ores are enriched by
chalcopyrite, which sometimes creates high-grade
ores (Borehole BHG-03 on Figure 7). At deeper
horizons, gold-free porphyry copper ores are present.
It is crucial to note for further discussion that an ore-
free space always exists between gold and copper
ores, although this interval is hydrothermally altered

in the same manner and with the same intensity as in
ore bonanza zones.

3.3. Intermediate Sulfidation and Porphyry Copper
Systems — Merisi Mining District, Georgia

The Merisi mining district, identified as no. 1 on
Figure 1, is situated in Mount Adjara, approximately
60 km from Batumi, the capital of the Adjara
Autonomous Republic of Georgia, and is positioned
right on the state border with Tiirkiye. The district
was extensively explored in the 1930s to 1960s, and
copper mining was conducted even during the First
World War. Currently, only vein-type intermediate
sulfidation gold-bearing small deposits have been
thoroughly explored, but the primary prospects of the
district are related to the porphyry copper system and
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Figure 6- Typical epithermal high sulfidation gold and porphyry copper ores, a) brecciated and fractured vuggy silica; average gold
grade of the interval — 3.70 g/t, b) quartz-sericite-garnet (andradite) rock with epidote (green) nests; average copper grade
of the interval — 1.38%.

Figure 7- Vertical zoning of Gharta deposit.
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the potential presence of high sulfidation gold ores.
Thus, the district represents a promising target for
exploration.

Figure 8 provides information on the geological
structure of the mining district. The district was mapped
by the author, alongside his postgraduate student, now
Professor Archil G. Magalashvili, and subsequently
detailed in my monograph (Tvalchrelidze, 2006).

The central part of the mining district comprises the
Merisi-Namonastrevi intrusive complex, covering an
area of 17 km? and forming three outcrops: (i) Merisi
outcrop with an area of 7.5 km? (ii) Namonastrevi
outcrop (6.5 km?), and (iii)) Chalati outcrop
(2.5 km?). Detailed petrochemical investigations,
along with fault mapping, have demonstrated that
the Namonastrevi and Chalati outcrops were uplifted

Figure 8- Geological structure of the Merisi mining district, a) geological map; b) cross sections to it. Legend: 1- Upper
Eocene — Oligocene: trachybasalt lavas; 2- Upper Eocene: Calc-alkaline basalts and tuffs; 3- Middle Eocene:
Subalkaline basalt-andesite-dacite volcanics; 4- Middle Eocene: Andesite tuffs; 5-13- intrusive rocks: 5- Fluid

porphyry breccia phase, 6-8: quartz diorite porphyry phase: 6- subvolcanic bodies, 7- quartz diorite porphyries,
8- quartz diorites; 9-13: main intrusive phase: 9- the main intrusive complex, 10- alaskites, 11- granite porphyries,
12- monzonites, 13- diorite porphyries; 14- basic faults; 15- a) anticline and b) syncline axes; 16- intermediate
sulfidation gold and base metal lodes: 1- Vaio, la- Surnali site of Vaio, 2- Veliburi, 3- Verkhnala, 4- Tskalbokela,
5- Varaza, 6- Obolo-Kanly-Kaia, c) vertical rhythmical zoning of lodes. 1- pitch of rhythmicity, C,, and C, — grades

of lead and zinc, correspondingly.
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along the sub-longitudinal fault by approximately 800
meters (Tvalchrelidze, 2006), causing out-cropping of
differing acidic rocks in its western and eastern flanks.
These investigations also revealed that the second
quartz diorite porphyry phase intruded after the
displacement along the mentioned fault had occurred,
with rocks of this phase being consistent across each
outcrop. The fluid porphyry breccia phase, in my
opinion, marks the center of the porphyry ore-forming
system and may serve as a significant exploration
indicator.

All intermediate sulfidation gold and base metal
epithermal deposits and occurrences within the district
share a common structure. They are distanced from
the contacts of the intrusive body, forming solely in
country rocks as subvertical lodes of quartz + barite
composition, with varying thickness from a few meters
up to 20 meters, but averaging 2-3 m. The matrix of
these lodes bears impregnations and nests of sulfides,
predominantly pyrite, chalcopyrite, galena, sphalerite,
and also sulfosalts including sulfoantimonites,
patrinite, clausthalite, etc. Near the surface, sulfides
are oxidized to bornite, hematite, and others. Gold is
present both in its native form as thin impregnations
within the ores and as an admixture in iron, copper,
lead, and zinc sulfides. The ore lodes are accompanied
by thin, gouge-like halos of typical medium-
temperature hydrothermal alteration, characterized by
a quartz-sericite-chlorite rock. The ores are noted for
their breccia texture.

The peculiarities of porphyry, high, and
intermediate sulfidation systems, as described here,
form a solid foundation for further discussion.

4. Discussion

Investigations into the thermodynamic conditions
for the evolution of hydrothermal systems from
a porphyry stage to the low sulfidation stage
have been conducted by Einaudi et al., (2003). |
performed a similar type of study sixteen years earlier
(Tvalchrelidze, 1986; 1987). For instance, Figure 9
represents a thermodynamic plot demonstrating the
equilibria between crystallizing minerals and a model
hydrothermal fluid at a temperature of 250°C.

Analysis of this plot leads to the same main
conclusion made by Einaudi et al. (2003): The
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Figure 9- Equilibria of iron and base metal minerals with a model
hydrothermal fluid at 250°C. Parameters of the model
fluid were published earlier (Tvalchrelidze, 1987).
Blue lines — equilibria between solid phases; red lines —
equilibria between solid phases and a model fluid.

development of the system and gradual crystallization
of minerals occur against the backdrop of fluid
neutralization. However, this type of analysis does
not explain the origination of convective fluid flows
nor ore formation, e.g., mass precipitation of ore
minerals within a comparatively limited time period
and space. Moreover, the basic typomorphic features
of epithermal systems are not addressed.

Some time ago, | analyzed data on an enormous
number of vein deposits and demonstrated that
practically all of them are characterized by arhythmical
zoning, meaning that the grade ratios of the main ore-
forming metals undergo rhythmical fluctuations in
the vertical section (Tvalchrelidze, 1993). Here, this
phenomenon is demonstrated for two deposits of the
Merisi mining district (Figure 8c). The pitch of such
zoning, |, is proportional to the overall vertical interval
of the lode. I further proved that this phenomenon
is determined by ore formation in non-equilibrium
conditions under the influence of a thermal gradient. In
such an environment, metal cations tend to be bound
by the sulfide ion, and different reactions of metal
sulfides’ precipitation compete with each other. Based
on this simple assumption, | elaborated mathematical
and thermodynamic models of such non-equilibrium
reactions and formulated the theory of rhythmical
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zoning (Tvalchrelidze, 1993). This theory illustrated
the distribution of bonanzas and vertical zoning of ore
lodes but was unable to explain the formation of gold
ores in high sulfidation epithermal deposits.

Zn** + 8y —4—7nS )
Pb* + 8" —"—PbS

Correspondingly, kinetic coefficients k, and Kk,
depend on the oversaturation degree of corresponding
metals. Based on this simple assumption, it has been
elaborated mathematical and thermodynamic models
of such non-equilibrium reactions and formulated the
theory of rhythmical zoning (Tvalchrelidze, 1993).
This theory illustrated distribution of bonanza zones
and vertical zoning of ore lodes but was unable to
explain formation of gold ores in epithermal high
sulfidation deposits.

Indeed, as shown in Figure 10, gold remains
dissolved in a hydrothermal fluid under a wide range
of P-T conditions. This phenomenon is suggested to
be related to gold’s dual position within the common
acid-alkali range of metals. Firstly, gold is encountered
together with iron in slightly acidic fluids. Secondly,
it is deposited from low-temperature fluids at the
final stages of ore formation (Kolonin, 1983). This
peculiarity can be explained by the well-expressed
chemical affinity of gold with arsenic (Marakushev
and Bezmen, 1970), which, in a high-temperature
fluid, is presented in the form of the acid at the line
of monovariant equilibrium between hydrogen sulfide
and sulfuric acid (Figure 10). However, in a low-
temperature fluid, arsenic assumes the role of metal.
Consequently, gold plays no role in competitive sulfide
deposition processes, gradually precipitates from a
fluid with a fall in temperature, creating concentrations
far below the cutoff grade, and in normal evolution of
high sulfidation hydrothermal systems, is unable to
form mineral deposits.

Thus, the sole reason for gold precipitation when
a high and/or intermediate sulfidation epithermal
mineralization forms is a sharp disruption of the
consecutive ore formation process due to external
influences. One such influence is the phreatic collapse
of the ore-hosting structures, followed by the boiling
of the hydrothermal fluid and mass precipitation of its
ore content.

Figure 10- Partial pressure of oxygen during crystallization of base
metal sulfides and barite. After Tvalchrelidze (2006),
A — monovariant equilibrium Line between S¢* and S*
B —field of gold stability in a hydrothermal fluid.

1. The presence of hydrothermal breccias, often
with jigsaw-fit texture, specifically highlighted in
our studies (Figure 4a), or vuggy silica (Figure 6a),
is evidence of such a collapse. This indicates that
hydrothermal breccia has a phreatic origin. It should
be noted that phreatic breccias are often described
in models of high and/or intermediate sulfidation
systems. However, several features characteristic of
either porphyry or epithermal systems do not align
with a purely thermodynamic approach. Specifically:
Intermediate and low sulfidation mineralizations are
typically located at a certain distance from the contacts
of the intrusive body. My earlier statistical analysis of
numerous plutonogenic ore districts demonstrated that
this distance directly correlates with the dimensions of
the plutonic body.

2. A direct transition between porphyry and high
sulfidation ores is never observed. In every case I
have studied, a distinct ore-free space exists between
the two, even though this interval undergoes the same
hydrothermal alteration as the ore-rich zones.

3. Porphyry copper ores are often hosted by the
main intrusive body, suggesting that they formed
simultaneously with or shortly after the crystallization
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of the host rock. This observation challenges models
that rely solely on a peripheral magmatic source for
mineralization.

Given these insights, the significance of
employing paleothermophysical models to examine
the cooling of intrusive bodies becomes evident.
Among the early pioneers of such research was my
colleague from Moscow State University, Doctor
of Geology and Mineralogy, Vladimir G. Zolotarev.
Tragically, Zolotarev and his family met a fatal
end in a car accident in the early nineties of the
recent century. Honoring his memory and building
upon his foundational work, I have continued these
investigations and developed a model specifically for
the Merisi mining district. This endeavor not only
serves as a tribute to Zolotarev’s contributions to
geology but also advances our understanding of the
thermal dynamics and mineralization processes within
intrusive geological formations.

Dr. Zolotarev’s methodology is predicated on
fundamental principles (Zolotarev, 1985): Upon
intrusion, the temperature of the magmatic fusion
significantly surpasses that of the surrounding
country rocks. Consequently, in accordance with the
Second Law of thermodynamics, an immediate heat
exchange begins between the magma and the host
rocks—resulting in the cooling and crystallization
of the magma, while simultaneously heating the
country rocks. The modeling of such thermal fields
necessitates the application of the classical Fourier
equation of heat and mass transfer, which encapsulates
both convective and conductive heat and mass flows
(2). This approach allows for a nuanced understanding
of the thermal interactions within geological systems,
providing a comprehensive framework for analyzing
the cooling patterns of magmatic bodies and their
consequent effects on the surrounding geological
environment.

oT !
Cp(g) =-V(g,h, +q5hs) +VAVT) + F'| (2)

Where: p = density, C = heat conductivity,
T = temperature, t = time, A = heat conductivity factor,
h_and h, = enthalpy of fusion’s liquid and gaseous
phases, g, and g, = fusion and liquid phases masses,
passing through the elementary 1 cm? section,
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F’ = latent fusion heat determining phase change, V =
Hamilton’s operator. In 3D Descartes space the latter
may be expressed as:

d d d

V=Cxtartaz) @)

Zolatarev (1985) has proven that in thermophysical
models of a cooling magmatic body the influence
of the convective member of the Fourier’s equation
is negligible. In this case, development of the heat
field through time may be described by the classical
equation of heat transfer:

Cp(%) = div(jgradT) + F'(x,,2) @

It can be straightforwardly demonstrated that
equation (4) is exponential in nature and lacks an
analytical solution. Consequently, the modeling of
heat fields ought to be conducted in accordance with
the methodology proposed by Zolotaev (1985 and
subsequent works). This process involves segmenting
the entire geological space into a requisite number of
elementary blocks, each characterized by a uniform
composition and precise coordinates within Cartesian
space. Subsequently, the heat transfer equation is to
be resolved individually for each of these elementary
blocks, ensuring a detailed and accurate representation
of the thermal dynamics within the geological setting.
This granular approach allows for a comprehensive
analysis of heat distribution and its effects on
mineralization processes across the spatial extent of
the geological environment under study.

9°T
ot?

oT ,
Co(Z) = ME) + F ®)
ot '
And for each time interval 4¢ heat amount (4Q)
may be calculated for each block having coordinates i,
j, k, and the block will have temperature:

T, =T, +AT;AT = AQ (€)
yo

Where: Tiw= is a temperature in time moment

t, whereas T°, ., = is temperature in time moment

t + 4t, C, = specific heat conductivity of the given

block. As far as this method is based on successive

temperature calculation along coordinate axes, the
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stability condition must be respected: Time pitch shall
be followed by a pitch along axes:

1 A
ot =s(=hk)("2),;k=12 @)
2 el :
Where: | = distance between blocks. In 2D models
this condition may be satisfied by calculation of heat
transfer between blocks:

Cp(% +VAT) = div(AgradT) + F' ®)

Where: V/ = speed vector of heat transfer.

I have developed a specific model for the Merisi
mining district. The thermophysical parameters crucial
for these calculations were previously documented
(Tvalchrelidze, 2006). Figure 11 illustrates a block
model of the geological environment at a depth of 2.5
kilometers, captured before the occurrence of fault
tectonics events and the intrusion of the second phase.
Figure 12 elucidates the dynamics of crystallization
and paleotemperature fields 122,000 years following
the intrusion. Indeed, paleotemperature fields
underwent analysis across various temporal spans,
specifically: 6, 14, 22, 30, 46, 80, 122, 160, 180, and
250 thousand years post-intrusion. Nevertheless,
the epoch 122,000 years subsequent to the intrusion
is of paramount significance, as by this juncture,
the massif had fully crystallized (as depicted in

Figure 11- Block model of the Merisi geological environment at a
depth of 2.5 km immediately after intrusion of the main
phase. Block numbers along coordinate axes are shown.
Legend see on Figure 8.

Figure 12a). This complete crystallization precipitated
a phase of paleothermal field stabilization extending
from, at a minimum, 122,000 to 250,000 years after
the intrusion.

The data presented herein enable the articulation of
several foundational postulates, which are discussed
in the subsequent sections.

Figure 12- Succession of crystallization, a) and paleotemperature field 122,000 years after intrusion, b) of the Merisi Pluton. V, and
V = correspondingly, volumes of the fusion and the crystalized phases; t = time in years.
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5. Results

The classical thermodynamic model, which
interprets the formation of sulfide minerals as reactions
of mineral precipitation under equilibrium conditions,
fails to account for the genesis of conventional flows
of meteoric waters or the formation of ores of the
type under investigation. In the context of porphyry
and epithermal ore formation, several prerequisite
conditions are proposed to be essential:

1. Source of anomalous energy (heat), which
exceeds normal thermodynamics of the enclosing
environment.

2. The presence of temperature (and heat!) gradient,
which determines conventional flows of fluids
composed of endogenous and meteoric constituents
(proven by rhythmical zoning of ore lodes).

3. The persistence of such conditions for a period
of sulfide ore formation — shorter this stability period
is, smaller deposit is formed.

These conditions can be generated through various
geological processes, including the transfer of heat
from a peripheral magmatic source, a mechanism
commonly incorporated into models of epithermal
deposit formation. Nevertheless, these models fall
short in addressing scenarios involving complex ore-
forming systems where porphyry and high and/or
intermediate sulfidation ores coexist. In such instances,
the requisite heat for ore formation emanates from the
paleothermal field associated with cooling magmatic
complexes. This specific environment establishes a
number of fundamental characteristics inherent to
these amalgamated systems, as outlined below:

1. In expansive porphyry copper (+ gold) deposits,
the porphyry ores are predominantly situated near the
contacts (both endo- and exocontacts) of the intrusive
massifs. In contrast, within smaller deposits, these
ores may be found in the central regions of the igneous
body. This distribution pattern becomes intelligible
when considering the paleothermal history of the
cooling intrusive massifs. As evidenced by Figure 12b,
at the juncture when thermal fields reached stability,
the temperature within the central part of the large
massif remained excessively high for the deposition
of ores.
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2. This same thermal dynamic also explains the
lack of direct telescoping from porphyry ores into high
sulfidation mineralization. It has been observed that
an interval of ore-free zones exists between these two
types of mineralization, corresponding to a reduction
in temperature to levels conducive for the formation
of epithermal ores.

3. As the cooling magmatic body dissipates heat,
it warms the surrounding country rocks. Over time,
while the paleotemperature gradient tends to even out,
the extent of the heated region expands. Consequently,
a distinct gap is present between the initial
intermediate sulfidation deposit and the intrusive
body’s contact. My previous statistical analyses of
several plutonogenic ore districts (Tvalchrelidze,
2006) have demonstrated that the size of this gap is
proportionate to the dimensions of the magmatic
body, with a notably strong correlation. This finding
underscores the significant influence of the thermal
and structural characteristics of magmatic bodies on
the spatial distribution of mineral deposits.

Therefore, the process of sulfide ore formation
as outlined cannot account for the genesis of
high sulfidation gold deposits. As elucidated, the
widespread precipitation of free gold necessitates
a phreatic collapse within the ore conduit channel
subsequent to the formation of hydrothermally altered
rocks. This catastrophic event leads to the formation
of hydrothermal breccias, frequently characterized by
a jigsaw-fit texture, or brecciated vuggy silica. In these
formations, both the host rocks and the hydrothermally
altered rocks are bound together by a gold-bearing
quartz matrix. This phenomenon underscores the
complexity of geological processes involved in high
sulfidation gold deposit formation, highlighting the
importance of dynamic geological events in the
concentration of precious metals.

The model outlined in this article has been
validated by the geological characteristics of the
deposits discussed herein. This model has facilitated
the development of a comprehensive exploration
strategy and methodology, resulting in the discovery
of multiple porphyry copper and high sulfidation
epithermal gold deposits. Currently, four of these
deposits are being extensively mined, and construction
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is underway at mines on two additional sites. Our team
has successfully conducted explorations at several
deposits, demonstrating the efficacy of our approach in
identifying and developing valuable mineral resources.
This success underscores the practical applicability of
the model in guiding effective exploration efforts and
enhancing the potential for discovering significant
mineral deposits.
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ABSTRACT

Potential field data play a critical role in interpreting various geologic structural features through
edge detection filters that aid in mapping subsurface structural features. For this purpose, various
filters have been introduced in recent years to determine lateral boundaries. However, each of these
filters has its limitations and advantages. This study presents a new edge enhancement filter named
Enhanced Gradient (EG) based on the Richards function and applies it to potential field data for
structural mapping. The EG is tested on two dimensional (2D) and three dimensional (3D) synthetic
magnetic models with sources buried at different depths and variable properties. The results from the
EG filter provide more accurate and higher resolution horizontal boundaries and can avoid creating
the false edges in the output results. In addition, the proposed filter was examined using aeromagnetic
data from the Indiana region in the USA. The primary and secondary faults and geological formations
are recognizable in the EG image. The results of the EG map will allow us to improve the qualitative
interpretation of potential field anomalies in studying the structural and tectonic geology of the
Indiana region in the USA.

1. Introduction

Gravity and magnetics are widely used geophysical

potential field anomalies. Each filter has advantages
and limitations (Alvandi et al., 2022; Prasad et al.,
2022a; Ibraheem et al., 2023). A standard method

methods for understanding subsurface structures and
tectonics. Some of the applications of the method
include mineral resource exploration, hydrocarbon
exploration, crustal deformation studies, and surface
and subsurface structural mapping. Much emphasis
can be made on the structural feature delineation
that helps us understand various geological structural
boundaries buried at depth. Determining the
horizontal boundaries of these buried sources and
delineating the lateral extents is of prime importance.
There are many filters used to determine the edge of

for identifying horizontal boundaries called the total
horizontal derivative (THDR), was introduced by
Cordell and Grauch (1985). The THDR procedure is
less sensitive to noise in the data and is suitable for
determining shallow sources (Phillips, 2002; Pham
et al.,, 2021; Alvandi and Ardestani, 2023). The
maximum amplitudes of the THDR are located over
the boundaries of the geological contact, and it is

defined in Equation 1 as follows:
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(M

. . . aT aT
where T is the magnetic or gravity field, — and —

ay
are its first-order derivatives in the x and y directions,
respectively (Blakely and Simpson, 1986; Prasad et

al., 2022b).

The 3D analytical signal amplitude (ASA)
is a popular procedure for identifying the lateral
boundaries of potential field anomalies, given by
Equation 2 (Nabighian, 1984; Roest et al., 1992).

()

where 2_: is a first-order vertical derivative of the
potential field. On the other hand, maximum ASA
values are very sensitive to depth and are only located
over the horizontal boundaries when the source’s
depth is shallow. However, THDR and ASA are
ineffective in balancing sources simultaneously at
different depths (Pham et al., 2021, 2022; Prasad et
al., 2022a, 2022h; Alvandi et al., 2023).

In order to determine the horizontal boundaries
of the shallow and deep anomalies simultaneously, a
wide range of phase-based filters has been introduced.
The tilt derivative (TDR) filter was introduced as the
first to determine the edge of potential field anomalies.
(Miller and Singh, 1994). The TDR uses the amplitude
of the THDR to normalize the vertical derivative.
Although the vertical derivative and THDR are both
weak for deeper sources edge detection, the TDR
(Equation 3) using the ratio of the vertical derivative
to the THDR has overcome this problem and equalized
the deep and shallow sources. The amplitude of TDR
over the source is positive, with zero amplitude over
the edge (Zero vertical derivative and maximum
horizontal gradient), and elsewhere, it is negative.

3)

The TDR amplitude variations have a specific
range, £90° (Miller and Singh, 1994). This filter is
insensitive to source depth compared to THDR and
ASA filters and does not completely balance the
source edges buried at various depths. However, with
increasing depth, TDR loses its sharpness so that the
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edges of the anomaly become blurred (Pham et al.,
2018).

Wijns et al. (2005) developed another phase-based
filter called theta map (TM) filter. The TM uses the
ASA to normalize the THDR. The amplitude of the
filter is minimal over the source edges. The TM filter
is sensitive to depth sources and does not detect deep
and thin source edges well (Prasad et al., 2022a).
The TM amplitude variations have a specific range,
between 0°-90° (Equation 4).

4)

Cooper and Cowan (2006) have developed
modified versions of the total horizontal gradient
and vertical derivative to improve the resolution of
edges. The horizontal tilt derivative (TDX) filter is a
normalized form of THDR amplitude to the absolute

aT . . .
value of = and is represented in Equation 5.

©)

The TDX filter is the inverse of the tilt derivative
filter, as it performs equally well with both shallow
and deep anomalies. In addition, these filters do not
indicate the edges of interfering sources (Zuo et al.,
2018; Prasad et al., 2022b).

Castro et al. (2018) introduced another balanced-
edge detection method, the combined tilt derivative
filters (TDR+TDX) and is defined in Equation 6 as:

(6)

The TDR-TDX filter produces sharp peaks over
the source centers, while the TDR + TDX filter creates
a plateau. In TDR+TRX for deep-seated sources, the
limits of body edges will appear wider than the actual
edges (Castro et al., 2018).

2. Proposed Method

This paper proposes a novel edge detection filter
called Enhanced Gradient (EG) based on the Richards
function for balancing the edges of magnetic and
gravity sources. The EG (Equation 7) filter has a near-
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identical shape to the arc-tan function (Richards, 1959),

often used for potential field data edge detection.

where

(7

@®)

where H, and H,, are the Hilbert transform of the total
horizontal gradient amplitude filter (Cooper, 2009)
and o< a positive number.

3. Evaluation of Alpha ()

A synthetic gravity model consisting of three
prisms, with different physical properties buried at
different depths and density contrasts, is created. The
physical and geometrical properties of the bodies are
represented in Figure la. for evaluating the alpha

Figure 1- Evaluation of alpha (o) parameter in the EG over synthetic gravity anomaly; a) Schematic representation of synthetic model, b) the
gravity anomaly response over the prismatic bodies. The response of the EG at ¢) 0=0.5, d) a=1, e) 0=2, f) 0=3, g) 0=5, h) a=7, 1)

0=8, j) 0=9, k) a=10, 1) a=11, m) 0=13, n) a=14.
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(<) value to the proposed EG function. The schematic
model is shown in Figure la, with the computed
anomaly response presented in Figure 1b. The
EG is applied to the computed gravity anomaly
with values increasing from 0.5 to 14 (Figure lc to
Figure 1n). The results show that the amplitude
response of the proposed filter is maximum over
the edges. The filter produces sharp edges when the
o value is two and maintains its sharpness till o the
value is 10. The detected edges lose the sharp character
and become vague when the « value is more than 10.
Therefore, to extract the effectiveness of the filter, a
o value of 2-10 can be used for the best results. In

the present study, a & value of 2 is fixed to all the
synthetic and real data models.

4. Application Over the 2D Synthetic Magnetic
Model

A synthetic magnetic model consisting of three
prisms with different physical properties buried
at different depths is developed. The physical and
geometrical properties of the bodies are represented
in Figure 2a. The magnetic response of the synthetic
model is presented in Figure 2b, and its reduced-

to-pole (RTP) magnetic anomaly is presented in

Figure 2 - The response of various edge detection techniques over a synthetic magnetic model; a) Schematic representation of synthetic

model, b) the magnetic anomaly response over the three prismatic bodies, c) the reduced-to-pole magnetic anomaly response
over the three prismatic bodies. The response of various filters are presented as d) THDR, e) ASA, f) TDR, g) TM, h) TDX, i)

TDR + TDX, j) TDR — TDX and k) enhanced gradient filter.
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Figure 2c. The response of the various conventional
edge detection filters is represented in Figures 2d
to 2j. It is obvious from the response that when the
magnetic data is subjected to different conventional
filters (Figure 2d to 2j), the response is better analyzed
in THDR (Figure 2d), ASA (Figure 2¢). However, the
response is not balanced for the shallow and deeper
bodies. The rest of the filters have spurious and false
edges, making the interpretation more complex. When
the Enhanced Gradient filter with € = 2 is applied to
the RTP magnetic anomaly, the amplitude response
maxima show a clear demarcation of the edges of
the prismatic bodies (Figure 2k). The maxima of the
response are over the edge of the body. Moreover, we
can observe a balanced image from the sources buried
at shallower and deeper depths.

5. Application Over the 3D Synthetic Magnetic
Model

To illustrate the robustness of the proposed filter,
a synthetic magnetic model with ten prismatic bodies
is constructed. The schematic model of the synthetic
magnetic model is shown in Figure 3a, with the
nomenclature of the prismatic bodies in Figure 3b.
The total magnetic intensity (TMI) is calculated on a
200%200 km? grid with a grid spacing of 1 km along
the east-west and north-south directions (Figure 4a).
The magnetic inclination and declination of all prisms
are 90° and 0°, respectively. The magnetic anomaly is
reduced to pole. The dimension and properties of the
prismatic bodies are shown in Table 1.

The response of the THDR and ASA filters are
shown in Figures 4b and 4c, respectively. Shallow

Figure 3- Schematic representation of the synthetic model (magnetic) in a) three-dimensional view and b) planar view with

nomenclature of different prismatic bodies.

Table 1- The parameters of the prismatic bodies used to generate magnetic anomaly over the 3D synthetic model. All the dimensions are in

kilometers.

Property Al Bl C1 D1 El F1 Gl H1 11 Jl
Xc 25 100 60 110 160 95 95 170 170 170
Yc 100 175 25 25 25 110 110 150 110 70

Width 20 100 35 35 35 50 80 20 20 20

Height 100 20 35 35 35 50 80 10 10 10
Top Depth 2 2 5 5 5 5 10 3 2 1
Thickness 5 5 3 4 5 3 5 3 2 1
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Figure 4- The magnetic anomaly is shown in a); All the 10 bodies are positively magnetized. The response of various edge detection filters
are b) THDR, c¢) ASA, d) TDR, ¢) TM, f) TDX, g) TDR + TDX, h) TDR — TDX and i) Enhanced gradient filter (The white line

represents the real prism edge).

seated bodies dominate the response. The edges
detected from the deep-seated bodies are blurred. The
filters TDR (Figure 4d), TM (Figure 4e), TXD (Figure
4f), TDR+TDX (Figure 4g), and TDR-TDX (Figure
4h) are found to produce spurious and false boundaries.
The response of the EG filter at an alpha value of 2 is
presented in Figure 4i shows that the proposed filter
successfully delineates the edges of all the prismatic
bodies buried at different depths. The filter produced a
balanced image of the edges. The stability of the filter
is also tested by applying negative magnetization to
three bodies (blocks of 2, 4, and 9, as shown in Figure
5) which proved that the EG response was similar to
the case discussed above. 4% Gaussian noise to the
magnetic anomaly with a standard deviation of 0.5 nT
and the results are shown in Figure 6, which shows a
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noisy response from all the filters where the EG filter
proves to be better.

Any edge detection filter applied to the noisy
data may not give a clear image of the subsurface
structures (Pham et al., 2021; Prasad et al., 2022a), so
we continued the anomaly to 500 m upward (Figure
7a). Figure 7b-j shows the results of the THDR, ASA,
TDR, TM, TDX, TDR+TDX, TDR-TDX and EG after
upward continuation of the data. THDR (Figure 7b)
and ASA (Figure 7c) produced edges and the noise’s
influence is not much compared to the rest of the
conventional filters. The THDR and ASA filters are
dominated by a large-amplitude response from the
shallow prism B1, but the small amplitude responses
from the deeper sources Al, C1, DI, El1 and F1 are
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Figure 5- The magnetic anomaly is shown in a); Seven out of 10 bodies are positively magnetized, and the remaining three (2, 4 and 9) are
negatively magnetized. The response of various edge detection filters are b) THDR, ¢) ASA, d) TDR, e) TM, f) TDX, g) TDR +
TDX, h) TDR — TDX and i) EG filter (The white line represents the real prism edge).

blurred. Moreover, the maximal amplitude of the
ASA filter needs to function better for thin source E1,
despite the shallower depth than sources C1, D1 and
F1. The TDR (Figure 7d), TM (Figure 7¢) and TDX
(Figure 7f) filters can balance the edges of the shallow
and deep-seated sources well, but they produce such
false and spurious edges. The images obtained from
using the TDR + TDX (Figure 7g) and TDR-TDX
(Figure 7h) filters again show that they do not function
well for detecting the sources’ edges and produce false
contours around and inside of sources. However, their
quality and resolution are better than THDR, ASA,
TDR, TM and TDX filters. However, the EG filter
(Figure 7i) successfully delineates all the edges with
minimum influence of the added noise.

6. Application on Aeromagnetic Data

In this section, the ability of the EG filter is tested
on the real magnetic data from the northeastern part
of the Indiana region situated in North America
(Figure 8). The study area consists of gently eastward-
dipping sequences of shale, limestone, and sandstone
of Paleozoic age formed from material deposited
when transgressing shallow seas covered most of
the North American continent (Haase et al., 2010).
These bedrock units are covered by unconsolidated
deposits left from several intervals of glaciation in
the Tertiary and Quaternary periods. The bedrock
of Indiana experienced erosion at least since late

Pennsylvanian time (~300 million years ago). It was
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Figure 6- The magnetic anomaly with 4% Gaussian noise added to the synthetic model is shown in a); The response of various edge
detection filters are b) THDR, c) ASA, d) TDR, ¢) TM, f) TDX, g) TDR + TDX, h) TDR — TDX and i) EG filter (The white

line represents the real prism edge).

covered by unconsolidated materials only during the
past 2 million years when two major glacial advances
and retreats crossed the state. Bedrock is exposed only
in the south-central part of the state, which was not
glaciated, and in localized areas along the Wabash
River (Erd and Greenberg, 1960; Huizing and Russell,
1986).

Magnetic anomalies caused by Earth’s magnetic
field variations make up the upper part of the Earth’s
crust. The patterns in the magnetic anomalies are
used to delineate the locations of buried faults and
magnetite-bearing rocks by analyzing the Curie
depths and the depth to the base of the sedimentary
basin. The analysis of magnetic data is vital for
mineral exploration and geological mapping studies.
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The magnetic anomaly map over the study region,
the northeastern part of the Indiana region situated
in North America, is constructed from the grids that
combine the magnetic data information collected
by United States Geological Survey (USGS) during
1947-1994 in 19 separate magnetic surveys due to
which the data has varying quality (Henderson and
Zietz, 1958; Philbin et al., 1965). These magnetic
anomaly maps were digitized along flight-line,
considered the most accurate method of recovering
the original data. All surveys have been continued to
a height of ~300 m above ground and merged to form
the States compilation. Index maps show the location
of the original surveys, and a data table summarizes
the detailed specifications of the surveys. The final
magnetic anomaly grid with a 500 m interval and
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Figure 7- The noise-induced magnetic anomaly continued 500 m upwards is shown in; a) the response of various edge detection filters
are b) THDR, c¢) ASA, d) TDR, ¢) TM, f) TDX, g) TDR + TDX, h) TDR — TDX and i) EG filter (The white line represents
the real prism edge).

Figure 8- Geological map of the study region with the major tectonic features overlaid (modified from
Gray et al., 1987; Gray, 1989 and https://www.usgs.gov).
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a part of the magnetic anomaly map is used in the
present study and is shown in Figure 9a.

Figures 9b and 9c display the results obtained
from using the THDR and ASA filters, respectively.
As can be seen, the maps of ASA and THDR are
blurred and non-reliable in bringing precise edges for
the subsurface sources. Figures 9d, 9¢ and 9f show
the results determined by the TDR, TM and TDX
filters, respectively. As seen from these figures, the
methods can equalize the amplitudes of large and
small anomalies; many adjacent boundaries obtained
from this method are connected, making it difficult
to detect the geological structures. Figures 9g and 9h
show the results of applying TDR+TDX and TDR-
TDX, respectively.

The boundaries outlined by the TDR+TDX filters
are more precise and accurate than those obtained
from other filters. Figure 9i depicts the result obtained
by the EG filter on the magnetic data. As observed
from the response of the EG filter, it is clear that the
detected lineaments have a balanced response from
the sources situated at different depths below the sub-
surface. Moreover, the filter performed better when
compared to the other conventional filters used in the
present study. Most of the lineaments generated in the
study region are trending random direction. The results
from the present study are plotted in red, bounded by
a sharp blue color line that merely coincides with the
existing tectonic features (Figure 10). We can observe
that the Fortville fault is directed in almost N-S to N/
NE-S/SW has a gravity gradient in the same direction.

Figure 9- The aero-magnetic anomaly is shown in; a) the response of various edge detection filters are b) THDR, c) ASA, d) TDR, e¢) TM, f)

TDX, g) TDR + TDX, h) TDR — TDX and i) EG filter.
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Figure 10-Interpreted lineaments (red color) of the study region
overlaid by the major tectonic features (black lines).

However, it has been constrained by a lineament
running in the E-W direction towards its northern
end. Even though the Sharpsville tectonic fault runs
in the N/NE-S/SW direction, we can observe almost
crescent-shaped lineaments towards its southern end,
followed by an N/NE-S/SW dipping lineament at its
northern end. A similar case is seen for the Wolcott
tectonic fault. The lineaments beneath the Royal
Center tectonic fault are not aligned in the direction of
the fault. Instead, the central part of the Royal Center
fault is dominated by a N-S trending lineament.

7. Results

Edge detection is a fundamental process in
subsurface structural analysis and interpretation. The
accuracy increases with noise reduction, making new
filters more common. Because the edge enhancement
filters are based on the derivative of the anomaly,
they amplify the noise signal in the data. However,
the EG filter can equalize the weak and strong
signals simultaneously and does not bring any false
information to the edge map. Also, the EG filter
generated a new structural map of the study region
in North America, which can help us to draw a new
structural and tectonic framework. Finally, the EG is
higher resolution, removal of false edges and generates
subtler geologic features.
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ABSTRACT

How subsurface anticlines (oil fields) link structurally with faults is of great relevance in the
exploration and development of oil fields. In this context, we investigate the geometric relation
between lower Balarud (LBR), upper Balarud (UBR) and Qaleh Nar (ON) subsurface anticlines
that are the main oil fields in the Northern Dezful Embayment, central Zagros. The Asmari (As)
and the Bangestan (Bng) reservoirs are studied geophysically using seismic profiles, well data and
underground contour maps (UGC). Interpretation of 3500 m deep seismic profiles indicates the
geometry of the studied subsurface anticlines differs vertically and horizontally to a significant
proportion. The interpreted structures much resemble As and Bng horizons in each anticline. The
UBR got overturned on the LBR due to thrusting possibly in the Late Miocene. The LBR, like a
rabbit-ear structure, is situated at the northern edge of the ON. The lower and upper Chenareh and
LBR and UBR resemble structurally and are separated mutually by a steep (strike-slip) fault. The
fault separates the LBR and UBR from the ON. Interaction of different factors change in overburden
pressure, rate of deformation and uplift in the different parts of the subsurface anticlines moved and
accumulated Gachsaran Formation towards both limbs of the anticlines.

1. Introduction

are located at several Formations and depths (Safari

The Zagros fold-and-thrust belt is one of the
prolific petroliferous regions (Cooper, 2007) with
~ 12% of the global oil reserves (Bordenave and
Burwood, 1990). Fold and thrust belts have otherwise
been questioned to be the suitability for hydrocarbon
exploration (review in Hammerstein et al., 2020).
Notwithstanding, such a question never arose for
the Zagros orogenic belt (Asl et al., 2019). Previous
studies in the Zagros belt (especially in the North
of Dezful Embayment) reveal that the oil reservoirs

and Bagas 2021). Major hydrocarbon reserves in
the Zagros belt are hosted by anticlines in the Late
Cretaceous rocks within the Bangestan (Bng) Group
and the Oligo-Miocene Asmari (As) Formation
(Sherkati and Letouzey, 2004; Bordenave, 2014).
Ductile evaporitic Gachsaran Formation covers the
fractured competent As Formation at shallow depths
(McQuarrie, 2004; Safari and Bagas, 2021). The
Qaleh Nar (ON), Lower Balarud (LBR), upper Balarud
(UBR), Kabood and Lab-¢ Safid subsurface anticlines
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are the most important oil fields in the north of Dezful
Embayment. These are located just south of the main
Balarud fault zone (Figure 1).

Previous studies in this area have shown that the
Balarud fault has significantly affected these anticlines
(Razavi Pash et al., 2020; 2021a). The subsurface
anticlines define most of the hydrocarbon traps in
this region (Allen, 2010; Sarkarinejad et al., 2017;
Razavi Pash et al., 2020; Razavi Pash et al., 2021b).
Interpretation of subsurface data using seismic lines,
well data and contour maps are the efficient ways

to study blind anticlines (Sarkarinejad et al., 2017,
Razavi Pash et al., 2020, 2021b). Investigating the
structural relation between subsurface anticlines and
faults has assisted manifold in petroleum geoscience
(Sarkarinejad et al., 2017; Razavi Pash et al., 2020;
2021b).

Previous studies conducted in the studied area
have investigated the effect of the Balarud fault and
the detachment horizons on the geometry of the
anticlines (e.g. Hajialibeigi et al., 2015; Sarkarinejad
et al., 2017; Razavi Pash et al., 2021a, 2021b).

Figure 1- a) Location of the studied anticlines in the central Zagros b) simplified geologic map of the study area and location of the subsurface
anticlines with respect to the Balarud fault (Razavi Pash et al. 2021 a). Rectangle: location of the studied anticlines. Contours show

the underground map of the As Formation for anticlines.
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However, the structural relationship between these
subsurface anticlines has not been investigated. In this
research, high-quality seismic profiles [produced by
the National Iranian South Oil Company (NISOC)]
have been interpreted and the structural relationship
between the structures has been investigated. We
investigated the geometric relation of the LBR, UBR
and ON subsurface anticlines in the footwall of the
Balarud fault (Figure 1 and 2). These structures are the
major oil fields in the Northern Dezful Embayment. We
interpret seismic images, well data and underground
contour maps (UGC).

It is worth mentioning that the interpretation of
the LBR anticline (as an oil field in the region located
in the repeated layers below the UBR anticline) and
its structural relationship with the UBR and QN have
been investigated for the first time in this research.

2. Geology

The Zagros Fold-and-Thrust Belt (ZFTB) is a
portion of the Alpine-Himalayan belt located in the SW
Iran. The Zagros belt is a product of first the opening
of the Neo-Tethyan ocean at the Late Permian—Early
Triassic (Stocklin, 1968) and subsequently closing at
Tertiary time (Late Miocene) (Berberian and King,
1981; Sherkati et al., 2006). Iran converged with the
Arabian plate in the Late Cretaceous (Agard et al.,

2005). In the Late Miocene, the main folding took
place in the Zagros (Homke et al., 2004; Emami et al.,
2010; Razavi Pash et al., 2021b).

The Dezful embayment (central Zagros) is bound
in the northeast by Mountain Front Fault (MFF), in
the north by Balarud Fault, in the east to southeast
by Kazerun and Izeh transverse faults, and in the
southwest by the Zagros fore-deep (Frontal) Fault
(ZFF) (Berberian, 1995; Hessami, 2002; Safari et al.,
2009) (Figure 1a). Most of Iran’s oil fields are situated
in this embayment.

The Dezful Embayment is the main foreland
basin since the Late Cretaceous (Sepehr et al., 2006).
The interaction between the basement faults, folding
and faulting of overlying rock units during and after
deposition of Oligocene-Miocene carbonate beds (AS)
evolved the Dezful Embayment (Allen and Talebian,
2011). The folded As Formation is situated below
the Gachsaran evaporate Formation in the Dezful
Embayment. This has provided suitable conditions for
creating the oil fields (Sepehr et al., 2006; Sherkati et
al., 2006; Abdollahie Fard et al., 2011). The Aghajari
and Bakhtyari Formation above the Gachsaran
Formation deposites syn-tectonically due to the uplift
and erosion of the hinterland part of the Zagros belt
(Sherkati et al., 2006; Pirouz et al., 2011). Figure 3

Figure 2- UGC map of the studied anticlines on the satellite image. The location of this Figure is shown in Figure 1b.
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Figure 3- Stratigraphic column of the northern Dezful Embayment based on surface and well
data (Abdollahie Fard et al., 2011).
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presents the stratigraphic succession of the northern
Dezful Embayment. The sinistral Balarud shear zone
separates Lurestan province from the North Dezful
Embayment (Sherkati et al., 2006; Sarkarinejad et
al., 2017; Razavi Pash et al., 2021a). Deformation in
the north Dezful Embayment has happened mainly
by the Balarud left-lateral shear zone (Razavi Pash et
al. 2020; Razavi Pash et al., 2021a). Faults and folds
at both sides of the Balarud fault have the en-echelon
geometry (Sarkarinejad et al., 2017; Razavi Pash et
al., 2020; 2021a). Curved anticlines axes (e.g., NW-
trending Kabir Kuh and Chenareh anticlines) in the
southern part of Lurestan province can be deciphered
at the surface (Bahroudi and Koyi, 2003; Sarkarinejad
et al., 2017; Razavi Pash et al., 2020; 2021a).

3. Methods

To study the lateral variations of the structural
style of folding in this area, geologic maps scale

1:100,000 scale, underground contour maps (UGC),
seismic profiles and well data were interpreted for the
sub-surface fold geometry and to construct the cross-
sections using the Petrel software (version 2014).
Since the two most important reservoirs are Bng and
As Formation (As) (Sherkati and Letouzey, 2004;
Sherkati et al., 2005; Bordenave and Hegre, 2005;
Bordenave, 2014), we interpret them for structures.
UGC maps were prepared based on interpreted seismic

lines and well data.

4. 2D Structural Analyses of the QN, UBR and
LBR Subsurface Anticlines

The QON, UBR and LBR anticlines define the
main structures (Figure 4). The LBR, like a rabbit ear
structure, is located at the northern edge of the ON.
The UBR with a thrust fault is completely driven on
the LBR.

Figure 4- Structural relationship between the UBR, LBR and QN anticlines [based on interpreted seismic lines of the As horizon (blue lines)]
from the west (A) to east (F). Red lines show the faults (F1 and F2). Uninterpreted images in Repository Figure 2.
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The ON is an asymmetric anticline with WNW-
ESE trending hinge line with double culminations. Its
southern forelimb dips steeper than the northern limb.
The geometric pattern varies along this anticline.
On the east and central sides, is a rounded fold and
on the west side, gradually becomes a box fold with
average aspect ratio 0.1. It is classified as wide fold.
The average interlimb angle in the central part of this
anticline is 145°, thus it is a gentle anticline. Forelimb
of the ON got faulted. The south limb is cut by two
faults. Faults are restricted to the middle décollement
downward and the Gachsaran Formation as an upper
décollement horizon. A footwall syncline developed.

The UBR is an asymmetric anticline with NNW-
SSE trending fold axis and it is formed in the hanging
wall of thrust. The dip of its southern limb or forelimb
is more than the northern limb. Since it has an aspect
ratio 0.11, it is classified as wide anticline. The
interlimb angle is 155°, thus, it is a gentle anticline.

Drilled wells in the crest of the UBR indicate
repetition of the Gachsaran and As Formations
downward, after passing through the Sarvak
Formation that confirms the presence of the thrust fault
on the seismic profile. Based on the seismic profile
interpretation, in the footwall of this fault has been
developed another anticline in the repeated horizons,
called the LBR. This anticline is also asymmetric and

with respect to the ON has lower elevation.

4.1. Structural analysis of the LBR, UBR and QN
anticlines on the Bng horizon

The Bng UGC map (2100 to 4200 m depth range)
and seismic profiles are interpreted to analyze the
geometry of the UBR (Figure 5). As in Figure 4, in
the Bng horizon, the forelimb of the UBR is cut by a
thrust. The dip of this fault in the Gachsaran evaporate
Formation is very gentle. The geometry of this
anticline is a gentle fold in all sections. In the western
part (Figure 5c), a back thrust cuts the anticline’s
back limb. The thrust fault (F1), at the SW of the
UBR anticline is identified on the interpreted seismic
profiles (Figure 5). It can be a reactivated basement
fault (Seraj, 2021).

In the UGC map of the Bng horizon, a fault (F2),
sinistral strike-slip fault, defines the boundary between
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the LBR and the QN anticlines (Figure 6). This fault
is a reactivated basement fault (Seraj, 2021). The
boundary between the UBR and LBR at the base of
the Bng is a thrust (F1) (Figure 7). The Bng horizon
in the LBR structure has two culminations defining an
en-echelon structure. This structure to the northwest is
also traceable through the Chenareh anticline. Figure
8 presents a UGC map of the Bng horizon of the ON.
Two thrusts cut the southern limb of the ON. Also, a
large syncline has developed in the southern portion
of this anticline.

4.2. Structural analysis of the LBR, UBR and QN
anticlines on the As horizon

The LBR is adjacent to the QN anticline (in the
north of QN and in the footwall of the UBR anticline).
A steep fault (F2), sinistral strike-slip fault, between
them (Figure 4) is plausibly a reactivated basement
fault (Seraj 2021). Like Bng, the boundary of the LBR
and UBR anticlines is a thrust (F1) on the As horizon.
The horizon in the LBR anticline has three en-echelon
culminations and shows the effect of the deep-seated
fault between the UBR, LBR and QN anticlines (Figure
4). The en-echelon structure towards the northwest
part also occurs in the Chenareh anticline. The
Chenareh anticline is located in the southern Lurestan
province and at the hangingwall of the main Balarud
fault (Figure 9). The Balarud fault, as an oblique-slip
reverse fault has a strike-slip component (Razavi Pash
et al., 2021a). This fault skirts the Chenareh anticline
and the UBR anticline.

The UBR symmetric anticline trends NW-SE. The
LBR anticline is located at more depth and is along
the ON anticline. The UBR anticline in the As horizon,
on the UGC map, is 8.5 km long and 5.5 km wide on
average, while the LBR anticline in the interpreted As
horizon is 4.5 km long. The southern limb of the UBR
has a dip of 20-37°and is steeper than the northern limb
(adip of 12-27°). The LBR limb has a dip of 5-30°.

The As horizon of ON is interpreted from 3D
seismic data. A sinistral strike-slip fault (F2) defines the
boundary between the LBR and QN anticlines, which
might be a reactivated fault (Seraj, 2021). Interpreted
seismic profiles of QN indicate fold varies spatially in
terms of geometry. Different parts of the QN anticline
show various geometry (Figure 10). Additionally, the
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Figure 5- UGC map and interpreted seismic profiles indicating structural geometry of Bng horizon throughout the UBR anticline. The location
of this Figure is shown in Figure 2. Lines AA’- DD’ on the UGC map indicate the location of the interpreted seismic profiles.
Uninterpreted images in Repository Figure 1. Green lines are the top of the Bangestan group (Bng) horizon and the red lines are

faults.

southern forelimb is longer and steeper than the back
limb. Based on the transverse seismic profiles of the
ON anticline, there are two thrusts (T1 and T2) in the
southwest limb of the ON anticline (Figure 10). The

highest slip is the result of maximum deformation in
the culmination of the anticline. This is true, especially
in the western culmination (Sarkarinejad et al., 2017).

However, the slip at the noses of this anticline is less.
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Figure 6- Bangestan horizon (purple lines) in the LBR and QN anticlines on the (A) seismic profile and (B) UGC map. The red line
indicates F2. The blue line shows the location of the seismic profile on the UGC map.

Figure 7- En-echelon structure on the Bng horizon between UBR and LBR anticlines based on a)
UGC map and b) seismic lines. Yellow line in Figure 7A shows the location of the seismic
profile on the UGC map.
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Figure 8- UGC map of Bng horizon of the ON anticline.

Figure 9- a) En-echelon structure in the As horizon of the LBR on the UGC map, b) the Chenareh anticline at the surface on the geology map
(legend in Figure 1b) and c) structural geological map of the study area. Location shown in Figure 2.
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Figure 10- Structural changes of As horizon (blue line) along QN anticline based on the interpreted seismic sections. Lines AA’-DD’ show the
location of the interpreted seismic sections (up to 3500 m depth). Red lines indicate the faults. Location in Figure 2. Uninterpreted
seismic profiles in Repository Figure 3.
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The main structure of QN is formed between two
faults (T1 and F2). One is a thrust (T1), and the other
is a basement reactivated fault (F2) (Figure 10) (Seraj,
2021). The thrust trends NW-SE and the basement fault
is steep /sub-vertical) (Seraj, 2021). The basement
fault is between the QN and LBR anticlines (Figure 4).
It is one of the main branches out of the Balarud fault
zone (Seraj, 2021).

The limbs of the ON anticline have a dip of ~ 5°,
and a maximum of 25°. The southern limb of the ON
anticline has a dip of 15-25° and it is 5-10° for the
northern limb. The QN anticline has two culminations.
A very gentle syncline separates the two culminations.
NW-SE trending ON field on the As horizon is 25 km
long with ~ 5 km width on average. The ON anticline

on the As horizon is an asymmetric doubly plunging
fold. Two thrust faults (T1 and T2) cut in the southern
limb of this anticline (Figure 10).

Three transverse sections (AA’, BB’ and CC’)
and one structural longitudinal section (DD’)
(Figure 11, 12) from the surface to the basement
are prepared. Based on transverse and longitudinal
structural sections and after comparing the 3D views
of the UBR, LBR and ON anticlines, deformation
intensity along the UBR anticline is found to decrease
toward the east (Figure 13). As the displacement of the
Chenareh and the UBR anticlines increase towards the
northwest, so is the generally increasing trend of uplift
of the UBR towards the east. This explains why the
flow of the Gachsaran Formation (to the southwest) in

Figure 11- Geological map (with a scale of 1:100000) of the study area (Legend in Figure 1B) and location of the structural sections (AA’-
DD”). Contours are the UGC map (As and Bng) for UBR, LBR and QN anticlines and indicate the location of these anticlines.

Red lines show faults.
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Figure 12- a) Cross-section AA’, b) Cross-section BB’, ¢) Cross-section CC’; and d) Cross-section DD’. Locations of the cross-sections are

seen at Figure 11.

the west and northwest exceed than that at the center
and at the east in this area. Furthermore, the increase
of sedimentary overburden (Aghajari Formation to the
present-day deposits) and the rate of deformation (and
uplift) in the UBR moved and accumulated Gachsaran
Formation. In other words, higher overburden pressure
and greater rate of deformation and uplift are associated
with the flow of the Gachsaran Formation towards
both NE and SW limbs of anticlines. Therefore, the
interaction of the three factors (increase and decrease
the rate of overburden pressure, rate of deformation
and uplift) in different parts has caused the movement
and accumulation of the Gachsaran Formation. More

shortening rate indicates more structural relief in the
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studied anticlines (Sarkarinejad et al., 2017; Razavi
Pash et al., 2021b). Based on Sarkarinejad et al.
(2017), the minimum shortening in the eastern and
western parts of the ON is ~3% and the maximum
amount in the western culmination is ~22%.

4.3. Structural Modelling

After interpreting subsurface information from
various sources (surface maps, subsurface and
longitudinal-transverse ~and regional structural
sections), digital information on the structures of
these horizons were prepared using Petrel software.
Six sections were prepared from different parts of the

anticlines as in Figure 14a.



Bull. Min. Res. Exp. (2024) 174: 67-83

Figure 13- 3D view of transverse and longitudinal structural sections. a) View from northwest to southeast and b) view from southwest to
northeast.
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Figure 14- Position of the sections relative to the axis of the folds a, and schematic view of sections 1-6 (b-g).
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Section-1 (Figure 14b) passes through the
northwestern end of the study area, southeast of the
Chenareh anticline and northwest of ON. The structural
pattern of the section shows that the Chenareh anticline
is probably overturned similar to the LBR (known
as the Lower Chenareh). This structural feature is
separated from the QN towards the southwest by a
steep fault [sinistral strike-slip fault (F2)]. Structural
section- 2 (Figurel4c) parallels section-1. Structures
resemble these sections. The only difference is that in
the southern limb of ON, two thrust faults are parallel
and dip towards the northeast.

Structural section-3, parallel to sections 1 and 2,
from northeast to southwest, shows the thrusting of
the UBR on the LBR by a low-dipping thrust. As in
sections 1 and 2 and after this structural section, a
steep fault (sinistral strike-slip fault (F2) separates the
UBR and LBR folds from the QN anticline. The QN
is characterized by two parallel reverse faults at its
southwest limb (Figurel4d).

In section-4, (Figure 14e), a transverse section in
section-3 (Figurel4d), the UBR fold is thrust over the
LBR, and a basement fault separates these anticlines
from the ON. Sections 5 and 6 are longitudinal with
NW-SE trends (Figure 14f, g).

Section-5 (Figure 14f) is along the axial plane
of the Chenareh anticline in the southern Lurestan
province and the UBR anticline in northern Dezful
Embayment. As in Figure 14f, a thrust separates the
UBR and the LBR anticlines as well as the upper and
lower Chenareh anticlines. In other words, the UBR and
the upper Chenareh anticlines have been overturned
by this thrust fault over the LBR and lower Chenareh
anticlines, respectively. Due to the complicated
structure created and the repetition of layers with the
formation of oil fields atop each other, exploratory
drilling targets should be decided carefully.

5. Results

Investigating the structural relation between
subsurface anticlines/oil fields and the faults that
affected them will be a great help in developing oil
fields. The main structures in the study area are the
ON, UBR and LBR anticlines in the northern Dezful

Embayment. These anticlines are the subsurface oil
fields. The Bng and As horizons are the main reservoirs.
This study investigated the geometric relationship
between the mentioned anticlines based on Bng and
As horizons. Interpretation of the seismic profiles
indicates the geometry of the studied subsurface
anticlines differs vertically and horizontally. The
interpreted structures much resemble in As and Bng
horizons. The UBR anticline overturned on the LBR
anticline by a thrust. The LBR anticline, resembling a
rabbit ear structure, is situated at the northern edge of
the ON. The upper and the lower Chenareh anticlines
in the southern Lurestan province and UBR and LBR
anticlines in the northern Dezful Embayment are much
similar. The main Balarud fault (a basement fault)
separates the mentioned anticlines. Also, the LBR
anticline is separated from the ON by a sinistral strike-
slip fault (F2). Interaction of three factors, change
in overburden pressure, the rate of deformation and
uplift in different parts of the subsurface anticlines
moved and accumulated Gachsaran Formation. More
overburden pressure and more intense deformation
and uplift are associated with flow of the Gachsaran
Formation towards both limbs of the anticlines
towards the NE and SW.

The structural relation of adjacent anticlines/oil
fields can be complex. The existence of thrust faults
caused the repetition of reservoirs (As and Bng), as
in the UBR and LBR anticlines. Drilling locations and
depths must be determined by considering the sub-
surface structures.
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ABSTRACT

Travertine is a natural stone with macro and micropores; these pores are connected by capillary
means. Their visual appearance and porous structure add a different style and diversify their usage
areas. However, the large pore structure of travertine brings some limitations in determining the
usage areas. In the study, protective solutions called silane and epoxy, which provide protection
against water, were used to prevent and/or minimize decomposition in areas of use, depending on
the porosity of the travertine, and their effects on travertine were compared. Treatment of both
chemicals separately on the travertine surface was carried out by spraying, applying with a brush,
and dipping into chemicals. With the findings obtained from the physical examinations after curing,
the work continued using the applying and dipping method. The dipping method was evaluated
with the chemical’s 10, 20, and 40-minutes waiting times. The study found that the best application
condition was chemical immersion for 10 minutes. However, in SO, wear experiments, it was
understood that surfaces treated with epoxy were more durable due to the high viscosity of the
chemical. As a result, it has been determined that silane application provides more effective surface
protection results than epoxy.

1. Introduction

Travertine is

carbonate

that the controlled use of tools and equipment used

in the process of making sized products in factories

sedimentary  rocks

containing calcium bicarbonate Ca(HCO,) that
precipitate after the volatilization of carbon dioxide
(CO,) in contact with the air of spring waters
containing calcium carbonate (CaCO,) and especially
hot water sources. Its precipitation generally contains
calcite and aragonite crystals (Chafetz and Folk,
1984; Polat, 2011). Travertine has a fossiliferous
and porous morphology due to its structure resulting
from its formation, and it creates more problems,
especially during processing, compared to the other
natural stones (marble, granite etc.). It is thought

can help increase production quality (Kamaci, 2013).
While the fossiliferous and porous (porous-porous)
structure of travertine is considered a disadvantage in
factories (Kamaci, 2013), it should not be forgotten
that this structure will be an advantage for thermal
insulation. Altay et al. (2001) examined some of the
natural stones found in Tiirkiye in terms of thermal
conductivity coefficient. They determined that the
thermal conductivity coefficients of travertines, which
they chose to represent rocks with high porosity, were
lower than other rocks.

Citation Info: Sayin, A. E., Cift¢i, H., Giirsoy, M. 2024. Investigation of the change in the characteristic properties of epoxy and silane
coated natural stone surfaces. Bulletin of the Mineral Research and Exploration 174, 85-98. https://doi.org/10.19111/

bulletinofmre.1458331
*Corresponding author: Z. Ebru SAYIN, zerkan@aku.edu.tr

85


https://doi.org/10.19111/bulletinofmre.1458331
https://doi.org/10.19111/bulletinofmre.1458331
https://doi.org/10.19111/bulletinofmre.1458331
https://orcid.org/0000-0003-0543-5233
https://orcid.org/0000-0003-0543-5233
https://orcid.org/0000-0003-0543-5233
https://orcid.org/0000-0003-1949-3127
https://orcid.org/0000-0001-7910-7350
https://orcid.org/0000-0002-2894-8616

Bull. Min. Res. Exp. (2024) 174: 85-98

In recent years, the increase in buildings in the
construction and tourism sector and the demands for
using natural stone in the environments have created
great activity in the use of natural stone. With the
developments in surface processing technologies
of natural stones and the construction industry’s
tendency towards raw materials as buildings surface
covering materials, natural stones have begun to be
used more than other covering materials. However, the
widespread use of building stones, especially porous
stones such as travertine, causes limitations according
to the region where they will be applied (Erdem, 2016;
Hasbay and Hattap, 2017; Taysi, 2021).

Building materials deteriorate with external factors
such as time, environment, and climatic conditions,
so they lose their physical and mechanical properties
(MEB, 2013). The primary deficiencies in the building
blocks used in the construction sector are the changes
that may occur in the material characteristics under
the influence of moisture and water (Dal and Yilmaz,
2015). It is influential in determining the building
material’s porosity value. The water absorption value
by weight, where this value is intense, increases
(Oztank and Bacakoglu, 2001; Ocal and Dal, 2012) due
to wear and tear on non-protective surfaces. However,
the capillary channels in the natural stone continue the
water movement with the effect of capillary pressure,
which affects the water permeability of the travertines
and occurs in the veins. Possible temperature changes
in the environment and humidity rate also change,
transforming from liquid to solid state at water
temperature, leading to dew and freezing house (Dal
and Yilmaz, 2015). In case of freezing, it is essential
to examine the capillary water permeability properties
and fill it with a protective material that prevents the
water from entering the body to protect the discharge
against freezing-thawing since the water exposed to
the volume causes internal stresses in the natural stone
structure. It is known that the use of travertine, as
mentioned earlier as a flooring, facade, or decoration
addition, reveals its phenomenon even though it is
slow during atmospheric environments. It accelerates
this situation in its chemical and physical effects.
For example, the impact of sulfate (wearing in SO,)
not only reduces the strength of the natural stone by
creating cracks on the surface but also causes the
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internal cohesion loss of the hydrated structure and
a decrease in the adherence between the building
fasteners (Erdogdu, 1998). With the increase in sulfate
concentration, natural stone caused high levels of
corrosion. As a result, swelling and disintegration will
occur on the surface. The effect will manifest with the
spread of fragments from its components and breakage
at the edges and corners. (Ugurlu, 2003; Ocal and Dal,
2012; Dal and Yilmaz, 2015). It will cause significant
damage to the internal structure by keeping it inside
the earth during exposure (Ugurlu, 2003).

Application examples of repairing porous and
cracked natural stones and the additional gains these
applications bring to businesses are examined in this
study. Since crack repair and pore filling is the last
stage of production, production losses experienced
at this stage increase the cost. All the expenses spent
so far on the stone that has been cut and prepared for
polishing will be completely wasted if the necessary
repairs are not carried out. On the other hand, when
we look at the cost of lost materials and labor, it is
seen that repair and filling operations are not as costly
as expected. On the contrary, it has been stated that
they are important tools for generating profits by
providing additional added value (Cetin, 2001; Acar,
2003). Making natural and artificial materials resistant
to environmental effects has become one of the most
important research and application issues, especially
in the construction sector and subsequently in various
production lines. Among these research products,
epoxy and silane were used within the scope of the
study.

Epoxy prevents the adverse effects that may occur
in the surface coating works of the materials to be
used on wet and dry floors, in exposure to atmospheric
conditions, eliminates the negativities that arise during
production under various mechanical, physical, and
chemical effects, and protects the produced material
surfaces (internal and external) against all kinds of
results by covering them with aesthetic materials. It
is a technological building material group developed
for Materials coated with epoxy-based products that
are used for years, without undergoing any structural
changes, to create surfaces that are resistant to
chemicals, oil, friction, and abrasion and are used with



Bull. Min. Res. Exp. (2024) 174: 85-98

advantages such as being easy to clean, hygienic and
aesthetic. It has a longer protective feature than most
alternative floor coverings, and its most important
benefit is that surface renovation can be done at
meager costs. Due to these features, it is used in a wide
area with increasing demand daily.

Some of the disadvantages of epoxy resins include
the need to heat the material before processing and
the curing rate being slower than that of unsaturated
polyesters. Moreover, it requires special expertise in
the epoxy resin system and base epoxies and hardeners
may need to be sourced from different manufacturers
(Gibson, 2017).

Conversely, silane is a siloxane-added, low-

viscosity, colorless, transparent, ready-to-use
protective material. As it is an impregnation material
with high penetrating properties, it is used in building
materials used in exterior cladding, on water-
absorbing surfaces such as natural and artificial stone
surfaces, on historical artifacts to protect them from
the effects of atmospheric gases, on concrete and
cement-based surfaces caused by water, salt, chlorine,
and alkalis and used for protection. Adding a solid
water-repellent (hydrophobic) feature to the surfaces
of the construction elements ensures that they remain
dry, reduces heat losses and heating costs, and has the
advantage of protecting against atmospheric gases
by making the surfaces impermeable and preventing
the spread of cracks (Tekno Construction Chemicals,

2023).

Travertines present patterned structures depending
on their formation environments. This textural feature
can be preferred in the applications of travertine in
the construction sector. For this reason, protecting
and revealing the structure during production may be
desired. In this context, in the study in which the effect
of textural properties on capillary water absorption
and uniaxial compressive strength parameters of the
stone is discussed, it is stated that textural properties
affect both capillary water absorption and uniaxial
compressive strength. The results have revealed
that the technical features depending on the cutting
shape should be considered when using travertine
(Cobanoglu, 2020). Natural stones, which have a
porous structure and therefore hydrophilic character,

should be transformed into products that do not
produce bacteria utilizing additives to obtain a water-
repellent feature by making their surfaces hydrophobic,
to obtain smooth surfaces and to increase their usage
areas and to use them healthily (Cetin, 2001). In this
context, the construction chemicals named epoxy and
silane were permeated separately on the surface of
the travertine selected from porous natural stones in
specific proportions to be protective. Their suitability
for the usage areas was evaluated by examining the
changes in their characteristic features.

Natural stones used in various sectors, particularly
travertines, absorb water through capillarity (voids,
cracks, cracks, etc.). Over time, natural stones also
cause deterioration depending on the amount of
water and the penetration time. These deteriorations
not only reduce the life of the stone but also cause
visual disturbances. The amount of capillary water
absorption varies depending on the type of natural
stone. The study investigated how much silane and
epoxy-coated travertine samples were affected by
this situation. Samples treated with silane and epoxy;
Water absorption at atmospheric pressure, capillary
water absorption, determination of resistance to salt
crystallization, and wear tests in SO, were performed
to investigate the protective solution that is more
effective in surface protection against deformation.

2. Material and Method

The travertine sample used in the study belongs
to Konya Karaman location. Six hundred specimens
of 10x10x2 cm plate and 10x10x10 cm cube samples
were obtained from a company operating in Iscehisar
in Afyon. The specimens brought to the laboratory
was subjected to drying at 70°C, then prepared, and
XRD (X-Ray Diffraction Analysis) and XRF (X-Ray
Fluorescence) analyses were made. Among the
protective solutions used on the travertine surface,
silane was obtained from Tekno Construction
Chemicals (Teknosil product), and epoxy was
obtained from Tenax. The guidance and methods to be
followed in processing subjects vary according to the
characteristics of the subjects mentioned.

Chemical analysis of the sample (in Rigaku/ZSX
Primus II brand XRF device) and determination
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of resistance to salt crystallization (performed
according to TS EN 12370 standard, the prepared
solution contains 14% sodium sulfate decahydrate
by weight) experiments were carried out in Afyon
Kocatepe University, Mining Engineering Department
Accredited Natural Stone Analysis Laboratory. Whole
rock mineralogical analysis was performed in the
Technology Application Research Center (TUAM)
laboratory (26=0°-80°). X-ray analyzes were made
using Shimadzu 6000 model and Bruker D8 Advance
X-ray diffractometers, and mineral identifications
were made using JCPDS (Joint Committee on
Powder Diffraction Standarts) (1993) cards. The
mercury porosimetry analysis of natural travertine,
epoxy, and silane-treated samples was performed in
a MICROMERITICS brand mercury porosimetry
device in the same laboratory.

The contact angle values of the travertine samples
was measured using the One Attension Theta Optical
Goniometer with the drop diffusion method. Before
the measurements, the surfaces of the raw travertine
samples were sanded, washed with distilled water,
and dried at 105°C for 24 hours. The curing of the
silane-coated samples was carried out in two different
ways drying at room temperature for 12 hours and
at 105°C for 4 hours. In the epoxy coating process,
the travertine samples were preheated to 50°C, then
coated with epoxy and kept at room temperature for
24 hours to cure. Preheating the samples at 50°C was
performed to accelerate epoxy curing.

In the study, epoxy, and silane were mixed
separately in a mechanical mixer for not less than 3
minutes and impregnated with a brush on the surface
of the washed and dried samples. The impregnation
process was applied in two different ways. The first
group of work was completed by applying just one
coat to the surfaces with the help of a brush. In the
second group study, the samples immersed in silane
and epoxy were removed and dried after being kept in
protective solutions for 10 minutes. In addition to the
studies with silane, it was held for 20 and 40 minutes.
Since the impregnation made by spraying does not
give the appropriate image, the analyses related to this
method have been abandoned. The samples were used
in the investigation after drying for 48 hours at 24°C
to ensure the polymerization process. The grouping of
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the samples prepared for the studies and the treatment
times with epoxy and silane are given in Table 1.

Table 1- Types of samples prepared for study.

Type of application to the Sample Surface | Duration, min
Applying to surface
Epoxy
Dipping to epoxy 10
Applying to surface
Silane
Dipping to silane 10 20 30
3. Discussion

The result of the X-ray diffractometry analysis of
the untreated travertine sample is given in Figure 1.
It was determined that the content of the sample was
calcite in XRD analysis.

As a result of the chemical analysis of the sample,
it was determined that the heat loss was 43.8%, and
the CaO content was 55% (Table 2).

In the contact angle measurements of raw and
epoxy and silane-coated travertine samples, the
contact angles of the samples were measured with
distilled water from several different points on the
surface, and the average values were recorded. The
results are given in Table 3.

As can be seen from Table 3, the contact angle
of the raw travertine increased significantly after
the silane coating process and gained hydrophobic
properties. Coating with epoxy did not cause a
severe change in contact angle. Epoxy contains two
carbons and oxygen, forming a three-membered ring
structure. Epoxy resins have pendant hydroxyl (-OH)
groups along their chains that can create strong polar
attractions and, therefore, have high surface tension.
Due to this characteristic structure, when water is
dropped on the epoxy surface, water molecules
establish relationships with the functional groups on
the surface and spread across the surface, thus giving
a low contact angle. The curing method after coating
with silane is also effective on the contact angle.

It is known that travertine has very high porosity
values among natural stones. This situation brings
many limitations in its usage areas. Porosity is most
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Figure 1- XRD analysis result.

Table 2- Chemical composition of travertine sample.

Compound Unit Results

Sio, % 0.339
Fe,0, % 0.085
AlO, % 0.095
CaO % 55.00
MgO % 0.395
Sro % 0.089
SO, % 0.130
Na,0 % 0.016
MnO % 0.065
K,0 % 0.019
P,0, % 0.012
Loss of Ignition % 43.80

evident in the water absorption value. For this reason,
the change in water absorption values by using silane
and epoxy chemicals on the sample was determined
according to the TS EN 13755 standard. The raw
sample was studied on travertines treated with epoxy
and silane for the water absorption test. The results
obtained in the water absorption test studies carried
out in various parameters are given in Figures 2 and 3.

According to the water absorption test results,
the water absorption value of the raw sample was
calculated as 0.773. The water absorption value of
the epoxy was obtained as 0.582 with a standard
deviation of 0.36, and the water absorption value
of the silane was obtained as 0.296 with a standard
deviation of 0.20 with the same method as a result
of the application of epoxy to the surface. When the
values were examined, the water absorption value of
the raw sample was higher than those treated with
epoxy and silane. Silane, on the other hand, has lower
water absorption than epoxy. This shows that silane

Table 3- Contact angles of raw and surface coated travertine sample.

Sample

Raw Travertine

Epoxy coated travertine

Silane coated travertine
(curing: 12 hours, 25°C)

Silane coated travertine
(curing: 4 hours, 105°C)

Average contact angle

64.9°

61.62°

109.3°

130.9°

89



Bull. Min. Res. Exp. (2024) 174: 85-98

Figure 2- Water Absorption Test Results with Epoxy Applications.

Figure 3- Water absorption test results with silane applications.

and epoxy effectively reduce the water absorption
value. Under normal conditions, epoxy surface coating
provides complete sealing and zero water absorption.
However, as a result of this study, observing some
water absorption in epoxy-coated samples is entirely
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related to the coating process. In other words, since
the air bubbles in the epoxy resin were not removed
in a vacuum environment before the coating process,
they formed partial porosity during curing, which
caused the sample to absorb a small amount of water.
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The effectiveness of the dipping method was
investigated after the application of impregnation
with the application. As a result of immersing the
samples in epoxy and silane for 10 minutes, water
absorption values of 0.291 with a standard deviation
of 0.05 in epoxy and 0.278 with a standard deviation
of 0.20 in silane were obtained. In this study group,
it was determined that the water absorption value of
silane gave more effective results than epoxy. In the
continuation of the study, the silane immersion time
was changed to 20 and 40 minutes, and the results were
examined. It was observed that the water absorption
values of 0.240 with a standard deviation of 0.18 and
0.231 with a standard deviation of 0.22 respectively,
were slightly better against immersion for 10 minutes,
but these time changes were not very effective for the
study.

The capillary water absorption potentials of the
travertine sample were examined, and the relationships
between the determined capillary water absorption
coefficients and other index properties of the materials
were evaluated according to the TS EN 1925 standard.
The changes in the capillary water absorption value
due to the treatment of travertine used in the research

with silane and epoxy with different methods were
examined. The results are given in Figures 4 and 5.

When the capillary water absorption test results
were examined, the capillary water absorption value
of the raw sample was calculated as 0.841. While the
capillary water absorption value of the epoxy was
0.648 with a standard deviation of 0.31 due to the
application of rubbing on the surface, the capillary
water absorption value of the silane obtained by the
same method was 0.383 with a standard deviation of
0.22. When the values were examined, the capillary
water absorption value of the raw sample was higher
than those treated with epoxy and silane. On the other
hand, the capillary water absorption value of silane
was lower than epoxy. This shows that epoxy and
silane effectively reduce the capillary water absorption
value.

The effectiveness of the dipping method was
investigated after the application of impregnation with
the application. As a result of immersing the sample in
epoxy and silane for 10 minutes, the capillary water
absorption value was obtained as 0.414 with a standard
deviation of 0.10 in epoxy and 0.295 with a standard

Figure 4- Capillary water absorption test results with epoxy applications.
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Figure 5- Capillary water absorption test results with silane applications.

deviation of 0.04 in silane. The study determined that
the capillary water absorption values of silane were
more effective than epoxy. Then, the silane immersion
time was changed to 20 and 40 minutes, and the results
were examined. However, although the results were
slightly better than 10 minutes, it was determined that
it was not very effective, with 0.268 with a standard
deviation of 0.09 and 0.239 with a standard deviation
of 0.17 for the study.

After examining the water absorption and capillary
water absorption test results, the ongoing studies on
applying epoxy and silane to the surface and immersing
the sample in silane for 20 and 40 minutes were
canceled. Since the water absorption and capillary
water absorption test results made by engaging the
samples in epoxy and silane for 10 minutes and then
drying them at room conditions gave the best values,
another set of these samples was prepared.

To define the resistance of the travertine samples
to be used in the study against salt crystallization
and to observe the effect of epoxy and silane on salt
crystallization, Salt Crystallization Resistance Tests
were carried out according to the TS EN 12370
standard. Figures 6, 7, and 8 show the samples
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immersed in epoxy and silane for 10 minutes before,
during, and after the study and the study results.

By the determination of Resistance to Salt
Crystallization of Epoxy and Silane, and it was
determined that the Average Mass Change (%) of
the sample kept in epoxy for 10 minutes was 0.090,
the standard deviation was 0.119, the Average Mass
Change (%) of the sample kept in silane for 10 minutes
was 0.018 and the standard deviation value was 0.021.
The results show that the silane-treated samples had
higher resistance to salt crystallization. In addition,
in the observations made on the samples after the
experiment, no decomposition and crack formation
were observed due to the exposure of the travertine
samples to salt crystallization.

Samples taken from the sample group, immersed
in epoxy and silane for 10 minutes and then dried at
room conditions, were used to determine the resistance
to SO, attrition in a humid environment. The study was
carried out according to the TS EN 13919 standard in
2022. A visual of the experiment process is given in
Figure 9. In Figure 10, the results obtained from the
experiments are given.
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Figure 6- Pre-run image of a few of the samples dipped in epoxy and silane.

Figure 7- Visuals of samples dipped in epoxy and silane during and after the experiments.

Figure 8- Results of determination of resistance to salt crystallization of epoxy and silane
immersed samples.
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Figure 9- Image of the test for the determination of resistance to ageing by SO, in a humid environment.

Figure 10- Results of the determination of resistance to ageing by SO, in a
humid environment of raw, epoxy and silane immersed samples.

On the raw sample in the resistance to ageing by
SO, in a humid environment test, the Average Mass
Change (%) in the mixture formed with 150 ml
distilled water + 500 ml H,SO, was -0.608, and the
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standard deviation value was 0.101. In the mixture,
it was determined that the Average Mass Change (%)
was -0.337, and the standard deviation value was
0.014.
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In the study carried out with epoxy and silane for
the determination of the resistance to SO, attrition in
a humid environment, the sample, which was kept in
epoxy for 10 minutes, was found in a mixture of 150 ml
distilled water + 500 ml H,SO, and the Average Mass
Change (%) was -0.293. The standard deviation value
was 0.049 in 500 ml of distilled water. In the mixture
formed with water + 150 ml H,SO,, the Average Mass
Change (%) was found to be -0.144, and the standard
deviation value was 0.182. The Average Mass Change
(%) of the sample, which was kept in silane for 10
minutes, was -0.391, and the standard deviation value
was 0.138 in the mixture formed with 150 ml distilled
water + 500 ml H,SO,, and the Average Mass Change
(%) in the mixture formed with 500 ml distilled
water + 150 ml H,SO, was found to be -0.391. It was
determined that the standard deviation value was
-0.158 and 0.159.

It has been seen by the Determination of Resistance
to SO, Attrition in Humid Environment that the epoxy-
treated samples gave more durable results than the
silane-treated samples. This shows that epoxy-treated

surfaces have higher SO, resistance. In Figure 11, the
image of the raw sample is given before and after the
test. As can be seen from the figure, the color of the
processed samples is quite dark, while the color of
the raw sample is light. This showed that the sample
caused a color change by absorbing SO, due to its
porous structure. However, no effect was observed to
disrupt the integrity of any part.

Mercury porosimetry is used for mass density
determination by measuring pore size, pore size
distribution, and surface area in powder or bulk
samples. As a result of the mercury porosimetry
analysis, the porosity value of the raw travertine
sample was 11.99%, the porosity value of the epoxy-
treated sample was 6.11%, and the porosity value
of the silane-treated travertine was determined as
10.92%. According to the results obtained, it was
determined that silane formed a thin layer in the
pores of travertine, while epoxy formed a thicker
layer, causing the pores to be closed. It has been
determined that silane changes the surface area of the

Figure 11- Samples before and after.
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raw travertine at a low value. Analysis results of the
samples are given in Tables 4, 5, and 6.

Table 4- Mercury porosimetry analysis results of raw travertine

sample.

Parameters Results
Infiltration into the total volume 0.0520 ml/g
The total pore area 0.767 m?/g
Average pore diameter (volume) 40.3418 pm
Average pore diameter (area) 0.0248 um
Average pore diameter (4V/A) 0.2711 pm
Bulk density 0.52 psia 2.3072 g/ml
Apparent (skeletal) density 2.6216 g/ml

Porosity %11.99

The root volume used %39

Table 5- Mercury porosimetry analysis results of the sample kept in
silane for 10 min.

Parameters Results
Infiltration into the total volume 0.0474 ml/g
The total pore area 0.478 m?/g
Average pore diameter (volume) 47.2065 pm
Average pore diameter (area) 0.0382 um
Average pore diameter (4V/A) 0.3966 pum
Bulk density 0.52 psia 2.3065 g/ml
Apparent (skeletal) density 2.5893 g/ml

Porosity %10.92

The root volume used %34

Table 6- Mercury porosimetry analysis results of the sample kept in
epoxy for 10 min.

Parameters Results
Infiltration into the total volume 0.0278 ml/g
The total pore area 8.725 m?/g
Average pore diameter (volume) 0.0130 um
Average pore diameter (area) 0.0108 um
Average pore diameter (4V/A) 0.0127 um
Bulk density 0.52 psia 2.2000 g/ml
Apparent (skeletal) density 2.3431 g/ml

Porosity %6.11

The root volume used %22

4. Results

The more porous the natural stone is, the greater
the exposure to external factors and the deformation
effect. The increase in porosity shortens the natural
stone’s life due to its tendency to absorb water. It
causes the integrity of the stone to deteriorate where
it is used (Erdem, 2016; Hasbay and Hattap, 2017;

96

Taysi, 2021). The water-soluble salts in the natural
stone dissolve with the effect of moisture and heat
and are transported in capillary cracks, they are
recrystallized by the evaporation of water in the new
place they are transported, and while these events take
place, various deformations such as exfoliation, cavity
formation, flowering, crusting occur (Ocal and Dal,
2012; Akbay etal., 2017). For these reasons, the effects
of travertines, which are in the natural stone class,
were compared by using protective solutions called
silane and epoxy, which protect against water, in the
study, which was carried out in order to prevent and/or
minimize segregation in the places of use depending
on the porosity and to eliminate their limitations.

The water absorption value and porous structure
of natural stones determine the condition of the stone
against external factors that cause deterioration and
decomposition. Therefore, the porosity structure
of natural stone is a factor that needs to be paid
more attention in to geographical regions where
the temperature is very low, especially in humid
environments. Because water expands in volume
during frost, it can cause internal pressures to increase
in the cavities and decomposition that begins with the
expansion of the void volume. In the study of water
absorption at atmospheric pressure, the value of 0.268
obtained in the study performed by impregnating
the silane with travertine for 10 minutes gave more
effective results than epoxy. In the capillary water
absorption study, the value of 0.295 obtained by
immersing silane in travertine for 10 minutes gave a
more effective result than epoxy.

Salt crystallization is the most damaging event
to natural stones. Soluble salts are the main factors
that cause disintegration in structures and peeling of
surface decorations. Therefore, it needs to be examined
carefully. In the study to determine the resistance to
salt crystallization, it was determined that the Average
Mass Change (%) obtained by impregnating the silane
with travertine for 10 minutes was 0.018, and the
standard deviation value was 0.021. The results show
that the silane-treated samples had higher resistance
to salt crystallization. In addition, no decomposition
or crack formation was observed when the treated
samples were physically examined.
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It has been seen by the Determination of Resistance
to aging SO, in a Humid Environment that the epoxy-
treated samples gave more durable results than the
silane-treated samples. This shows that epoxy-treated
surfaces have higher SO, resistance.

In the studies on contact angle measurement, it
has been determined that the contact angle of raw
travertine gains hydrophobic character by exhibiting
a significant increase after the silane coating process.

When the mercury porosimetry analyzes were
examined, it was determined that the porosity value
of the sample treated with silane was 10.92%.
In comparison, the porosity value of the sample
treated with epoxy decreased to 6.11%. It has been
determined that since the epoxy adheres as a thicker
layer on the used surface, it also covers the delicate
pores and reduces the porosity value compared to the
silane treatment.

When the changes in the characteristic properties
of epoxy and silane impregnated with different
methods on the travertine surface are examined after
the applications, the effects of water absorption in
the atmosphere, capillary water absorption, and
resistance to salt crystallization showed that silane
is more effective in surface protection. On the other
hand, in SO, wear tests, it has been determined that the
protective feature is more effective because epoxy has
a denser consistency than silane.

Although the porous structure of travertine
is advantageous as a thermal insulation material
and decorative product, it is quickly affected by
atmospheric conditions due to its porous state, which
limits its usage areas. With the study, it was seen that
the disadvantageous situations in using natural stone
raw materials of sedimentary origin could be turned
into an advantageous niche product with high added
value, and the value of the study was demonstrated
once again.
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ABSTRACT

Archaeoseismology is a field of science that investigates the remains of ancient human structures of
destructive earthquakes that occurred in their ancient history and in this respect makes inferences
on the possible effects of earthquakes whose origins will be may occurred in the future. Although
many authors wrote the effects of ancient earthquakes in various periods, the first modern
archaeoseismology studies in the world gain momentum starting from the end of the 19th century
at the same time with Tiirkiye. In this understanding, the geography of Anatolia (Asia Minor),
which has hosted a wide variety of cultural layers since its Mesolithic end, is an open-air research
laboratory for modern archaeoseismological studies. This study is a reference work that summarizes
the historical past of the discipline of archaeoseismology chronologically in the perspective of
studies on Earth and Anatolia, presents suggestions about the future of archaeoseismology and is a
literature summary for the new generation of archaeoseismologists.

1. An Overview Of Archaeoseismology

During the transition to settled life, human beings
preferred areas that were topographically, geologically
and hydrogeologically suitable for settlement,
containing the blessings bestowed upon them by
nature. In this sense, when the settlements on the
seashores are kept separate, areas that lean their back
on a high topography for safety, contain agricultural
plains in front of them, close to water resources and
preferably with plenty of thermal water outlets have
become indispensable. At the same time, corridors
that facilitate transportation from land to sea coasts
have also hosted very dense settlements. From an earth
science perspective, these areas mostly correspond to
areas shaped or indirectly affected by faults. Today, as

in the past, human beings establish their settlements in
areas made more suitable for life by courtesy of faults.
In this direction, just like today, ancient settlements
were also affected by the past earthquakes. These
effects occur during earthquakes, in the form of direct
cutting of structures on surface faulting, with severe
convulsions of seismotectonic and/or farther or nearby
structures and seismogravitationally damage to two
main types according to the simple classification of
Dramis and Blumetti (2005). In this sense, it is also
connatural that many major earthquakes that caused
damage in historical or prehistoric periods affected
the ancient structures, which are located on or near
the faults, causing destructions and postponements in
them, and left important traces in the history of ancient
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settlements. While the elemental traces of these
earthquakes disappear significantly after the erosional
and depositional processes, ancient buildings carry
the traces of earthquakes to the present day. These
earthquake traces preserved in ancient structures are
a unique and important data source in understanding
the seismicity of that region and the characteristics of
the faults that may be related. The field of science that
deals with the traces of these historical and prehistoric
earthquakes in archaeological structures is called
archaeoseismology (Stewart and Hancock, 1994). In
terms of etymological origin, ‘Archaeoseismology’
is opened in the form of ‘scientific studies on
ancient earthquakes’ as the integrity of meaning
with the combination of the ancient Greek words
apyaiog (arkhaios) ‘old/ancient’, ceiopdg (seismos).
Galadini et al. (2006) defines archaeoseismology
as a range in the time window of Paleosiesmology,
and states that it is a safer scientific branch in terms
of ensuring control with many different methods and
data in terms of methodological, both archaeological
and geological and dating. In this context, the
application intervals and chronological efficiency
of paleoseismological, archaeoseismological,
historical and instrumental seismological records are
summarized in Figure 1. While archaeoseismology
easily reveals the types of earthquake traces
preserved in archaeological structures, events that
cause damage can also be dated when the dates of
construction and renovation of the structures are
known (Stiros and Jones, 1996). Archaeoseismology

primarily systematically documents the damage/
effects in an archaeological site during and after an
earthquake the relevant archaeological period, and
tries to relate the earthquake records in historical and
archaeological data. The most important point that
should not be forgotten and paid attention to here is
that the observed damage or deformational structures
must be addressed and considered with all possible
thinkable alternative causes. Besides, it tends to data
the deformation elements caused by the earthquake
by using many different absolute dating methods. It
clearly determines the type of faulting and the amount
of offset by examining the structures cut by the surface
rupture. At the same time, when the construction,
repair and/or abandonment dates of these structures
are known, confines the earthquake that occurred
within a time interval. In addition, based on the
damage caused during the earthquake, the intensity
of the earthquake and from there its magnitude with
certain approaches, it also aims to determine the
seismic source by performing deformation analysis
of damage distributions (Figure 2). Thus, by making
use of archaeoseismological studies, it is possible to
obtain information about prehistoric and historical
earthquakes that occurred especially from the
emergence of sedentary human life to the present day.
Such information can also be used in earthquake risk
analysis related to devastating earthquake activity
that faults in that region can produce in the future; It
contributes to the creation of data sets of parameters
such as earthquake size, impact area and earthquake

Figure 1- Application intervals and efficiency of paleoseismological, archacoseismological, historical and instrumental period seismological
records in Anatolia (slightly modified and colored from Galadini et al., 2006).
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Figure 2- A simple flow chart of the use of archacoseismological data and the steps of the methods applied
(combined and modified from Galadini et al., 2006; Giner-Robles et al., 2009; 2012 and 2018).

recurrence period. Therefore, archaeoseismology is
not only a field of science related to historical and
prehistoric earthquakes in itself, but also a scientific
discipline that sheds light on a better understanding
of earthquakes that will occur today and in the future.

2. The First Archaeoseismological Observations In
The World And Chronological Development Of
Modern Scientific Studies

The first progress stages of the interpretation
of the earthquake phenomenon as a natural event,
especially in the memory of human beings, took
place from about the end of the Archaic period (5"
century BC). Pythagoras of Samos is the first person
known to observe and convey the deformations and
effects created by earthquakes (Sumer et al. 2018).
In the different chapters of the 4 5% 6" 7" and
8" books of The Historia, which consists of 9 books
written by Herodotus in ancient times ~ BC 430, he
noted the earthquakes that occurred especially in the
land of Skyth, Aigina, Delos and Thessalia (Godley,
1928; 1930; 1938 translations). The 1%, 7t 8%, 12,
13", 14" and 15" books of Strabo’s 17-volume huge
work Geography, written at the beginning of the
1t century AD, include sections on earthquakes in
Anatolia (Asia Minor), Greek mainland and Aegean
islands (Jones, 1917; 1924; 1927; 1928; 1929; 1930

translations). In particular, quoting the words of
Democles in paragraph 17 of chapter 3 of the book 1,
he stated that earthquakes occurred a long time ago in
Lydia and lonia, and even as far north as Troy. This
approach is important as it is an indicator of awareness
that similar regions are affected by earthquakes with
repeated periods. Gaius Cornelius Tacitus, in his work
Annales (Church and Brodribb, 1906 translation),
described how the damage caused by the event that
we know today as the 17 AD earthquake in Western
Anatolia in 13 ancient cities, in particular Sardis was
rebuilt with the help of Roman Emperor of the time
Tiberius Caesar Augustus. Many chapters of Gaius
Plinius Secundus’ 37-volume work, The Natural
History, contain approaches to the causes and effects
of earthquakes, and simple descriptions of earthquake-
structure relationships. In fact, the 84" chapter of
the 2" book (Bostock and Riley, 1855 translation)
includes approaches that can be considered as the first
evaluations in terms of earthquake engineering within
the framework of earthquake-soil interaction and that
the angular relations of arched structures or load-
bearing walls with each other increase earthquake
resistance. The 24" chapter (Jones, 1933 translation)
of the 7" book of the Greek traveler and geographer
Pausanias, in which he describes the Achaia province
in his book Description of Greece, written around
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the middle of the 2™ century AD, is quite interesting.
While the author divides the earthquakes into two
according to their types and the way they occur, he
states that these types cause different damage and
deformations in buildings and architectural structures.

The foundations of modern archaeoseismological
studies in today’s understanding begin in the second
half of the 19" century. While De Rossi (1874)
presents data showing that the Basilica of S. Petronilla
near Rome was destroyed by an ancient earthquake,
he states that the directions of the deformation caused
by the earthquake are parallel to the axes of the Tiber
and Almone valleys which are located within large
volcanic fractures/fissures in central and southern Italy.
Especially the NE-SW extension of the Tiber River in
Rome is similar and compatible with the deformations
in the archaeological structure. Perhaps this study can

be qualified as the first archacoseismological study in
the modern sense that examines the morphological
data for determining the seismic source of an ancient
earthquake in an archaeological structure. While
Lanciani (1899) states in his work entitled “The
Destruction of Ancient Rome” that the walls and some
architectural structures were systematically destroyed
in the same direction and that this was caused by an
earthquake, he pointed out that the obelisk of the
Sallust Gardens was destroyed during the shaking and
was found as it was during the excavation and he also
adds a drawing documenting it to his work (Figure
3a). This figure is perhaps the first image to document
an ancient earthquake inside an archaeological
excavation site. Similarly, Lanciani (1918) presents
the data of the last excavation season in 1871, in the
form of a drawing, showing that two granite columns

Figure 3- Images/photos presented in some important scientific studies that have pioneered archaeoseismological research on Worldwide. a)
Rodolfo Lanciani’s work, which deals with the destruction in ancient Rome, the drawing of the overturned obelisk in the Sallust
Gardens, b) Illustration of systematically falling in the same direction columns of the Imperial Palace. Drawing, c) photo, d) of

earthquake data observed by Arthur Evans in Knossos.
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were found separated from their pedestals at the rear
entrance of the imperial palace facing the river, and
were found toppled in the N-NE direction, parallel
to each other (Figure 3b). This schematic drawing is
one of the first images of systematic series of aligned
fallen columns, one of the best-known data we
frequently use in modern archaeoseismology today.
Evans (1922), during his archaeological excavations
in Knossos, for the first time found that the blocks
belonging to the Minoan Palace wall were blocks that
reached 1 ton, some of which were thrown 20 feet
(about 7 meters) away, and this could only be caused
by a large earthquake, and this case is documented by
a drawing by F.G. Newton (Figure 3c). Afterwards,
Arthur Evans experienced the effect of the earthquake
on the building while he was reading in bed in the
basement of the excavation house on June 26, 1926,
and by understanding the destructive power of the
earthquake and its effect on the building, he expressed
that he became more aware of the destruction of the
Palace of Knossos by an earthquake (Evans, 1928).
As a result of this event, Evans prepared a chapter in
his book in which he approached that the historical
earthquakes of 1508 and 1856 and the earthquakes of
1921 affecting Crete could be have same epicenters,
and the effects of earthquakes on Minoan Culture
(Evans, 1928). This book chapter is the first approach
in which historical earthquakes and a current
earthquake are evaluated and interpreted together
in terms of archaeoseismology. While these events
allowed Knossos, where he directed the archaeological
excavations, to lean more in terms of earthquake
phenomena, it was instrumental in photographing the
data of possible earthquake traces for the first time in
the new excavation finds (Figure 3d).

Increasing excavation work between second half of
19" century and beginning of 20" century, awareness
of traces of ancient earthquakes in archaeological
sites begins to accelerate (e.g. Schliemann, 1880 and
1884; Butler, 1922 and 1925). From the 1940’s, with
Dinsmoor (1941) and Kunze and Weber (1948), an
“Archaeological Earthquake” terminological approach
was developed for the first time, while the earthquake
traces observed in structures in archaeological sites
were defined more clearly and numerically. The book
“Stratigraphie comparée et chronologie de I’Asie

Occidentale”, published by French archaeologist
Claude Frédéric Armand Schaeffer in 1948, is
a milestone in comparing earthquake traces in
archaeological sites with both chronological and
regional correlations. In the evaluation chapter of this
magnificent book, which is mainly focused on the
Ugarit cities, Schaeffer examines the destruction data
in separate chronologies of different archaeological
sites in Palestine, Syria, Persia, Caucasus, Cyprus,
Aegean and Anatolia, while marking the ancient cities
on the relevant intensity maps in Erdbebengeographie
published by August Heinrich Sieberg in 1932. This
work is also the first to pioneer publications that
suggest catastrophic natural events related to the end
of some archaeological periods, such as Bronze Age
(e.g. Drews, 1993; Nur and Cline, 2000; Bachhuber
and Roberts, 2009). Especially since the 1950’s,
we entered a period in which historical earthquake
catalogs became widespread and traces of these data
began to be sought in archaeological sites. In this
period, the determination of ancient earthquakes
in archaeological sites and the association of every
unusual situation with earthquakes without applying
specific and accurate scientific methods lead to great
debates. Charles Richter (1958)’s statement “Ancient
accounts of earthquakes do not help us much; they are
incomplete, and accuracy is usually sacrificed to make
the most of a good story” in 1958 may seem partially
valid for his era, but in fact it is a document of how
much we need modern archaeoseismology.

Towards the end of the 1970’s, Karcz and Kafri
(1978) conducted a study that questioned and compared
consistent and questionable archaeoseismological
data for the first time within the framework of the
logic and methods we use today, and proposed a
general mainstream framework in this direction.
In the light of these developments, the late 1980’s
and early 90’s can be defined as the birth of modern
archaeoseismology. Stiros (1988) publishes his work
revealing how much of an effective and important role
archaeological data plays in active tectonic studies. In
this way, the importance of ancient earthquake traces
for understanding current earthquakes is revealed
much more clearly. In addition, while the “The
Engineering Geology of Ancient Works, Monuments
and Historical Sites Preservation and Protection”
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series, which was published in 4 volumes, was
published in 1988, chapter 4 of volume 3, containing
19 articles entitled “Earthquakes, vibrations and other
hazards in relation to the study and the protection of
monuments and historical sites; Marinos and Koukis
1988”, is very valuable in terms of determining the
importance to be taken in the name of engineering and
protection of the damage caused to ancient structures
by both ancient and modern earthquakes. At this point,
for the first time, it paves the way for the evaluation
of archaeological structures in terms of earthquake
and engineering geology. Simultaneously, in the
same year, in 1988, Japanese geomorphologist and
archaeologist Akira Sangawa (1988, 1993) published
a Japanese publication titled “Declaration of
earthquake archaeology” emphasizing the importance
of using liquefaction structures in archaeological
sites (in fact, seismites with the meanings known
today) as a tool for the determination of ancient
earthquakes. Its 1993 publication, also in Japanese,
is titled “HifEEHEZ" “Earthquake archaeology”,
but also tries to establish a relationship in terms of
approaching the recurrence period of earthquakes by
combining historical and instrumental earthquakes in
southern Japan with data from archaeological cities.
International conference held in Athens in 1991 used
the term “Archaeoseismology” as it is used today for
the first time and it is described as “the study of ancient
earthquakes from the complementary standpoints of
their social, cultural, historical and physical effect” as
quoted by Stiros and Jones (1996) in their foreword.
Towards the mid-90’s, in 1996, the British School
at Athens published by the Fitch Laboratory and
edited by Stathis Stiros and Richard Jones, the first
joint studies aimed at developing the discipline of
archaeoseismology, the foundations of which have just
sprouted, were combined and published for the first
time in book form under the title “Archaeoseismology”
as we use today. For many scientists, this special
issue becomes a stepping stone for the recognition
and dissemination of modern archaeoseismology.
At this point also, the branch of Quantitative
Archaeoseismology, which also emerged in 1990°s
and developed in the first decade of the 21 century,
begins to use engineering seismological techniques
to measure quantify ground motion parameters based
on observed damage features (Papastamatiou and
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Psycharis, 1996; Alexandris et al., 2004). The 2000’s
represent a period of increase and acceleration in
archaeoseismological studies. For the first time in
Tirkiye, Ferry etc. (2004) an Ottoman period buried
water channel in Izmit, Similox-Tohon et al. (2004) in
Sagalassos, Hinzen (2005) in Tolbiacum in Germany,
Drahor (2006) in Sardis, Negri and Leucci (2006) in
Hierapolis, and then Silvaetal. (2009) at Baelo Claudia
in Spain, shallow geophysical data begins to be used
in the discipline of archaeoseismology. Sintubin et al.
(2007) and a project titled “Archaeoseismology along
the Alpine-Himalayan seismic zone” is developed
within the scope of the International Geoscience
Programme (IGCP-567). With this project, which has
the participation of more than 50 scientists from 20
countries, the steps of the first scientific project are
taken internationally and regionally. The work done
with this project brings results and studies that lay the
foundations of today’s modern archaeoseismology are
published in the INQUA-IGCP 576 workshop held in
Cadiz/Spain in September 2009. For example, after
using the LIDAR system for the first time in ancient
water structures cut by active fault arms in Karabacak
et al. (2007) and displacement measurements on
roads; studies such as Yerli et al. (2009) and Schreiber
et al. (2009) use LIDAR for numerical modeling
architectural structure deformations in archaeological
sites. Hinzen et al. (2009) proposes a schematic flow
chart of quantitative methods that can be used in
archaeoseismological studies. Caputo et al. (2011)
applied that scheme and used synthetic seismograms
in their study. Sintubin et al. (2009) draws attention to
the trends of archaeoseismology’s focus in different
disciplines today and in the future. Giner-Robles et al.
(2009) proposes a method of identifying the possible
seismological source by bringing a perspective from
the kinematic analysis to deformation structures
previously seen in different archaeological sites
and studies. Finally, Rodriguez-Pascua et al. (2009)
develops a comprehensive classification called
Earthquake Archaeological Effects (EAE), based on
the INQUA ESI 07 (Environmental Seismic Intensity
—2007), which Michetti et al. (2007) began to develop
since 2003. After this classification, Rodriguez-Pascua
etal. (2013) is developed by adding it in The European
Macroseismic Scale (EMS-98) proposed by Griinthal
(1998). Giner-Robles et al. (2018) revises the post
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seismic part of this classification. In the light of all
these developments, the Earthquake Archaeological
Effects (EAE) classification we use today becomes
the most up-to-date (Figure 4). On similar subject,
in classical monuments and buildings, arches are a
frequently used indicator in determining the effects of
earthquake ground motion, Hinzen et al. (2016) also
proposed a scheme to evaluate the damage of arches
called “Arch Damage Grade (ADG)” based on three
categories. In the same years, Schweppe et al. (2017)
introduced the concept of Precariously Balanced
Archaeological Structures (PBAS) to estimate ground
motions that were not exceeded since the structure
is in its delicate state. Schweppe et al. (2021) were
the first to estimate dynamic source parameters of
an earthquake based on damage to an archaeological
structure. The latest developments in the world show
that archaeoseismology is in the common monk
cluster of some disciplines in the field of archaeology,
geology, geophysics, architecture, civil engineering,
earthquake engineering and even sociology.

3. Archaeoseismological Chronology and the
Potential of Anatolian Geography

The potential of the inventory of ancient buildings
in geography is directly related to the history of the
transition to settled life in that region. For example,
the human settlement in North America defined by
several centuries but the settlement in Anatolia goes
back to the end of the Mesolithic (~ 11000 years).
In this sense, especially the geographical area where
Turkiye is located has a relatively dense inventory
of ancient buildings with a chronologically older
record of settled life (for example, the Mediterranean
coast, the Aegean islands, Anatolia, the Levant,
and Mesopotamia, etc.). In addition, Turkiye and
especially Anatolia are one of the most important areas
on Earth that have been geologically shaped by active
faults with very high earthquake activity and are still
continuing to be shaped. The combination of these
two main elements puts Tirkiye in a unique position
in terms of archaeoseismological richness. At this
point in Turkiye, especially the archaeological studies
that started after the second half of the 19" century
which increased rapidly also have a great impact.
The formation of new data sets with the acceleration
of systematic archaeological research after the

1950’s contributed to the growth and development
of archaeoseismology in Turkiye. In this direction,
sections and developments from important studies
that are the source of modern archaeoseismology
studies in our country are summarized below with a
chronological approach.

Although the first archaeological excavations in
Tirkiye were started in Halicarnassus in October 1856,
the first simple earthquake observations in an ancient
city are found in the excavation reports of Heinrich
Schliemann, who conducted excavations in Troy.
Schliemann (1880) emphasizes a severe earthquake
related to the scattered finding of blocks belonging to
the wall of a house under the ruins of the Hellenistic
period at a depth of about 10 meters in a trench on the
northern slope of Hissarlik. In Schliemann (1884), he
noted that in the trench geometry trench with a length
of 110 m and a width of 3 m, which they opened in
the southern part of Hissarlik, columns in syenite
composition with Chorint-type marble heads stretched
to the NW on a rubble of 30 cm and fell, emphasizing
that these data may be related to a late-stage earthquake.
In fact, in the notes of 1884 excavation report stated
Mr. Calvert’s warnings him that Pliny informed about
the earthquakes in Asia that coincided with the reign
of Tiberius are quite remarkable. The observations
of Howard Crosby Butler from Princeton University
pointing to the repairs in the Temple of Artemis during
the excavations of Sardis and the pause in attempts to
finish the temple in ancient times have been associated
with possible earthquakes of 17 AD and older (Butler,
1922). In particular, William Warfield, who wrote the
additional geology section of the 1922 excavation
report, mentionsthe possibility of earthquakes affecting
Sardis based on mass movements in the Acropolis
and sedimentological observations in Paktolos. This
section has chronological importance in terms of
laying the basic foundations of geoarchaeological
approaches, as it also includes geological observations
asacontribution to an archaeological excavation report
in Turkiye and even in the world. Salomon-Calvi
(1940) presents how the columns of the Asclepieion
Temple collapsed in the same direction in an ancient
earthquake, in the 2" part of the report titled “Studies
Related to Earthquakes in Tirkiye”, about the 1939
Dikili - Bergama earthquake, while presenting with an
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Figure 4- The Earthquake Archaeological Effects (EAEs) classification (combined from Rodriguez-Pascua et al., 2009, 2011
and 2013 and Giner-Robles et al., 2018).
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archive photograph the columns that were restored and
rebuilt shortly before the earthquake. While he states
that the earthquake did not affect the columns (Figure
5a and b), he draws attention to the fact that the ancient
earthquake should have also been very strong. This
study is very important in terms of representing the
first example of two different earthquakes in historical
and instrumental periods in an archaeological city,
where their effects on the same architectural structure
are documented side by side. Duyuran (1945) stated
that the large column on the southern leg of the eighth
arch, which was revealed on the ground floor of the
Basilica during the 1944 excavations in {zmir Agora,
was destroyed by an advanced earthquake in the
direction of NW from SE, but pointed out that more
data was needed to date the earthquake. Izmir Museum
Director Riistem Duyuran who was the first person
to document an ancient earthquake data uncovered
by excavations at an archaeological site in Turkiye
with photographs (Figure 5c). By publishing a more
detailed report after Naumann and Kantar (1950),
they evaluate the possibility of this event being an
178 BC earthquake by placing the artifacts made after
the earthquake and spolia, plan changes and superior
rapid repairs on different architectural structures
in the reconstruction of the Agora. Carl William
Blegen presents the earthquake data he determined
during the 1932-1938 excavation periods in Troy in
his 1951-1958 excavation reports. While considering
the earthquake data, which is also emphasized in the
foreword of Blegen et al. (1953), where the Troy VI
layer presents its data, under separate headings in the
excavation report, it combines the data and allocates
an archaeological level in the form of “Earthquake
stratum”, he states that this earthquake is likely to
occur in the middle of the 13" century BC. He also
lists the photos of this earthquake data in the second
part of the report (Figure 5d). In the 1960°s, data begins
to come in Sardis (Modern Sart), which contains the
traces of earthquakes of different periods in terms
of archaeoseismological data richness and which
is the one of the archaeoseismology laboratories in
Turkiye. The most important reason for the pause
of data production in this ancient city can be the
suspension of excavations after 1922 until 1958.
During the excavations that started under the direction

of Harvard University Archaeology Professor George
M. A. Hanfmann, Hanfmann (1961) mentioned the
suspicion of a possible early 7" century earthquake
other than the 17 AD, while he collected photographs
of earthquake data from different areas of the city,
especially during the 1962-1972 excavations, in the
excavation archive (Figure 5e-f) and most of them
published in Hanfmann (1963). Collecting all the data
in Hanfmann and Mierse (1983), he chronologically
lists the earthquakes of 17 AD, early 7™ century, 12t
century, 16" and/or 17" century that influenced Sardis.
New earthquake data for Sardis are also reported
during excavations led by Crawford H. Greenewalt
in the 1980’s (Figure 5¢g). Although earthquake data
were also recorded during archaeological excavations
in Hierapolis (Modern Pamukkale) in the same
period, these data were removed from the archives
much later and evaluated by D’Andria et al. (2008)
(Figure 6a). In the early 1970’s, the Nature article
titled “*Value of Historical Records of Earthquakes”
was published by Nicholas Ambraseys (1971). With
this regional-scale study, which touches on the
relationship between the historical earthquake records
affecting Western Anatolia, especially the Gediz River
and around 17 AD, and Istanbul’s earthquakes, the
importance of bringing a perspective by including the
structural elements in the relevant area, apart from
looking at the ancient records within the phenomenon
of earthquakes, is emphasized. This publication
would actually be the study that sprouted today’s
archaeoseismological perspective and guided the
necessary right angle. Rudolf Naumann, an expert on
Ancient Anatolian Architecture, who had previously
worked in many ancient cities and worked in the
earthquake effects in archaeological sites in the izmir
Agora, transferred to the area after the 1970 Gediz
earthquake and reported the damage to architectural
structures in both the modern and Aizanoi ancient city
(Modern Cavdarhisar), emphasizes the earthquake
affected modern structures other than ancient ones.
He documented the deformations in the Theater, the
Temple of Zeus, the Bath and some floor coverings
with photographs (Figures 6b and ¢). Naumann (1971)
is one of the first examples in the world where the
effect of an instrumental period current earthquake on
an ancient city is studied in this detail.
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Figure 5- Old and new photographs (a and b), respectively, presented by Wilhelm Salomon-Calvi of the Shrine of Asklepieion
in Pergamon, c) The head of the overturned column and column photographed by Riistem Duyuran in the izmir
Agora, d) One of the photographs that Carl William Blegen observed in the Troy VI layer and presented about the
earthquake data on the defensive wall. Photographs of earthquake findings presented in Sardis excavation reports
and archive; e) The great destruction in Church E, which dates back to the Byzantine Period (11 — 12 century AD),
this photograph belongs to the 1962 excavation archive, it was also used for the possible AD 1595 earthquake data in
Buchwald and McClanan (2015). f) This photograph is from the 1970 excavation archive and presented in Hanfmann
and Thomas (1971) the excavation report; imbricated marble keystone with Cross from major brick arch of the
Colonnaded Street. g) Fallen brickwork and inscribed columnar monument in south colonnade of Marble Road, from
the 1979 and 1980 excavation periods and presented in Greenewalt et al. (1983).
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Figure 6- a) Photo presented in D’Andria et al. (2008) showing the deformations that occurred during the 7" century earthquake on the Plateia
(city square) extending to the Frontino Gate, which was taken during the 1963 excavations in Hierapolis. Some photos in Rudolf
Naumann’s work documenting damage after the March 28, 1970 Gediz Earthquake in the ancient city of Aizanoi; b) systematic
aligned fallen columns of the Temple of Zeus, c) deformations in the cavea of Theater and lateral displacements in large buried

marble blocks.

Unal (1977) draws attention to 3 main events by
referring to earthquakes between 2000 BC and 1000
BC based on Hittite tablets and data in the literature.
These are in chronological order according to the
author; (1) In 1365 BC, in Ugarit during the time of I.
Suppiluliuma, (2) in 1290 BC, that is, in Samuha in
the last reign of Urhi-Teimb, and (3) in the end of the
I11. Hattusili era or at the beginning of the IV. Tuthalya
era (~ 1250 BC) are likely to have occurred in Ninive.
In the early 1980’s, George Rapp publishes Troy’s
work (Rapp, 1982), which deals with earthquakes in
Troy and draws attention as the first chapter to compile
earthquake data in an archaeological site in a
monograph in which the Archaeological Geology
(Geoarchaeology in the sense we use today). In this
section, based on the data of author Carl William
Blegen and John Manuel Cook, he lists various
demolitions in Troy, especially in layer VI, while

synthesizing current earthquake data for the destruction
in the region and archaeological site. The author also
highlights the roof in Karcz and Kafri (1978), bringing
a 5-point analytical methodological framework
proposal for identifying structural damage to
archaeological sites. Finally, the author notes in his
chapter that the most valid hypothesis for great
destruction at the Troy IV level lies in the underlying
immigrations caused by ground movements during the
earthquake in the bottom unconsolidated materials. In
his studies at Ephesus, Stefan Karwiese comments
that the architectural building deformations, especially
in terrace houses, may have occurred in the 3" quarter
of the 3 century AD using numismatic data from the
Gallienus period, and that this event may be related to
the 262 AD earthquake in historical earthquake
catalogs (Karwiese, 1985). While evaluating the
possibilities of the Got attack, which coincided with
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the same period in Ephesus, the researcher also
touches on the changes in the post-earthquake use of
different structures in the city, such as the eastern Stoa
of the Agora. The excavation team of Sagalassos
(Modern Aglasun), led by Marc Waelkens, reports
possible post-earthquake restorations in the Temple of
Apollo Clarios, addition on the Roman Bath and
deformations in Hellenistic aqueducts in the 1989
excavation results report (Waelkens et al., 1990). He
then makes a proposition to this earthquake in
Waelkens (1993) based on archaeological finds
138/139 AD or 139/140 AD. Following the
developments in the world in the mid-1990’s,
Turkiye’s archaeoseismology also becomes a leap
point for. Chapter 6 of Erhan Altunel’s doctoral thesis
(Altunel, 1994) represents the first example of modern
archaeoseismology studies within the borders of
Turkiye. In this section, where geological,
geomorphological and structural elements are blended
with deformations in ancient urban architecture, the
deformation elements in the architectural structures of
the ancient city of Hierapolis are shown in the city
plan for the first time, and the NNW trending left
lateral component oblique-slip surface rupture passing
through the city is also mapped. At this point, he is
stated that this surface crack is also compatible with
the general structural geological main discontinuities
of the region. Although there is no clear opinion on the
history of this earthquake in the study, it is
recommended that it may be related to the 60 AD
earthquake, which is frequently mentioned in the
literature. Another importance of this study is that the
term ‘Archaeoseismology’ was used for the first time
in a study in Turkiye. After this study,
archaeoseismological interest in Hierapolis increases
and studies such as Altunel and Barka (1996); Hancock
and Altunel (1997); Hancock et al. (2000) are
produced, respectively. In these studies, it is
emphasized that the city may have more than one
earthquake history such as 60 AD, possible 4™ century
AD, 7" century AD or 14" century AD by interpreting
the data in historical earthquake catalogs and
deformations in architectural structures belonging to
different archaeological periods. In the same period, a
7-page extended abstract titled “A discussion on some
concepts of the archaeoseismology” was published in
the booklet of the 4" National Earthquake Engineers
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Conference in 1997 by Engin Karaesmen and Erhan
Karaesmen, who have been dealing witharchaeological
architectural structures in terms of earthquake
engineering since the late 1980’s. (Karaesmen and
Karaesmen, 1997). In the conclusion section of this
work, it is emphasized that the phenomenon of
earthquakes is not considered important in
archaeological protection and that the measures of the
protection of architectural structures should be
discussed in terms of earthquake engineering. While
modern archaeoseismological studies have started to
focus in different ancient cities since the end of the
1990’s, it is seen that these studies have been manly
distributed with in the Western Anatolian Extensional
Province, and mostly in Hellenistic and Roman cities.
Altunel (1998) maped a NE-SW trending damage
corridor within the city, pointing to deformations in
the sacred hall, street, agora and Athena Temple and
some lateral displacements in the ancient city of
Priene, which is located at the northwestern end of the
Buyik Menderes Graben System. He states that these
damage in the city may occur with earthquake(s) in
the 12" century AD and beyond. In the early 2000’s,
two archaeoseismology-based Tibitak projects were
carried out (Altunel, 2000; Altunel et al., 2001). The
first contains limited data from the ancient cities of
Priene and Miletus within the Biylk Menderes
Graben System, and the second from the ancient cities
of Ephesus, Sardis and Philadelphia within the Gediz
and Kicik Menderes graben systems. The biggest
reason why these projects remain poor in terms of
archaeoseismological data rich is that there are no
researchers of archeology origin in the team conducting
the projects. At this point, it becomes once again
manifested  that  archaeoseismology is a
multidisciplinary scientific study. Waelkens et al.
(2000), based on the different data they have collected
during the Sagalassos excavations, it produces a
separate and only archaeoseismology-specific work
for the city since 1989. In this publication, they drew
attention to the deformation patterns in the architectural
structures of the city from various periods dated from
Hellenistic to Byzantium, especially the library floor
and theater. They reported the probability of at least 4
earthquakes in the city; in the second half of the 1%
century AD, the middle of the 3" century AD, the first
quarter of the 6" century AD, and the middle of the 71"
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century AD. Akyiiz and Altunel (2001) in the ancient
city of Cibyra (Modern Golhisar), located in the
middle part of the Fethiye — Burdur Fault Zone which
is an important structural discontinuity for the
Southwest Anatolia, reported the deformation of the
southern flank of the Roman Stadium and the damage
of some other architectural structures. Evaluating
from the historical earthquake catalog data that the
city was affected by the possible 417 AD earthquake,
they state that the surface rupture of this earthquake
originated from the Kibyra Fault Zone within the city
border.  Altunel et al. (2003) In their
archaeoseismological observations in the ancient city
of Cnidos at the westernmost end of the Datca
Peninsula, they divided the deformations in
architectural structures of different periods in the city,
especially the Temple of Aphrodite and the Demeter
Sanctuary, into faulting phases, and emphasized that
the first earthquake should have been occurred
between 2" or 3 centuries BC in the Hellenistic
period and the second earthquake might be related to
the 459 AD earthquake on the Knidos Fault, which
developed surface faulting. Simsek and Ceylan (2003)
associated their archaeological excavation results in
the ancient city of Laodicea with historical earthquake
catalogue, stating that the city was affected by
earthquakes such as 27 BC, 47 AD, 60 AD, late
34 century AD, early 4" century AD and 494 AD. In the
following period; From 2003 to 2006, the works were
produced by similar teams in Sagalassos, Sintubin etal.
(2003); Similox-Tohon et al. (2004); Similox-Tohon
et al. (2005); Similox-Tohon et al. (2006) is seen to
be concentrated in such studies. From these studies,
which point to earthquakes dated using archaeological
chronology and similarly compressed between the
6th and 7th centuries, Similox-Tohon et al. (2004
and 2005) are important in terms of applying shallow
geophysical and trench-based paleoseismological
studies together in archaeoseismology for the first
time. Crawford H. Greenewalt, the Sardis Excavation
Director at the time pointed out to the earthquake
findings in Field 55, where it has been concentrated
since the early 2000’s, and the presence of a fracture
extending 10 cm wide and 2.5 meters deep in
Greenwalt (2003; 2006 and 2007), while evaluating
the earthquake affecting this area with archaeological
finds and associating it with a possible 7th century and/

or later event. Drahor (2006) refers to archaeologists
in his publication, in which he gave the results he
obtained from shallow geophysical studies in the same
field, pointing to the existence of the same fracture.
At this point, Karabacak (2007) produces a doctoral
study in Tuarkiye by combining both geological,
geophysical, LIDAR wusing, and trench-based
paleoseismological data were used by combining
historical earthquake catalog data. This study is also
a turning point as it is the first archaeoseismological
study conducted in Tirkiye in a location other than
Western Anatolia, and the integrated use of almost
all methods in modern archaeoseismology studies
today. While Sintubin and Stewart (2008) re-
evaluate the data of previous studies in Sagalassos
within the framework of an archaeoseismological
logic tree, and propose a new measurement method
in practice, in the form of Archaeoseismic Quality
Factor (AQF), in this approach, it is stated that the
earthquake hypothesis in Sagalassos contains some
weaknesses and uncertainties, and indicate that they
need to be re-evaluated. Another importance of this
study is that before them, methodological staged
diagrams, suggestions for archaeoseismology studies,
propose a much more harmonious, efficient new and
developed methodological scheme on the foundations
of all studies. Since the late 2000’s, studies in different
archaeological cities and tectonic regions have gained
momentum. Some of these studies are; Birinci (2006)
and Piccardi (2007) in Hierapolis, Akan (2009) and
Akan et al. (2012) in Rhodiapolis, Altunel et al. (2009)
at the northern end of the Dead Sea Fault Zone, Cetin-
Yaritas (2009) in Termessos, Yonli et al. (2010) in
Priene and Ramazanpasa Bridge, Karabacak (2011) in
Cibyra, Hinzen et al. (2010, 2013a and b) and Yerli
et al. (2010 and 2011) in Pinara. Here, Hinzen et al.
(2010)’s work in Pinara is distinguished from other
studies in terms of being an archaeoseismological
study based on deformation analysis using ground
motion simulations. Peringek (2010) and Bony et al.
(2012) take an archaeoseismological approach by
using the data of a Byzantine period shipwreck and
tsunami within the ruins of Theodosius Port in the
north of Istanbul Yenikapi, and interpret that this
event was related to the 557 AD earthquake. These
publications are the first studies in Tirkiye where
underwater data is used and an archaeoseismological
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approach is made. Yonli (2012), at the south-west end
of Eastern Anatolian Fault Zone; he makes evaluations
by blending its archaeoseismological observations in
Anavarza, Kastabala, Toprakkale, Ayas, Magarsos
with trench-based paleosmological data. This study is
the first study in which archaeoseismological studies
are carried out in the Eastern Anatolia Fault Zone.
Karabacak et al. (2013), on the other hand, states that
while performing absolute dating method with the
Optical Stimulated Luminescence (OSL) technique
on different types of materials such as sediments and
ceramics, which are under the architectural structures
destroyed by the earthquake in the Cibyra. They
suggested the earthquake caused great damage to the
city in the 10"- 11" centuries AD. This study is the first
example of the use of the OSL method, which has also
started to be used in trench-based paleoseismology
studies, in an archaeoseismology study. Passchier et
al. (2013) from a different point of view, attributing the
deformations on the ancient water channels connecting
to Ephesus caused by an earthquake originating from
the Icme Tepe Fault, and presented an approach
based on both the archaeological data and the annual
laminated carbonate precipitation rate in the channel.
For the timing of the vertical displacement on the
channel, they suggested that this event occurred in the
second half of 2" century AD, it may be related to the
AD 178 earthquake. Aydan and Kumsar (2015) show
an approach to the 17 AD earthquake by evaluating
geotechnical data such as acceleration and liquefaction
potential recorded in current earthquakes together in
regions close to archaeological sites with earthquake
history in Western Anatolia. Benjelloun et al. (2015),
on the other hand, carries out a study focusing on the
dating of the restorations made after the deformation
of the Antioch water channels in Antakya. In terms of
this study dating method, although the age results are
very weak, it is very remarkable in terms of the first
use of archaeomagnetism data other than radiocarbon
data within the Anatolia. Since the mid-2010’s towards
the present day, there has also been a diversity in the
studies and fields carried out. Some of these works are;
Sogiit (2014) in Stratonikeia, Buchwald and McClanan
(2015), Cahill (2016, 2019), Hallmannsecker (2020),
Slimer et al. (2022) in Sardis, Bachmann et al. (2017)
and Pirson (2017) in Pergamon, Kumsar et al. (2016)
in Hierapolis and Laodicea, Karabacak (2016) in
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Lagina, Benjelloun (2017) and Benjelloun et al.
(2018) in Nicaea, Stewart and Piccardi (2017) offering
data from some ancient cities in a large area covering
the Aegean Region and Greece, Softa et al. (2018) in
Myra, Altunel and Pmar (2021) in Ephesus. At the
same time, the studies conducted outside of Western
Anatolia (classical ancient cities in the Aegean and
Mediterranean regions) are Drahor et al. (2016, 2017
and 2023) and Simer et al. (2019, 2021), which
documents the deformations in Hittite cities such as
Hattusa and Sapinuwa and Baris et al. (2021), which
evaluates the archaeoseismological data in Bathonea
together with ancient earthquake data. Benjelloun et
al. (2021), who documented the archaeoseismological
deformations of defensive walls, towers and other
different architectural structures in the ancient city
of Nicaea, on the borders of Iznik in the area of
the Northern Anatolian Fault Zone middle branch,
differs in terms of evaluating deformation structures
for the first time within the scope of Earthquake
Archaeological Effects (EAEs-98) in Turkiye.

All these archacoseismological studies, briefly
summarized above and carried out on the borders
of Tiirkiye, have been brought together for the first
time in terms of both their location of the ancient
settlements, dominate archaeological provenance,
and their relationships with active fault perspective.
In this direction, we also present a chart (Table 1)
and the relevant map (Figure 7). Readers can access
the details of these related scientific studies from
the archaeoseismological perspective by means
prepared in chronological order and presented in the
appendix of this study (Appendix-1). Additionally,
a timeline visual, highlighting the milestones of
archaeoseismology studies carried out specifically for
Tirkiye, is presented in Figure 8.

4. Approaches and Suggestions For The Future

While this paper presents a chronological approach
to the development of archaeoseismological studies
up to the present, it largely focuses on presenting an
inventory of studies conducted in Turkiye. In addition,
these studies, which are cataloged together for the
first time in the literature, have offered the chance to
make some inferences that can contribute to a critical
evaluation of archaeoseismological studies.
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Table 1- Distribution of archaeoseismological studies carried out in Tirkiye, which were mentioned in this study. Please follow up the
archaeological tectonic and geographical distribution of location numbers from Figure 7 and follow the Reference numbers from the

“No*” column of the chart presented in Appendix-1.

LocaticzrllNN)u mbers Archaeological Site/ Region / City References Totalslt\tud?;t;er of
1 Troy, Canakkale 1,5,6,12,51 8
2 Sardis, Manisa 2,7,23,26,56,58, 59,69, 73 15
3 Pergamon, Asklepieion, Izmir 3,63 3
4 Agora of Smyrna, Izmir 4 2
5 Tralleis, Aydin 9 1
6 Hierapolis, Denizli 9, 15-18, 21, 32, 35, 60, 65 11
7 Ephesus, {zmir 13, 23, 54, 56, 65, 71 6
8 Sagalassos, Burdur 14,22, 27, 30, 31, 33, 36 8
9 Priene, Aydin 19, 20, 44 3
10 Miletos, Aydin 20 1
11 Philadelphia, Manisa 23 1
12 Cibyra, Burdur 24, 45,53 3
13 Cnidos, Mugla 25 1
14 Laodicea, Denizli 28, 60 2
15 Colossae, Denizli 35 1
16 Rhodiapolis, Antalya 37 2
17 Amik Plain Sigantarla Hill and ancient road, 3438 2

Antakya
18 Termessos, Antalya 39 1
19 Yenikaps, Istanbul 41,50 2
20 Pinara, Mugla 42,43, 46, 52 5
21 Ramazanpasa Bridge, Priene, Aydin 44 1
22 Anavarza, Kastabala, Toprakkale, Ayas, Magarsos 48 1
23 Seyitdmer Mound, Kitahya 49 1
24 Stratonikeia, Mugla 55 1
25 Magnesia, Aydin 56 1
26 Antioch water channels, Antakya 57 1
27 Sapinuwa, Corum 61 2
28 Lagina, Stratonikeia, Mugla 62 3
29 Nicaea, [znik 64, 66, 72 3
30 Myra, Antalya 67 1
31 Hattusa, Corum 68, 74 3
32 Bathonea, Istanbul 70 1

The archaelogical potential of a region opens a new
windows into the seismotectonics of that region. The
most important key data in terms of the seismotectonics
of aregion, older than instrumental earthquakes, can be
provided by paleoseismological studies and analytical
dating methods. Sites with archaeological potential
provide us with the historical record, often without the
need for analytical methods. Unlike paleoseismology,

much smaller budgets and observational analyses
allow us to access seismotectonic data with increasing
resolution as we approach the present (see Figure 1).
For example, seismotectonic records, which were
insufficient along the Fethiye-Burdur Fault Zone due
to the limited paleoseismological data in southwestern
Anatolia, filled this gap with data from ancient cities
such as Sagalossos, Cibyra and Pinara. In this regard,
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Figure 7- Integrated Archaeotectonic Map of Tiirkiye and its surroundings, specially prepared for this study for the first time, showing active
fault zones and dominant archaeological provinces together. The approximate boundaries of archaeological province (were combined
using data from Shepherd, 1923; Freeman, 1996; Sabin et al., 2007; Morris and Scheidel, 2009; Picon and Hemingway, 2016;
Schachner, 2019). Active tectonic structures (compiled from Sengor et al., 1985; Kogyigit, 2003; Emre et al., 2018; Pavlides et al.,
2014 and Stmer et al., 2019). For location numbers please take advantage of the first column of Table 1. AAFS: Afyon Aksehir Fault
System; ASZ: Amasya Shearing Zone; BGS: Bliyiik Menderes Graben System; EAFZ: Eastern Anatolia Fault Zone; DFZ: Deliler
Fault Zone; EIFZ: Eskisehir inénii Fault Zone; GAGS: Gediz Alasehir Graben System, NAFZ: North Anatolian Fault Zone; CAFZ:
Central Anatolian Fault Zone; DSFZ: Dead Sea Fault Zone; TGFZ: Tuzgélu Fault Zone.

one of the most important outcomes that the inventory
created within the scope of this study shows us is the
scarcity of archaeoseismological studies carried out
in the ancient settlements on and around the most
important active fault zones of Anatolia, such as North
Anatolian Fault Zone (NAFZ), East Anatolian Fault
Zone (EAFZ) and Dead Sea Fault Zone ( DSFZ).
At this point, it is clear that archaeoseismological
studies must be expanded in settlements different
archaeological periods around these main structural
lines.

Archaeoseismological investigations also provide
data for seismic hazard assessment. Not only the
dating of earthquake-related deformations, but also the
precise measurement of deformation amount offers the
chance of a precise projection of future earthquakes.
At this point, the seismic source of the earthquake, the
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relationship of this sources with the archaeological
site or structure, the soil characteristics of the
relevant area, and inferencess about the intersity and
magnitude of the earthquake provides very important
data sources for future seismic hazard analyses.
Data from the ancient cities such as Cibyra, Lagina
and Hierapolis can be counted among the successful
examples in this respect. Although approximately 150
years have passed since the production of the first
simple archaeoseismological data in the world and
in Turkiye, and about 30 years have passed since the
beginning of the first modern archaeoseismological
studies, it is seen that numerical data production in
this branch of science is still in its infancy. It is clear
that today’s technologies (laser and spectral imaging
techniques, shallow geophysical methods, archaeo-
engineering/archaeo-architecture and absolute dating
methods, to study the dynamic behavior of structures
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Figure 8- Chronological timeline of prominent and pioneering archaeoseismology studies carried out in Trkiye.

finite and discrete element models, engineering
seismological methods, etc.) should be used more
in an archaeoseismological perspective. The
acceleration of scientific studies at this point seems
possible by producing interdisciplinary collaborations
and projects. On the other hand, one of the biggest
obstacles in the development of archaeoseismology
is the incorrect interpretation/incomprehension
of the seismogravitational and/or seismotectonic
deformation structures revealed during excavations

and research in archaeological sites, and mostly
restoration and deletion of traces. In this regard, it is
necessary to work with experts in archaeoseismology
during the systematic excavations in order not to miss
these data and to evaluate and interpret them correctly.
In the light of all the information summarized above,
it is seen that archacoseismology is a field that
produces data sets both for active tectonic studies,
archaeological research, earthquake engineering and
earthquake risk analysis. Anatolia (formerly Asia
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Minor) has a unique potential among the areas in the
world where this discipline can be applied, due to
its geological and archaeological location. However,
the fact that this scientific discipline is currently
little known by both geologists, archaeologists, and
scientists specialized in archaeological architecture
and engineering is the most important factor that
reduces the number of trained scientists considerably.
Along with this, the research and understanding of
past earthquakes and their effects on society is of
inestimble value both for our intellectual self and for
the perception of the inevitable fact of living with
earthquakes phenomenon. This situation seems that
can only be reduced by raising society awareness and
with practices within the framework implementing
public measures.

The most important lesson learned about the
integration of archaeoseismology into earthquake
geology is that the advantages and disadvantages of
this method for earthquake records do not conflict
with other paleoseismological methods, on the
contrary, they support and fill the gaps. When we
look at the inventory created in this study, it is seen
that archaeoseismological researches carried out
in Tlrkiye are mostly concentrated in the Western
Anatolian Extensional Province in tectonic terms
and in Hellenistic - Roman cities, which include
periods when historical period records were more
productive. In this direction, earthquake data in
archaeological sites, cities and civilizations in earlier
periods (Neolithic, Bronze and Iron ages, etc.) should
be investigated with modern archaeoseismological
studies such as comprehensive study HERACLES
(Hypothesis-Testing of Earthquake Ruined Argolid
Constructions and Landscape with Engineering
Seismology) project (Hinzen et al., 2018) related with
Bronze age earthquakes performed at Greece main land
and Crete. Especially to large-scale active fault zones
in Anatolia (e.g. Archaeological sites close to NAFZ,
EAFZ, DSFZ, ASZ, etc.) should be investigated
more carefully at this point and archaeoseismological
research should be increased in other important areas
of the country. On the other hand, the Earthquake
Archaeological Effects (EAE) classification, which we
use in modern archaeoseismological studies today, has
been mostly adapted to Hellenistic - Roman and later
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architectural structures. The application of similar
classifications to civilizations such as Hittite and/or
Urartu, which have monumental architectural stone
structures that spread intensively in the Anatolian
geography, especially in Central and Eastern Anatolia,
stands out as a very important requirement in the
archaeoseismological perspective.
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Meeting freshwater demands in water-scarce regions is imperative, given challenges like hydric
stress, urbanization, aridity, and population growth. This study focuses on the Tebessa aquifer
system, a critical water source facing escalating demands. A primary objective is to identify
actionable management strategies to improve groundwater quality dynamics in semi-arid regions.
The methodology involves a comprehensive assessment of groundwater health using the Water
Quality Index (WQI) approach. This method integrates diverse parameters influenced by intensive
agricultural and industrial activities. Additionally, spatial relationship analysis, facilitated by
Geographic Information System (GIS) technology, is employed to gain insights into complex
hydrogeological processes. The multi-parameter strategy implemented results in water quality maps
that highlight various ions, revealing spatial disparities and assigning quality priority classes from
‘Good’ to ‘Poor’ across the groundwater. The research, conducted in the semi-arid Tebessa-Morsott
Plain, encompasses field and laboratory investigations to delineate hydrochemical traits, including
alkalinity, salinity, and heightened ion concentrations. The results of the study contribute to scientific
understanding by uncovering interrelationships and spatial intricacies, offering valuable insights
for water resource governance. The effectiveness of the methodology, incorporating WQI and GIS,
is demonstrated in the comprehensive evaluation of groundwater quality. Ultimately, this research
Received Date: 24.08.2023 Pprovides a foundation for informed decision-making and sustainable management of groundwater
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1. Introduction

Groundwater is a critical source of potable water,
especially in semiarid regions where scarce and
unpredictable precipitation necessitates heavy reliance
on this resource. The resilience of groundwater
reserves in these areas is vital for communities facing
water scarcity. However, the sustained viability of this
resource hinges on its quality, and ensuring its purity
is imperative for public health. Contaminants, both
natural and anthropogenic, can compromise suitability
for consumption, necessitating a comprehensive
understanding of groundwater quality for effective
management strategies.

Rigorous investigations by researchers such as
Drias and Toubal (2015), Kallel et al. (2018), Hamad
etal. (2018a, b; 20214, b), Elubid et al. (2019), Zeqiri
et al. (2019), Nekkoub et al. (2020), Kerbati et al.
(2020), Besser et al. (2021) and Brahmi et al. (2021)
have highlighted water-related challenges in the study
area and neighbouring regions, emphasizing issues of
water availability, quality and sustainability.

Comprehensively assessing groundwater quality
within the Tebessa aquifer system, a primary source
for various needs, is essential. Challenges such as
hydric stress, climatic aridity, rapid urbanization, and
population growth have led to overexploitation and
degradation of aquifer quality. This study focuses on
factors contributing to groundwater quality decline
to contribute to a deeper scientific understanding and
develop sustainable solutions.

The Water Quality Index (WQI) method serves
as a pivotal tool, offering a concise representation
of overall water health by synthesizing diverse
parameters. It enables policymakers, scientists, and
resource managers to gauge water pollution extent,
track trends, and allocate resources for remediation
strategies, fostering a standardized framework for
evaluating water quality.

Geographic ~ Information  Systems  (GIS)
technology, renowned for systematizing and analysing
geographical data, emerges as a foundational
instrument in hydrogeological modelling. Coupled
with the WQI, GIS provides a dynamic framework

for assimilating water quality parameters into
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comprehensive spatial analyses, aiding in effective
resource management and policy formulation.

Research on water scarcity in the semi-arid
region of North Africa, as evidenced by the works of
Hamed et al. (2018, 2023), Bensoltane et al. (2021),
Benmarce et al. (2021, 2023), and Ncibi et al. (2021,
2022), underscores the urgency and complexity of the
addressing water scarcity issues. The study employs
a multiparameter approach, including pH, Total
Dissolved Solids (TDS), and crucial ions, synthesized
and assimilated using GIS capabilities, resulting in
meticulously constructed maps. These maps provide
insights into spatial variations, culminating in a
unified integrated map stratified into priority classes,
representing a pragmatic depiction of groundwater
quality across the studied region.

The overarching objective of this study is

to comprehensively assess and enhance the
understanding of groundwater quality in semiarid
regions, particularly Tebessa. The primary aim is to
evaluate groundwater quality, identify key influences,
integrate spatial and analytical approaches, and
formulate management strategies. The findings are
expected to inform evidence-based policies and
strategies to mitigate risks associated with water
scarcity and preserve water resources critical for

human well-being in environmentally sensitive areas.

2. Study Area

The geological context of North Africa forms an
integral segment within the broader framework of
African geology. This intricate geological setting
holds paramount significance in unraveling the
geological history and dynamics of the African
continent (Rouabhia et al., 2004; Bagwan et al.,
2023; Sankar et al., 2023; Orabi et al., 2023). In the
border region between Algeria and Tunisia, all the
collapse trenches intersect atlas structures of the Late
Lutetian age. The extensional phase of the Miocene
is evidenced by the formation of the Oulad Soukies,
Foussana-Kasserine trenches, and the El Ma Labiod
basin. The substrate of the Tebessa and Hammamet
trenches is composed of a mosaic of horsts and
grabens. Four successive stages have been identified
during the development of the Tebessa trench: The
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first stage occurred during the Lower Villafranchian
(Upper Pliocene). The second stage occurred during
the Upper Villafranchian. The third stage occurred
at the end of the Middle Pleistocene. And the fourth
stage occurred at the end of the Upper Pleistocene.
The subsidence process is still ongoing, as evidenced
by three seismic events in 1995. This is parallel to the
uplifting of the graben margins, where the subsurface
sank in the central part during the final collapse stage.
This ongoing geodynamic activity sheds light on the
complex tectonic evolution of the region.

The Tebessa-Morsott plain (35°24° to 35°35° N
latitude and 7°50° to 8°10° E longitude) is situated
in the northeastern region of Algeria at 28 km
from the international border, and 230 km from the
Mediterranean Sea. Spanning an area of 974.4 km?,
this basin stands as a host to significant aquifers that
play a crucial role in the region (Figure 1). The region
is marked by a semi-arid climate featuring hot and
arid summers, contrasting with cold winters. The
annual precipitation ranges from 200 mm to 350 mm,
indicative of the region’s arid nature. The summer
temperatures can surge to 45°C.

The Tebessa-Morsott plain belongs to the Merdja
subwatershed and is drained by the Oued Ksob
stream. It boasts an elongated North-West to South-
East orientation and encompasses a vast depression
hemmed in by mountainous terrain. The altitudinal
variation spans from 1712 meters to 700 meters,
adhering to the geological structure of the North
Auresian (Aures Nememcha) region within the
Saharan Atlas.

Numerous researchers have diligently explored the
geological context of the study region, as evidenced
by the works of Mouici et al. (2017), Tamani et al.
(2019), Boulemia et al. (2021), Zerzour et al. (2020;
2021), Taib et al. (2022; 2023), Mahleb et al. (2022),
Chibani et al. (2022), Benyoucef et al. (2023) and
Zighmi et al. (2023). The region is characterized by
the Triassic diapirs of Jebel Jebissa, constituting the
oldest geological outcrop in the Tebessa region. These
formations consist of sandstone clay passing to gypsum
limestone. A substantial Plio-Quaternary infill within
the Tebessa Collapse Ditch substantiates the existence
of a considerable groundwater reservoir in the region.

It consists of sand, alluviums, and limestone pebbles.
The Maastrichtian carbonate formations outcrop in
the South-West and North-East edge of the basin,
whereas the Turonian limestone appears in the East
(Figure 2). These serve as important karstic reservoirs
of the region. Because of their significant depth in the
center of the basin, the potential of these reservoirs
remains untapped within the plain.

3. Materials and Methods

3.1. Field and Laboratory Investigations

In February 2019, a comprehensive groundwater
sampling campaign was executed across three
distinct locations: Merdja, Bekkaria and Hammamet.
This operation aimed to assess the hydrochemical
characteristics of the sampled groundwater. The
collected groundwater samples underwent an analysis
to ascertain their chemical composition and properties.

Analytical scrutiny was conducted in the

laboratory ~ setting, = employing  standardized
methodologies outlined by the American Public
Health Association (APHA) in the year 1995. The
range of eight key parameters was meticulously
investigated in each groundwater sample. Calcium
(Ca*™®), Mg*, bicarbonate (HCO,), chloride (CI),
sulfate (SO,?), potassium (K*), sodium (Na*), and
major cations (Ca*2,Mg*?, Na*, and K*) formed the
focal points of the investigation. The determination of
major cations (namely calcium, sodium, magnesium
and potassium) was achieved via the utilization of the
ICP-Mass spectrometer method. The quantification
of bicarbonate (HCO,) content involved a volumetric
titration process employing hydrochloric acid
(HCI) as the reagent. For the assessment of sulfate,
a spectrophotometric turbidimetry method was
employed, while chloride (CI) content was quantified
using a volumetric titration procedure involving silver
nitrate (AgNO,) and potassium dichromate (K,Cr,0.).
Moreover, bicarbonate (HCO,) and carbonate (CO,)
concentrations were evaluated through Portamess
analysis using titration with hydrochloric acid (HCI),
alongside the utilization of phenolphthalein and
methyl orange as indicator reagents (Selvam et al.
2013). This method yielded a dataset that improves
our kind of the hydrochemical composition of the

sampled groundwater across these locations.
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Figure 1- Geographic location of the study area.
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Figure 2- Simplified geological map of study area.

3.2. Geospatial Data Collection, Integration, and
Interpolation

The accurate determination of sampling points,
encompassing their precise latitude, longitude, and
elevation coordinates, was achieved through the
utilization of the GARMIN 12-Channel GPS device in
the fieldwork. These geographical coordinates, once
established, were combined with the groundwater
parameters following preparation within the Excel-
pro Program. This dataset was subsequently imported
into a GIS platform, serving as the foundation for
further analytical and digitization processes. The
dataset, now in the form of point data, was integrated
into the ArcGIS 10.8 software, where it constituted a
distinct point layer. To facilitate advanced analyses
and visualization, a geo-database was established.
This facilitated the generation of spatial distribution
maps that depicted the prevalence of selected water
quality parameters across the studied region (Bairu et
al., 2013). Spatial interpolation, a technique pivotal
in environmental sciences, involves predicting
values at unknown points based on known values
at neighbouring points. Among the plethora of

interpolation methods, two widely employed ones

are Inverse Distance Weighting (IDW) and Ordinary
Kriging (OrK). Both methods fundamentally rely
on the concept of spatial autocorrelation, wherein
samples that are spatially proximate tend to exhibit

similar characteristics.

The implementation of IDW and OK necessitates
the determination of observation quantities for
predictions. In this context, the search window’s
scope should encompass these observations, thus
encapsulating an area surrounding the point of
prediction. The configuration of this search window is
determined based on empirical knowledge pertaining
to the phenomenon being investigated (Zarco-
Perello and Simdes, 2017). IDW method estimates
data values for unknown locations by averaging the
available values from sampled data points (Setianto
and Triandini, 2013).

3.3. Calculation of WQI

To assess the water quality of the basin, the WQI
is a valuable tool that summarizes multiple water
parameters into a concise numerical representation.
This index method is particularly aligned with the
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guidelines for drinking water quality established by the
World Health Organization (WHO). By converting an
array of complex variables into a singular one- or two-
digit number, the WQI simplifies the interpretation of
extensive monitoring data. Water quality indices offer
a streamlined means of monitoring and managing
water quality. They serve as a convenient instrument
for assessing trends in regional water quality and
aiding decision-makers in evaluating the efficacy
of specific interventions aimed at improving water
quality (Li et al., 2019). The computation of the WQI
involves four sequential steps. In the initial step,
each of the nine water quality parameters is assigned
a weight (W,) based on its relative significance in
determining the overall quality of water for drinking
purposes. Notably, the assignment of weights was
informed by their individual importance, parameters
such as chloride, sulfate, and sodium were assigned a
weight of 3, while calcium, magnesium, bicarbonate,
and potassium were assigned a weight of 2 (Table 1).

The subsequent step involves the calculation of the
relative weight (W,) according to the Equation 1:
wi

wp = 1)

Yi=1W;

Where “Wi” represents the relative weight, “wi” is
the weight of each parameter, and “n” is the number
of parameters.

Following this, a quality rating scale (qi) is
assigned to each parameter (Equation 2). This scale
is derived by dividing the concentration (Ci) of each
chemical parameter in a water sample by its standard
(Si) as outlined by WHO guidelines.

Table 1- Relative weight of chemical parameters.

qi = (Ci/ Si) x 100 )

Equation (2) captures this rating, with qi signifying
the quality rating, Ci representing the concentration of
each chemical parameter in milligrams per liter (mg/1),
and Si denoting the WHO drinking water standard for
each parameter according to WHO guidelines. The
Sub-Index (SI) for each parameter (i) is subsequently
computed using the (Equation 3):

SIi = Wi qi 3)

The overall WQI is obtained by summing the
individual SIi values (Equation 4):

WQI = X Sli 4)

The calculated WQI values
categorized into five distinct classes: Excellent, good,

are generally

poor, very poor, and unfit for drinking purposes
(Table 2). This classification aids in communicating
the quality of groundwater samples, thus supporting
informed decision-making (Tiwari et al., 2014).

Table 2- Classification of WOI range and category of water.

WQI Range Category of water
<50 Excellent water
50-100 Good water
100-200 Poor water
200-300 Very Poor water
>300 Unfit for drinking purpose

4. Discussions

The assessment of groundwater quality holds

significant importance in environmental evaluation.

Chemical parameters WHO Standard Weight(wi) Relative weight(Wi)

Na* 200 3 0.17

Ca* 75 2 0.12
K* 12 2 0.12
Cl- 250 3 0.17

SO, 250 3 0.17

HCO; 120 2 0.12

Mg?* 50 2 0.12

Total Ewi=17 XWi=0.99
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Key statistics for 16 groundwater samples have been
compiled through chemical analyses, as outlined in
Table 3. Furthermore, the correlation matrix analysis,
presented in Table 4, provides insights into the
complex relationships among various groundwater
quality parameters.

The analysis gives a comprehensive snapshot ofkey
statistical parameters for water quality in groundwater
samples, shedding light on the range, central tendency,
and variability of various constituents. The maximum
and minimum values highlight the broad spectrum of
concentrations, indicating substantial variability in
the groundwater composition. Mean values provide
an average measure for each parameter, showcasing
the typical concentration levels. Standard deviations
quantify the dispersion around the mean, elucidating
the consistency or variability in the dataset. Medians
offer a central value, indicating the middle point in
the ordered dataset and providing a robust measure of
central tendency. Table4, the correlation matrix, unveils
the intricate relationships between groundwater quality
parameters. Notably, the correlation coefficients
signify the degree and direction of associations
between different ions. The strong positive correlation
between Ca*? and Cl suggests a potential common

source or geochemical processes linking these ions.
Additionally, the correlations help identify potential
influences or interactions, providing valuable insights
for groundwater management and environmental
assessment. These results contribute to a nuanced
understanding of groundwater characteristics, aiding in
the formulation of strategies for resource preservation
and contamination prevention in the studied area.

In the study area the ions examined, namely
HCO®, SO,%, CI, Ca” Mg *?, K', and Na‘, a
noteworthy observation is the relatively low variability
exhibited by their concentrations. Specifically, the
bicarbonate content fluctuates between 173.24 and
341.16 mg/l, sulfate ranges from 57.60 to 500 mg/l,
calcium ranges from 45.62 to 161 mg/l, potassium
varying from 2.70 to 7.5 mg/l, sodium spanning 12.50
to 23.10 mg/l and magnesium varying between 17.01
and 61 mg/l. Of particular significance is the elevated
concentration of chloride, demonstrating a wide
variability from 37.99 to 291.3 mg/l. Examining the
interrelationships between parameters. The chloride
content is strongly correlated with magnesium
(R=0.62) and calcium (R = 0.61) These correlations
can indeed indicate an increase in groundwater salinity
underscore augmented groundwater salinity, such

Table 3-Normal statistics of water quality parameters of groundwater samples.

STATISTICS K(mg/l) Mg(mg/l) Ca(mg/l) Na(mg/l) Cl(mg/1) SO, (mg/l) HCO,Meq/l
Maximum 7.5 61 161 23.10 291.3 500 341.16
Minimum 2.70 17.01 45.62 12.50 37.99 57.60 173.24

Average 5.23 37.31 94.27 17.88 147.06 294.70 261.94
Standarddeviation 1.47 14.29 28.70 3.03 76.89 125.15 55.24
Median 4.90 35.49 84.16 17.88 141.80 290 261.94
Table 4- Correlation matrix analysis result of the groundwater quality parameters.

Parameters Mg* K* Ca* Na* $O,?2 HCO, Cr

Mg* 1

K* -0.25 1

Ca* 0.61 -0.36 1

Na* -0.02 0.44 0.12

SO,? -0.20 0.28 -0.13 0.05 1

HCO, 0.37 -0.48 0.28 -0.31 0.09 1

CL 0.62 -0.21 0.59 -0.07 -0.46 0.02 1
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findings provide valuable insights into the complex
hydrochemical interactions at play within the Merdja
aquifer region. By juxtaposing statistical analyses,
correlation evaluations, and parameter concentrations,
this study offers a comprehensive understanding of the
groundwater quality dynamics within the investigated
area. These insights contribute not only to the scientific
understanding of the aquifer’s hydrochemistry but
also to the broader objectives of water resource

management and environmental protection.

4.1. Spatial Variability Physicochemical Parameter

Calcium: Groundwater contains calcium due to
the dissolution of carbonate formations surrounding
the aquifer and it is also influenced by the presence
of gypsum marl, dolomite minerals and evaporative
deposits. The MCL for Ca* in drinking water is
75 mg/l. Observed Ca*? concentrations range from
45.62 to 161
portraying calcium concentrations has been formulated

mg/l. The spatial distribution map

and is illustrated in Figure 3.

Sodium: It appears that sodium ions come from the
leaching of Triassic gypsum formations near Djebissa.
The gypsiferous marl forming the rock substrate of
the aquifer generates these ions through ion exchange
and evaporation processes. The MCL for Na+t in
drinking water is set at 200 mg/l. The measured
Na+ concentrations range from 12.5 to 23.10mg/l. A
spatial map depicting the spatial variability of sodium
concentrations is presented in Figure 3.

Potassium: The presence of potassium in
groundwater is attributed to the use of fertilizers
in nearby agricultural lands The MCL for K* in
drinking water is defined as 12 mg/l. The observed K*
concentrations range from 2.7 to 7.50 mg/1. A spatial
map illustrating potassium concentration variations

has been formulated and is exhibited in Figure 3.

Magnesium: The presence of magnesium due to
the dissolution of dolomite limestones formations.
The MCL for SO,? in drinking water is set at 50 mg/1.
The observed SO,? concentrations span from 17.01 to
61 mg/l. A spatial map depicting the distribution of
sulphate concentrations has been constructed and is

presented in Figure 3.
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Sulphate: the presence of sulphate it attributed
to the dissolution of gypsum within gypsiferous
marls and the leaching of evaporites and atmospheric
deposition, industrial discharges. The MCL for
SO,? in drinking water is set at 250 mg/1. The observed
SO,? concentrations span from 57.6 to 500 mg/l. A
spatial map depicting the distribution of sulphate
concentrations has been constructed and is presented
in Figure 3.

Chloride:
leaching of evaporites as well as sand, clay and

Chloride content arises from the

gypsum deposits covering a significant basin area.
Additionally, industrial activities contribute to
chloride concentration. The MCL for Cl- in drinking
water is established at 250 mg/l. The observed CI
concentrations range from 37.99 to 291.30 mg/l.
A spatial map portraying the spatial distribution of
chloride concentrations has been formulated and is
displayed in Figure 3.

due to the
dissolution of carbonate formations that surround
the aquifer. The MCL for HCO," in drinking water is
specified as 120 mg/l. Observed HCO,™ concentrations

Bicarbonate: Bicarbonate is present

span from 173.24 to 341.16 mg/l. A spatial map
outlining the spatial distribution of bicarbonate
concentrations has been developed in Figure 3.

4.2. Mapping Groundwater Quality Index

The generation of the groundwater quality map
(Figure 4) entailed is based on the classification
process framework outlined in Table 5, and executed
using ArcGIS software.

The intricate spatial distribution of groundwater
quality is a product of various interacting factors,
including lithological characteristics, hydrodynamic
behaviour of groundwater, prevailing climatic
conditions, influx of wastewater, and potential sources

of pollution.

Integral to this endeavour is the creation of a
WQI map, a visual representation that encapsulates a
comprehensive synthesis of water quality parameters.
This is due to the Kriging geostatistical technique
renowned for its ability to yield spatial interpolations
of complex datasets. The WQI values were judiciously
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Figure 3- Spatial distribution of physiochemical parameters: a) Calcium (Ca*?); b) Magnesium (Mg*?); ¢) Potassium (K*); d) Sodium (Na*); )

Bicarbonate (HCO;,); f) Chlorite (CI'); g) Sulfate (SO,?).

classified into four distinct ranges, namely excellent
water (<50), good water (50-100), poor water (100-
200), and very poor water (200-300).

The classification of the water in the study area is
good except for well Q3-4 which is characterized by
poor quality.

This insightful geospatial analysis accentuates
the intricate interplay of myriad factors influencing
groundwater quality distribution. Such revelations
hold far-reaching implications, particularly in the
realms of resource management and environmental
safeguarding. The synergy of water quality indices,
advanced geostatistical methodologies, and GIS tools
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Figure 4- Spatial distribution map of water quality index in Merdja plain.

Table 5- Qi, SI, WQI and water classification of each groundwater samples of study area.

Na* Ca*? K* Mg* CI SO,? HCO;
Sample WQI | Class
Qi | SLi Qi SLi Qi | SLi Qi SLi Qi SLi Qi SLi Qi SLi

EF1 8.05 | 1.37 | 133.60 | 16.03 | 35.83 | 430 | 62.22 | 7.47 | 56.72 | 9.64 | 23.04 | 3.92 | 162.67 | 19.52 62.25 | Good
j2-3 8.50 | 1.45 | 89.33 | 10.72 |43.33 | 520 | 44.22 | 531 | 44.52 | 7.57 | 139.20 | 23.66 | 181.98 | 21.838 | 75.74 | Good
AC3 10.00 | 1.70 | 122.83 | 14.74 | 32.50 [ 3.90 | 72.90 | 8.75 | 18.12 | 3.08 | 84.48 | 14.36 | 223.67 | 26.84 73.37 | Good
FA3 8.55 | 1.45 | 172.93 | 20.75 | 35.83 | 4.30 | 113.54 | 13.62 | 116.52 | 19.81 | 71.20 | 12.10 | 224.68 | 26.962 | 99.00 | Good
FA4 6.25 | 1.06 | 60.83 | 7.30 |44.17| 530 | 46.24 | 555 | 66.40 | 11.29 | 90.80 | 15.44 | 204.35 | 24.522 | 70.46 | Good
FA6 7.35 | 1.25 | 105.80 | 12.70 | 40.83 | 4.90 | 70.00 | 8.40 | 68.30 | 11.61 | 92.00 | 15.64 | 233.38 | 28.006 | 82.50 | Good
FTA1 9.15 | 1.56 | 134.67 | 16.16 |24.17| 2.90 | 121.06 | 14.53 | 90.48 | 1538 | 103.68 | 17.63 | 196.00 | 23.52 91.67 | Good
FTA2 7.95 | 1.35 | 99.39 | 11.93 [40.00 | 4.80 | 82.40 | 9.89 | 24.08 | 4.09 | 168.00 | 28.56 | 284.30 | 34.116 | 94.74 | Good
T3 10.75 | 1.83 | 106.83 | 12.82 | 59.17 | 7.10 | 87.50 | 10.50 | 40.00 | 6.80 | 138.00 | 23.46 | 244.00 | 29.28 91.79 | Good
TU 6.90 | 1.17 | 103.25 | 12.39 [31.67 | 3.80 | 76.20 | 9.14 | 23.64 | 4.02 | 111.20 | 18.90 | 281.62 | 33.794 | 83.22 | Good
Q3-4 8.35 | 1.42 | 214.67 | 25.76 | 40.83 | 4.90 | 122.00 | 14.64 | 102.00 | 17.34 | 138.40 | 23.53 | 264.17 31.7 119.29 | Poor
Q3-6 9.90 | 1.68 | 149.33 | 17.92 |22.50 | 2.70 | 36.00 | 4.32 | 5520 | 9.38 | 116.00 | 19.72 | 274.17 329 88.63 | Good
Ys4 9.45 | 1.61 | 112.21 | 13.47 | 52.50 | 6.30 | 40.08 | 4.81 | 28.36 | 4.82 | 200.00 | 34.00 | 144.37 | 17.324 | 82.33 | Good
F10 11.55 | 1.96 | 100.47 | 12.06 | 62.50 | 7.50 | 70.98 | 8.52 | 59.96 | 10.19 | 120.00 | 20.40 | 172.83 | 20.74 81.37 | Good
F9 10.95 | 1.86 | 114.36 | 13.72 | 55.00 | 6.60 | 67.10 | 8.05 | 73.99 | 12.58 | 27.95 | 4.75 | 170.83 20.5 68.07 | Good
Fl11 9.45 | 1.61 | 101.53 | 12.18 [ 57.50| 6.90 | 34.02 | 4.08 | 1520 | 2.58 | 180.00 | 30.60 | 163.43 | 19.612 | 77.57 | Good
EF1 8.05 | 1.37 | 133.60 | 16.03 |35.83 | 430 | 62.22 | 7.47 | 56.72 | 9.64 | 23.04 | 3.92 | 162.67 | 19.52 62.25 | Good
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culminate in a holistic understanding that guides
strategic decision-making processes and contributes to
the sustainable management of vital water resources.

5. Determination of chemical facies

5.1. Piper diagram

According to the ionic relationship between the
hydrochemical parameters in the study area and their
distribution by plotting the major cations and anions
on the Piper trilinear diagram, it is observed that
there are two dominant facies: Calcic sulphate and
calcic chloride Due to the dissolution of carbonate
formations and gypsum.

5.2. The origins of chemical elements

The calcium often originates from geological
formations rich in minerals such carbonate and
gypsum, these geological formations play a crucial
role in the presence and availability of calcium in
the environment the analysis of diagram shows
that 5 out of 16 samples have a carbonate origin
(Figures 5, 6, 7 and 8).

The presence of chloride and sodium is linked to
the dissolution of triassic formations. The diagram
indicates the existence of another source of sodium in
the product when water interacts with clay minerals
leading to the fixation of calcium ions after the release

of tow sodium ions.

Salinity is associated with the dissolution of
evaporate or carbonate formations and Base Exchange

as suggested by the interpretation of previous diagram.

6. Results

The preservation of groundwater quality is pivotal
for sustaining life in semiarid regions heavily reliant
on this precious resource. This study underscores the
intricate interplay of factors impacting groundwater
quality within the Tebessa-Morsott plain of North-
eastern Algeria. The aquifer’s vulnerability to
contamination, coupled with escalating demands,
compels a comprehensive assessment to ensure its

sustainability.

Figure 5- Chemical facies of water using the Piper diagram.
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Figure 6- Ca*? vs HCO; in Merdja plain.

Figure 7- Cl- vs Na*in Merdja plain.

Figure 8- Base Exchange in the Merdja plain.
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Groundwater quality is not only a product of
natural processes but is also profoundly influenced
by anthropogenic activities. Increased agricultural
practices, accentuated by chemical pesticide use,
contribute to the degradation of water quality. Complex
interactions between the aquifer and surrounding soil,
lithology, and climatic conditions further exacerbate
the challenge. Understanding these dynamics is
essential for crafting effective management strategies.

The WQI serves as a powerful tool for quantifying
water quality. This method simplifies complex
data into a single numerical value, allowing for
easy interpretation and informed decision-making.
Integrating GIS amplifies this approach, enabling
spatial analyses that unveil trends and patterns, aiding
resource management and policy formulation.

Results underscore the significance of calcium,

sodium, potassium, sulphate, chloride, and
bicarbonate concentrations in groundwater. Strong
correlations reveal intricate relationships, shaping
the hydrochemical landscape. By mapping these
parameters, spatial nuances become apparent, guiding

targeted interventions.

Crucially, the WQI map reflects the intricate web
of influences on groundwater quality. Wells with
excellent water quality (WQI <50) are identified,
while those with poor and very poor quality signal
intervention needs. This geospatial understanding
supports resource allocation and decision-making
processes.

The study’s objective to enhance understanding
aligns with sustainable management aspirations. Its
findings inform policies, interventions, and strategies
vital for navigating the challenges of water scarcity.
By synergizing scientific rigor, geospatial analysis,
and multidisciplinary insights, this study paves the
way for safeguarding groundwater quality in semiarid
regions, ensuring the continued availability of this
invaluable resource for generations to come.

Addressing the multifaceted challenges of water
scarcity and declining groundwater quality in semiarid
regions necessitates a comprehensive approach.
Integrated  management

strategies,  involving

collaboration between government agencies, local

communities, and scientific institutions, should
encompass regulatory measures to control pollution
sources while promoting sustainable practices. Arobust
groundwater monitoring network is crucial for tracking
water quality changes over time, fostering transparency
and informed decision-making. Incorporating climate
resilience strategies, education on sustainable water
practices, economic incentives, and cross-border
collaboration can enhance groundwater preservation
efforts. Sustained research and innovation are vital to
understanding complex interactions and developing
effective solutions. Policy integration across sectors
ensures holistic management, ensuring equitable
and sustainable use of groundwater resources while
considering environmental protection and land use.
By embracing these recommendations, stakeholders
can navigate the challenges posed by water scarcity
and safeguard the availability of safe water for current
and future generations.
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ABSTRACT

The southern coast of the Red Sea is one of the most promising areas for the occurrence of economic
minerals. Therefore, studying the characterization and evaluation of these minerals in the Wadi
Shaab Quaternary sediments and investigating their ability to concentrate and physically separate
using economical and ecofriendly techniques is the main goal of this work. The results showed that
the representative sample contains an average of 0.06% ilmenite, 0.08% zircon, 0.07% rutile, 0.07%
leucoxene, 0.008% cassiterite, 0.004% xenotime, 0.0004% monazite, 0.022% almandine garnet,
and 0.46% magnetite. The recovery of economic heavy minerals was applied using a combination
of wet-gravity technique via shaking table and magnetic separation using high intensity magnetic
separator. The results demonstrated the success of gravity separation in raising the grade from
7.63% to 45.03% in a yield of 13.74% out of the original sample, and also valuable metallurgical
recoveries that higher than 89% for tabling multi-stages (rougher and scavenging) was obtained.
Concentrated mineral fractions of magnetite, ilmenite, almandine, heavy silicates, and the non-
magnetic fraction bearing zircon and rutile were obtained using a high intensity magnetic separator
at different ampere range.

1. Introduction

Zircon, ilmenite, rutile, and garnet are economic

reduces cost and saves energy (Jordens et al., 2013).
Most mineral beneficiation techniques for sand raw
material begin with gravity separation by exploiting

heavy minerals used as raw materials for nuclear
energy production and also in the manufacture of
metallurgical and engineering industrial products
(Grosz and Schruben, 1994; Fawzy et al., 2022a),
in addition to that, monazite and xenotime contain
critical metals such as rare earth elements (REE) that
have high-tech applications.

Normally, processing of heavy mineral sands does
not require crushing and grinding operations, which

the density differences between heavy and their
associated light minerals, which consist mainly of
quartz and feldspar (Moscoso-Pinto and Kim, 2021;
Fawzy, et al., 2022b; Diab, et al., 2022). After gravity
separation, highly magnetic minerals (ferromagnetic
as magnetite) can be separated from the obtained
heavy minerals using low intensity magnetic separator
(LIMS) and also paramagnetic minerals can be
separated from diamagnetic minerals via high intensity
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magnetic separator (HIMS), electrostatic or flotation
separation techniques can be also implemented
depending on the properties of each mineral to be
separated (Rejith, and Sundararajan, 2018; Fawzy,
2018; 2021a; b). Regarding magnetic separation, the
mining industry is currently using this process for ore
processing, material screening and mineral purification
(Iranmanesh, and Hulliger, 2017). Therefore, it is
essential to decide on the mineral processing that can
recover the valuable heavy minerals (VHMs) with a
fast and efficient processing rate. This research focuses
on the efficient recovery of the economic heavy
minerals in the stream sediments of the Wadi Shaab
area. Among their valuable minerals, we can find
hematite, magnetite, ilmenite, leucoxene, xenotime,
monazite, rutile, cassiterite, and zircon. To achieve
the heavy mineral recovery, this study considered two
sequential mineral beneficiation processes: Magnetic
separation after gravity concentration techniques
via variable magnetic field strengths to optimize the
recovery and final grade of each VHMs.

2. Geological Setting and Sampling

The Wadi Shaab area is located at the southeastern
corner of Egypt about 30 km south Shalateen city
between latitudes of 22° 33’ and 22° 55’ N, and
longitudes of 35° 21’ and 36° 00’ E (Figure 1). The
geomorphological units that were recorded in the study
area are: high mountains, isolated hills, piedmont
plain, alluvial fans, coastal plain and hydrographic
basins (Yousef, et al., 2009). The high mountains of
Wadi Shaab area are composed mostly of ophiolitic
rocks, metasediments, metavolcanics and related
volcanoclastic, tonalite-granodiorite as well as biotite-
muscovite granite. The piedmont plain and alluvial
fans consist mainly of coarse sand, gravel, and pebbles
which changed eastward to become fine to medium
sand and silt. The coastal plain is represented mainly
by sand sheets, sand dunes and sabkha deposits that
parallel to the shoreline.

Systematic sampling patterns were carried out
for the studied stream sediments of the Wadi Shaab.
Nineteen samples were obtained through pits arranged
in two profiles in the middle of Wadi Shaab (Figure 1).
The pits are of about 50 cm diameter and 70 -100 cm
depth and 1- 6 km apart (Figure 2).
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3. Methodology

Each studied sample for the Wadi Shaab stream
sediments was prepared firstly by proper mixing and
splitting into representative sub-samples to undergo
various characterization tests, such as determination
of grain size distribution, total heavy mineral (THM)
concentration, measurement of apparent density. One
test sample representing the area under investigation
was equipped with a mass of about 15 kg by mixing
an equal amount of each sample thoroughly. Various
characterization tests were carried out for this sample
in order to complete the physical concentration and
separation of economic heavy minerals from the
stream sediments. The methodology flowchart is
shown in Figure 3. The grain size distribution analyses
of the studied samples were performed by using
mechanical sieve shaker with set of sieves with mesh
diameters of 2.0, 1.0, 0.5, 0.250, 0.125, and 0.063 mm
(ASTM codes). Each size fraction was weighed, and
its distribution recorded. While the apparent density
measurements were carried out by weighing the
sample then pouring it inside a graduated cylinder,
after that compacted well to simulate the presence
of the sample in nature. The density values obtained
from dividing the mass of the sample by its volume.

Heavy liquid separation tests were carried out using
bromoform (CHBr,; density 2.89 g/cm?) with the aim
of separating heavy minerals from the associated light
minerals, which mainly consist of quartz and feldspar
(densities 2.65 and 2.56 g/cm? respectively). This test
was performed by placing 50 g of each sample in a
separating funnel with the bromoform, stirring for 5
minutes and allowing it to stand for 15 minutes. Next,
the heavy and light mineral fractions were separated,
rinsed with acetone, dried and weighed. Each obtained
heavy fraction was subjected to grain size distribution
analyses and magnetic fractionation tests using
mechanical sieve shaker and Carpco High Intensity
magnetic separator (HIMS) respectively. Additionally,
an Olympus stereo binocular microscope was also
used to prepare and select pure mineral grains by hand
picking. The mineralogical characterization for the
obtained picked heavy mineral grains was carried out
in this work via X-ray diffraction (XRD) instrument
and environmental scanning electron microscope
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Figure 1- a) Location map of Shaab area, and b) Geological map showing sampling locations of the Wadi Shaab area, south Eastern Desert of
Egypt (Modified after EGSMA, 2002).
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Figure 2- Field photo showing the sampling techniques at the Wadi
Shaab area.

(SEM) (a Philips Model XL 30) that supplied with
energy dispersive spectrometer (EDS) unit.

Chemical assays of the Shaab samples were
determined using an energy-dispersive X-ray
fluorescence (EDXRF) Rigaku spectrometer with
polarized optics. EDXRF is one of the most convenient

and fast analytical methods suitable for working in
physical beneficiation field (Rydberg, 2014; Zhao et
al., 2020). The schematic flowsheet of heavy mineral
estimation using EDXRF spectrometry was depicted
at Figure 3.

Physical beneficiation experiments for the
Shaab test sample were carried out firstly via wet-
gravity technique using shaking table (Wilfley, No.
13) to minimize the associated gangue (quartz and
feldspar) at the lowest possible level. The obtained
heavy concentrates were subjected to low intensity
magnetic separator to separate magnetite. Free-
magnetite heavy concentrates were subjected to high-
intensity magnetic separator (Carpco, Model MLH,
13 115" 15) for separating paramagnetic from
diamagnetic minerals. Magnetic separation processes
were carried out at different magnetic currents of
intensity at 0.8, 1.5, and 2 .5 A, pre-optimized factors
of a medium air gap of 1.5 cm, average air gap of

1.5 cm, magnetic roll speed of 30 rpm and finally at

Figure 3- Methodology flow-sheet.
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a feed rate of 39.2 g/min. About 100 grams of the
obtained gravity concentration products (concentrate
and tail) were subjected to bromoform separation test
for heavy mineral assay estimation.

4. Results and Discussion

4.1. Sample Characterization

The EDXRF analyses for Shaab head representitive
sample were shown in Table 1, the head assays of
the main oxides showed contents of Fe,O, is 2.85%
and TiO, is 0.41%. The highest trace elements are
zirconium (355 ppm), Cr (435 ppm), and Ni (366
ppm) while Zn, Y, Pb, Cu, Nb, and Sn showing their
low contents.

Size distribution analysis is the most important
physical parameter that has a significant impact
on the separation efficiency using various physical

Table 1- EDXRF analyses of Shaab head bulk sample.

beneficiation techniques. Many research papers
confirmed that the highest percentage of heavy
minerals liberation was found in the size fraction less
than 250 pm (Rahman et al., 2015; Hegde et al., 2006;
Shalini et al., 2020; Paltekar et al., 2021). Grain size
distribution analyzes results of the Wadi Shaab head
samples (Sh 1-19) as well as test sample (Sh tech.)
were presented in Figure 4. It showed a high degree
of homogeneity and the mean values confirmed that
the highest percentage (73.4% mass) of the samples
size is retained in a size ranging from 1 to 0.063
mm while the gravel and very coarse sand fractions
were about 23.26% mass, and the silty size fraction
was calculated as 3.33% mass. For Shaab sample
(Sh tech.), it was 73.03% mass for size range from
1to 0.063mm, 24.71% mass for the gravel and very
coarse sand fraction, and 2.27% mass for the silty size
fraction.

Major Oxides (%)

Trace Elements (ppm)

2

Fe,0, [Ca0 |TiO, [PO, |KO |[MnO |zr |cr

Ni Co \Y Zn |Y Pb |Cu Nb Sn

2.85 2.32 0.41 0.09 0.81 [0.05 355 | 435

366 |110 (142 |65 |21 |11 |28 11 58.9

Figure 4- Grain size distribution analyses for the Shaab stream sediment samples.
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The apparent density values were used as evidence
for the presence of heavy mineral concentrations in the
studied samples; in addition to using these values for
estimation the reserves of heavy minerals in the area
under investigation (Fawzy etal., 2022a, b; Diab et al.,
2022). As for the apparent density measurements of
the Wadi Shaab samples which were shown in Figure
5, the values ranged between 2.46 g/cm?® for sample
no.10 (Sh10) to 1.21 g/cm?® for Sh14, with an average
of about 1.86 g/cm?® and the value of the Shaab sample
was 1.83 g/cm®. Compared to the typical values of
dry density of ordinary sand, which is estimated at
1.5 g/cm® (Yu et al., 2023), this indicates that the
raw Shaab sand contains heavy minerals in a higher
proportion than ordinary sand. The content of the
heavy minerals in each sample was determined using
a heavy liquid separation (bromoform) technique,
and the results were showed in Figure 6. The results
confirmed that the total heavy mineral content in the
Shaab samples ranged between 2.91% mass for Sh 9

and 11.24% mass for Sh 13, with an average of about
8.00% mass and 7.63% mass for Sh tech.

The obtained heavy mineral fractions were studied
for size distribution analysis and the results were
presented in Figure 7, the mean results (for 19 samples)
showed that 96.08% mass of the HMs retained in
the size range 1 to 0.063 mm while zero percent of
HMs in the size fraction greater than 1mm and 3.91%
mass of HMs presented in silt size fraction (-0.063
mm). The results for the Shaab test sample were as
follows, 96.86% mass of HMs kept in size fraction
-1+0.063 mm, 0% mass in +1mm size fraction, and
3.13% mass of the HMs in silty fraction. Figure 7 also
shows that the mineral fraction (-0.125 + 0.063mm) is
the largest fraction that retains heavy minerals (about
40%), followed by fraction (-0.25 + 0.125 mm) that
retained about 30% of the heavy minerals.

Microscopic examination for the picked heavy
mineral grains using Stereo-binocular microscope

Figure 5- Apparent density measurements in the Wadi Shaab stream sediment samples.
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Figure 6- Heavy mineral distribution analyses for the Shaab samples.

Figure 7- Size distribution analyses for the Shaab heavy mineral fractions.
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then SEM analyses that supplied with EDS unit
revealed the presence of a large group of economic
heavy minerals that were listed as follows; ilmenite
(Figure 8a), leucoxene (Figure 8b), rutile (Figure 8c),
sphene (Figure 8d), zircon (Figure 9a), Zn-Sn-Pb
mineral (Figure 9b), Zn mineral (Figure 9c), xenotime
(Figure 10a), monazite (Figure 10b), cassiterite
(Figure 10c).

For detailed mineralogical study, magnetic
fractionation for the separated heavy minerals was
conducted using HIMS magnetic separator. Each heavy
mineral sample was magnetically separated into five
fractions (magnetic at 0.04A, 0.8A, 1.5A, 2.5A, and
non-magnetic at 2.5A). Each fraction was weighted
and calculated with respect to the percentage of heavy
minerals and the results are presented in Figure 11.
The magnetic fractionation results manifested that
the magnetic fraction at 1.5A represents the highest
value ranging from 30.61% mass for Sh 14 to 58.93%
mass for Sh 7 with an average of about 46.19% mass
followed by the magnetic fraction at 2.5A, where the
values ranged between 8.29 % mass for Sh 4 t0 27.94%
mass for Sh 14 with an average of 17.76% mass. While
the non-magnetic fraction at 2.5A has values between
10.48% mass for Sh 6 to 24.85% mass for Sh 14 with
an average of 17.12% mass. The magnetic fraction at
0.8A, its value ranged between 8.79 to 26.10% mass
with an average of 14.15% mass. As for the lowest
value of magnetic fractionation, it had a magnetic
fraction of 0.04A which ranged from 2.09 to 7.81%
mass with an average of 4.78% mass. With regard
to the Shaab test sample, the magnetic fractionation
results were as follows; 54.61% mass for magnetic
fraction at 1.5A, 26.61% mass for magnetic fraction at
2.5A, 4.03% mass for non-magnetic fraction at 2.5A,
8.44% mass for magnetic fraction at 0.8A, and 6.32%
mass for magnetic fraction at 0.04A (Figure 11).

EDXRF analyses for the oxides and elements of
different magnetic fractions for the Shaab test sample
were shown in Table 2. The data of analyses as well as
magnetic fractionation results in order to compute the
contents heavy minerals assuming their stoichiometric
composition, revealed that the content of ilmenite
reaches 0.06%, zircon is 0.08%, rutile is 0.07%,
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leucoxene is 0.07%, cassiterite is 0.008%, xenotime
is 0.004%, monazite is 0.0004%, heavy silicates is
0.53%, almandine is 0.022%, and magnetite represents
0.46%.

The mineralogical confirmation of the magnetic
fractionation of the Wadi Shaab representative sample
was conducted via x-ray diffraction analyses and the
diffractograms for the various fractions were depicted
in Figure 12 and Figure 13. Figure 12a showed that
the magnetic fraction at 0.04 amps contains mainly
magnetite, hematite, and antigorite which have ASTM
Card No. 76-1849, 58-599, and 44-1447 respectively.
While the magnetic fraction at 0.8 amps was mainly
composed of ilmenite, hematite and actinolite which
have ASTM Card No. 03-778, 01-1053 and 85-2157
respectively (Figure 12b). The alteration product of
ilmenite (leucoxene), actinolite, almandine, quartz
and traces of rutile separated as magnetic fraction
at 1.5 amps and have ASTM Card No. 03-778, 85-
2157, 74-1553, 85-789, and 72-1148 respectively
(Figure 12c).

Magnetic separation at 2.5 amps proved the
presence of epidote, actinolite, and monazite, which
have ASTM Card No. 17-514, 85-2157, and 46-1295
respectively (Figure 13a), while the non-magnetic
fraction at the same amperes showed the presence of
zircon, rutile, cassiterite, and diopside, which have
ASTM Card No. 81-588, 72-1148, 77-449 and 83-98
respectively (Figure 13b).

4.2. Beneficiation Processes

Zircon, rutile, ilmenite and other economic
minerals are found all over the world, but not always in
high grade concentrations. Therefore, low-grade ores
can be exploited by raising their grades via various
physical beneficiation processes.

The beneficiation processes of the Shaab test
sample was firstly carried out by raising the grade of
heavy minerals through the shaking table in order to
get rid of quartz and feldspar as much as possible. The
obtained heavy mineral concentrate was fed as feed
to different magnetic separators to differentiate the
minerals according to their magnetic response.
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Figure 8- Back-scattered electron (BSE) images and corresponding EDS spectra showing; a) ilmenite, b)
leucoxene, c) rutile, and d) sphene.
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Figure 9- BSE images and corresponding EDS spectra showing; a) zircon, b) Zn-Sn-Pb mineral, and ¢) Zn-mineral.
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Figure 10- BSE images and corresponding EDS spectra showing; a) xenotime, b) monazite, and c) cassiterite.
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Figure 11- Magnetic fractionation for heavy mineral fractions in the Shaab samples via DHIMS.

Table 2- EDXRF analyses of the Shaab test sample after magnetic fractionation.

Shaab Sample after Magnetic Separation '\ggsi\r '\gf;: '\/535': NO%T%%\ Fr.
Major Elemental Oxides in %

Fe,O, 9.3 10.8 8.12 0.932
CaO 1.14 3.32 381 227
TiO, 1.44 1.13 0.887 0.167
P,O, 0.0755 0.08 0.084 0.087
K,O 0.161 0.976 0.724 1.07
MnO 0.142 0.232 0.16 0.024
Trace Elements in ppm

Cr 2740 490 563 46
Ni 1750 336 285 55
Co 510 327 280 37
\% 324 339 266 45
Zn 114 191 143 42
Y 18 80 45 16.6
Pb 11 10 10.5 15.2
Cu <0.1 80 <0.1 13.6
Th <0.1 <0.1 9.5 <0.1
U <0.1 <0.1 <0.1 <0.1
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4.2.1. Shaking Table Concentration

Heavy minerals were concentrated from the sand
by exploiting differences in mineral density via a
rougher stage followed by multi-stages of scavengers
through Wilfley Shaking Table No. 13 (Fawzy et
al., 2022a, b). The rougher stage was carried out
under optimum conditions of 134 g/min feed rate,
14 liters/min water flow rate, stroke length of
1.5 cm, and inclination angle of 9°, while the multi-

scavenging stages were carried out under operating
conditions of 140 g/min feed rate, water flow rate of
17.5 liters/min., 2 cm stroke length, and inclination
angle of 11°. It is clear from the aforementioned
values that the scavenging stages have greater values
for operating conditions than those for the roughing
stage, due to the higher content of light minerals and
lower content of heavy minerals during the scavenging
stages. About 50 g representative sample of the

Figure 12- XRD diffractograms showing: a) magnetite, hematite, and antigorite separated as magnetic fraction at 0.04 amps,
b) ilmenite, hematite, and actinolite separated at 0.8 amps as magnetic fraction, and c) almandine, ilmenite,
actinolite, quartz, and rutile separated at 1.5 amps as magnetic fraction of the Wadi Shaab representative

sample.
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Figure 13- XRD diffractograms showing: a) epidote, actinolite and monazite separated fraction at 2.5 amps as magnetic, and b) zircon, rutile,
cassiterite, and diopside separated at 2.5 amps as non-magnetic fraction of the Wadi Shaab representative sample.

tabling products (concentrate and tail) were used in
the bromoform-separation test to estimate the heavy
mineral material balance and the data were presented

at Table 4.

It is clear from the results shown in Table 3 that the

heavy mineral assay increased from 7.63% of the feed
sample to 45.03% in the concentrate after multi-stages
gravity separation, while the heavy mineral recovery
in the roughing stage reached to 62.64% and increased

Table 3- Material balance of the different products of gravity concentration via shaking table for Shaab head sample.

Products of Tabling Yield (%) Heavy Mineral Assay (%) Heavy Mineral Recovery (%)

Roughing stage 8.99 53.17 62.64

Scavenging Round 1 3.45 47.79 21.63
Concentrate

Scavenging Round 2 13 31.17 5.31

Total Concentrate 13.74 45.03 89.58
Tail Total 86.26 1.53 10.42
Feed Total 100 7.63 100
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Table 4- Feed and concentrate grade EDXRF analyses as well as
enrichment ratio (E.R.) for the Shaadb test sample as
results of gravity concentration via shaking table.

Feed Concentrate | Enrichment
Grade Grade Ratio (E.R.)
Major Oxides in %
Fe,O, 2.85 7.78 2.73
CaO 2.32 4.6 1.98
TiO, 0.41 1.34 3.27
P,O, 0.087 0.125 1.44
K,0 0.81 0.66 0.81
MnO 0.0537 0.15 2.79

Trace Elements in ppm

Cr 377 1550 411
zr 355 849 2.39
Ni 150 221 1.47
Co 110 279 2.54
\Y 142 253 1.78
Zn 65 119 1.83
Y 21 55 2.62
Pb 11 14 1.27
Cu 28 33 1.18
Th <0.1 12.6 126
U <0.1 11.2 112

to 89.58% after two stages of scavenging in a yield of
13.74% out of the feed sample.

EDXRF spectrometric analysis of final concentrate
versus head sample analysis and enrichment ratio
values are presented in Table 4 where the enrichment
ratio values which were estimated by dividing
the concentrate grade by the feed grade (c/f) and
the resulting value indicates how many times the
concentrate has element concentration relative to the
feed. The enrichment ratio values for major elements
such as Fe,O, and TiO, showed a clear improvement
and increased by 2.73% for Fe,0, and 3.27 for TiO,,
As for the trace elements such as Zr, Cr, Co, Y, U,
and Th, they showed high enrichment ratio values,
as a result of doubling of the content of minerals
bearing them as magnetite, ilmenite, rutile, sphene,

zircon, xenotime, almandine, and monazite in the
concentrate.

4.2.2. Magnetic Separation

The heavy mineral fractions were used as feed for
LIMS for separation of magnetite as a ferromagnetic
mineral fraction and the non-magnetic fraction were
subjected to HIMS to fractionate free-magnetite
mineral fraction into paramagnetic and diamagnetic
fractions. Four magnetic fractions were resulted;
magnetite fraction, paramagnetic fraction separated
at 0.8A, paramagnetic fraction separated at 1.5A, and
paramagnetic fraction at 2.5A. Non-magnetic fraction
separated at 2.5A was also obtained.

Magnetite Separation: Using a low intensity
magnetic separator, magnetite is the separation product
of this fraction and it represents about 0.30% mass of
the heavy mineral fraction. The magnetite fraction was
confirmed by SEM analyses where the Back-scattered
electron (BSE) image with corresponding energy
dispersive spectrum (EDS) and its stereo microscopic
image were shown at Figures 14a, b respectively. The
SEM data for magnetite as separate grain was depicted
in Figure 14c.

Magnetic Fraction at 0.8A: lImenite is the main
target mineral for separation in this fraction using
HIMS at 0.8A that represents about 2.58% mass of
the heavy mineral fraction. The BSE image and its
corresponding EDS for this fraction as well as the
stereo microscopic images are shown at Figure 153, b
respectively, they were clarified that the main content
is iron (38.0%), titanium (27.4%), and silicon (18.8%),
this means that ilmenite is the main constituents with
traces of almandine garnet. llmenite as a separate
grain was presented in Figure 15c.

Magnetic Fraction at 1.5 A: Garnet and leucoxene
are the main essential minerals for separation in this
fraction that represents about 2.18% mass of the
heavy fraction of the Shaab sample. The SEM data
shown in Figure 16a as well as the stereo microscopic
image shown in Figure 16b proved that leucoxene
and almandine with traces of heavy silicates are the
main minerals that have been occurred. SEM data
concerning almandine is shown in Figure 16c.

159



Bull. Min. Res. Exp. (2024) 174: 145-165

Figure 14- Representative back-scattered electron (BSE) image with corresponding EDS spectra, and stereo microscopic image for magnetite

fraction a), b) respectively and c) for magnetite.

Magnetic Fraction at 2.5 A: Heavy silicates as
pyroxene, amphibole and epidote are the target
mineral for separation in this fraction as well as
traces of monazite and xenotime. This heavy fraction
represents about 1.49% mass of the heavy concentrate.
The SEM results (Figure 17a) and stereo microscopic
image (Figure 17b) proved that this fraction contains
mainly heavy silicate minerals, in addition to the
presence of monazite confirmed in Figure 17c.

Non-magnetic Fraction at 2.5 A: Non-magnetic
minerals such as zircon, rutile, sphene, and cassiterite
are the main heavy minerals can be separated at this
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fraction. This fraction represents about 7.19% mass
of the heavy mineral fraction. The SEM data in
Figure 18a proved that the main elemental content is
Ti (32.0%), Si (29.4%), Ca (22.8%), and P (1.8%).
The stereo microscopic image in Figure 18b as well
as SEM data in Figures 18c, d, and ¢ confirmed that
zircon, rutile, and cassiterite are the essential minerals
in this fraction.

A schematic sequence for processing and
separating economic heavy minerals from the Shaab
stream sediments sample with material balance is
presented as a flow-sheet in Figure 19.
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Figure 15- Representative BSE image with corresponding EDS spectra, and stereo microscopic image for magnetic fraction at 0.8A a), and b)
respectively and c) for ilmenite.
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Figure 16- Representative BSE image with corresponding EDS spectra, and stereo-microscopic image for magnetic
fraction at 1.5A a), b) respectively, and c) for almandine.

Figure 17- Representative BSE image with corresponding EDS spectra, and stereo microscopic image for magnetic
fraction at 2.5A a), and b) respectively, and c) for monazite.
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Figure 18- Representative BSE image with corresponding EDS spectra, and stereo icroscopic image for non- magnetic fraction at 2.5A a), and
b) respectively, c) for zircon, d) for rutile, and e) for cassiterite.
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Figure 19- Flow-sheet with material balance for recovery of economic heavy minerals from Shaab test sample.

5. Results

Mineralogical investigation of the Wadi Shaab
stream sediments revealed the presence of total
heavy minerals content ranged from 2.91% mass
to 11.24% mass with an average of about 8.00%
mass. Microscopic examination supplemented with
(XRD) and (SEM) analyses confirmed the presence
of ilmenite, leucoxene, rutile, sphene, zircon, Zn-
Sn-Pb minerals, xenotime, monazite and cassiterite.
The estimated reserve of the economic heavy
minerals within the Wadi Shadb stream sediments
can be summed up as follows; magnetite 3850 tons,
zircon 669 tons, rutile 585 tons, leucoxene 585 tons,
ilmenite 502 tons, almandine 184 tons, cassiterite 66
tons, xenotime 33 tons and monazite 3 tons. Physical
upgrading processes of VHMs from the Wadi Shaab
stream sediments was successfully performed in this
study using wet gravity concentration in conjunction
with magnetic separation. The total heavy mineral
assay increased from 7.63% to 45.03% after two
rounds of the scavenging concentration step following
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the roughing step in a yield of 13.74% out of the
original sample. Magnetite is the separation product of
this fraction using a low intensity magnetic separator.
DHIMS succeeded in fractionate free-magnetite
mineral fraction into paramagnetic and diamagnetic
fractions.
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article, are indicated. An attitude that will distract
this section from its main purpose should not be
taken in the Acknowledgements.

Contribution should be stated as short and concise
as possible to the persons and/or organizations that
provided assistance (reading, writing, language
assistance, etc.) during the research, and should not
take an attitude that would distract this section from
its main purpose.

5.10. References

* In this section, only the documents mentioned in the
article should be included in complete.

» Abbreviations should be avoided in naming the
publications and journals.

e The mentioned documents should be written in
Times New Roman and 9 pt.

* The first line of the references should be written as
justified to the left margin of the page, and the other
lines should be written by giving a hanging indent
value of 1.25.
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« The references should be listed in alphabetical order,
taking into account the surnames of the authors.

« If one author has more than one work in the same
year, lowercase alphabet letters should be used right
after the year of publication and the letters should be
italic (e.g. Saklar, 2011a, b).

« If more than one document of the same author is
cited, first his / her single-name publications in
chronological order, then double-names according
to the chronological order, and then multi-names
according to chronological order should be given.

For example:

Corradini, C. 2007. The conodont genus
Pseudooneotodus Drygant from the Silurian
and Lower Devonian of Sardinia and the
Carnic Alps (Italy). Bollettino-Societa
Paleontologica Italiana 46 (2/3), 139-148.

Corradini, C., Serpagli E. 1999. A Silurian conodont
biozonation from late Llandovery to end
Pridoli in Sardinia (Italy), In Serpagli (Ed.),
Studies on conodonts: Proceedings of the 7th
European Conodont Symposium. Bollettino
della Societa Paleontologica Italiana 37 (2-3)
(1998), 255-273.

Corradini, C., Corriga, M. G. 2010. Silurian and
lowermost Devonian conodonts from the
Passo \olaia area (Carnic Alps, Italy).
Bollettino della Societa Paleontologica
Italiana 49 (3), 237-253.

Corradini, C., Corriga, M. G. A. 2012. Pridoli -
Lochkovian conodont zonation in Sardinia
and the Carnic Alps: implications for a global
zonation scheme. Bulletin of Geosciences 87
(4), 635-650.

Corradini, C., Leone, F, Loi, A. Serpagli, E.
2001.Conodont  Stratigraphy of A Highly
Tectonised Silurian-Devonian Section in
The San Basilio Area (Se Sardinia, Italy).
Bollettino Della Societa Paleontologica
Italiana 40 (3), 315-323, 1 PI.

Corradini, C., Pondrelli, M., Serventi, P., Simonetto,
L. 2003. The Silurian cephalopod limestone
in the Monte Cocco area (Carnic Alps, Italy):
conodont biostratigraphy. Revista Espafiola
de Micropaleontologia 35 (3), 285-294.



Corradini, C., Corriga, M. G., Mannik, P., Schonlaub,
H. P. 2015. Revised conodont stratigraphy of
the Cellon section (Silurian, Carnic Alps).
Lethaia 48 (1), 56-71.

 If documents of different authors with the same
surname are mentioned, they should be written in
alphabetical order, considering their first names.

* If documents of different author(s) with the same
surname are mentioned in the same year, they should
be cited as given below. Same publication rule
should be applied for the single author.

For example:

“Usta, M., Yetis, C., Nazik, A. 2018. Anamur (Mersin)
dolaymin stratigrafisi ve Kambriyen yasl
kuvarsitler ile dolomitlerin  endustriyel
hammadde potansiyeli. Cukurova
Universitesi Fen ve Mihendislik Bilimleri
Dergisi 35, 6, 11-22, Adana”

should be cited as (Usta, M. et. al., 2018)

“Usta, D., Ates, S., Coban, M., Deveci, O, Saglam,
F.M. 2014. Adiyaman-Sincik-Hilvan
arasindaki bolgenin stratigrafisi ve kaya turi
Ozellikleri. 67. Turkiye Jeoloji Kurultayi
Bildiri Ozleri, Ankara, 98-99”

should be cited as (Usta, D. et. al., 2018)

“Usta, M. 2018. Anamur (Mersin) dolayinin
stratigrafisi ve Kambriyen yash kuvarsitler
ile  dolomitlerin  endistriyel hammadde
potansiyeli. Cukurova Universitesi Fen ve
Miihendislik Bilimleri Dergisi 35, 6, 11-22,
Adana”

should be cited as (Usta, M., 2018)

“Usta, D. 2014. Adiyaman-Sincik-Hilvan arasindaki
bolgenin stratigrafisi ve kaya tiiri ézellikleri.
67. Turkiye Jeoloji Kurultayr Bildiri Ozleri,
Ankara, 98-99”

should be cited as (Usta, D., 2018)

« If the document is in a periodical publication (if it is
an article), information about the document is given
in the following order: Authors “ surname, first letters
of the authors’ first names. Year of publication. The
name of the article. The name of the publication in
which the article was published, volume number and
/ or issue number with the first letters in capital, the
numbers of the first and last page of the document.

Punctuation marks like comma and etc. after journal
names should not be used.

* In the examples below, the information about the
mentioned documents is organized according to
different document types, taking into account the
punctuation marks.

For example:

Gursoy, M. 2017. Munzur Daglari Alt Miyosen
cokelleri mollusk toplulugu ve paleoekolojisi
(Dogu Anadolu, Tirkiye). Maden Tetkik ve
Arama Dergisi 155, 75-99.

Pamir, H. N. 1953. Tirkiye’de kurulacak bir
Hidrojeoloji  Enstitisii  hakkinda rapor.
Turkiye Jeoloji Bulteni 4 (1), 63-68.

Robertson, A. H. F. 2002. Overview of the genesis
and emplacement of Mesozoic ophiolites in
the Eastern Mediterranean Tethyan region.
Lithos 65, 1-67.

o If the document is a book: authors’ surnames,
authors’ first names. Year of publication. Title of the
book with capital letters. The name of the publishing
organization or the name of the publication in which
the document was published, the volume and / or
issue number, and the total number of pages of the
book should be specified, respectively.

For example:

Einsele, G. 1992. Sedimentary Basins. Springer
Verlag, 628.

Ketin, 1., Canitez, N. 1956. Yapisal Jeoloji. ITU, 308.

Meri¢, E. 1983. Foraminiferler. Maden Tetkik ve
Arama Genel Midurlugi Egitim Serisi, 26,
280.

« If the document is published in a book containing
the articles of various authors, the usual order for
the document included in a periodical publication
is followed until the end of the document title.
Then the editors’ surnames and initials and the
abbreviation of the editor word “Ed.” is written in
parentheses. Then, the title of the book in which the
document is located is written with the first letters
in capital letters. Name of publishing organization.
The place of publication, the volume number of the
publication in which the document was published,
and the numbers of the first and last pages of the
document should be written.
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For example:

Anderson, L. 1967. Latest information from seismic
observations. Gaskell, T. F. (Ed.). The Earth’s
Mantle. Academic Press. London, 335-420.

Gonclioglu, M. C., Turhan, N., Sentiirk, K., Ozcan,
A., Uysal, S., Yaliniz, K. 2000. A geotraverse
across northwestern Turkiye. Bozkurt, E.,
Winchester, J. A., Piper, J. D. A. (Ed.).
Tectonics and Magmatism in Tirkiye and
the Surrounding Area. Geological Society of
London. Special Publication, 173, 139-162.

« If it is desired to specify the name of a book in which
the writings of various authors are collected as a
document; following the surnames and names of the
book’s editors, in parentheses the “Ed.” statement
is written. Year of publication. Title of the book
with capital letters. The name of the publishing
organization or the name of the publication in which
the document was published, the volume and / or
issue number and the total number of pages of the
book should be specified.

For example:

Gaskel, T. F. (Ed.). 1967. The Earth’s Mantle.
Academic Press, 520.

* If the document is “published abstract”, information
about the document is given in the following order:
Authors’ surnames, authors’ first names. Year of
publication. Name of the document (paper). The
name, date and place of the meeting where the paper
is published, and the first and last page numbers in
the book containing the abstract should be written.

For example:

Oztunali, ©., Yeniyol, M. 1980. Yunak (Konya) yéresi
kayaclarinin - petrojenezi. Turkiye Jeoloji
Kurumu 34. Bilim Teknik Kurultayi, Ankara,
36.

Yilmaz, Y. 2001. Some striking features of the
Anatolian geology. 4. International Turkish
Geology Symposium, 24-28 Eyliul 2001,
Adana, 13-14.

« If the mentioned document has not been published
like report, lecture notes and etc., the word
“unpublished” should be written at the end of the
information about the document in parentheses
after the information about the document is given
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in the usual order for the document in a periodical
publication.

For example:

Akyol, E. 1978. Palinoloji ders notlari. EU Fen
Fakiiltesi Yerbilimleri Bolumi, 45, Izmir
(unpublished).

Ozdemir, C., Bigen, C. 1971. Erzincan ili, ilic ilgesi
ve civari demir etiitleri raporu. Maden Tetkik
Arama Genel Mudirltgi, Rapor No: 4461,
21, Ankara (unpublished).

« For unpublished courses, seminars and similar notes,
the course organizer after document name. The place
of the meeting. Title of the book and relevant page
numbers should be given.

For example:

Walker, G.R., Mutti, E. 1973. Turbidity facies and
facies associations. Society for Sedimentary
Geology Pacific Section Short Course.
Annaheim. Turbitides and Deep Water
Sedimentation, 119-157.

« If the document is a thesis; author’s surname, initial
of the author’s first name. Year of publication. Name
of the thesis. The type of the thesis, the university
where it was given, the total number of pages, its
province and the word “unpublished” are written in
parentheses.

For example:

Akilli, H. 2019. Polatli-Haymana (Ankara) civari
sicak sularinin izotop jeokimyasi (5180,
3D, 3H, 613C, 834S, 87Sr/86Sr) ve ana iz
element bilesimleri ile incelenmesi. PhD
Thesis, Ankara University, 255, Ankara
(unpublished).

Argun Aktan, O. 2019. Marmara Denizi Bati Kita
Sahanligl Yizeysel Cokellerinde Jeojenik ve
Antropojenik Agir Metal Zenginlesmesine
Yonelik Arastirmalar (Sarkdy Kanyonu, KB
Turkiye). MSc Thesis, Ankara University,
179, Ankara.

« Anonymous works should be arranged according to
the publishing institution.

For example:

MTA. 1964. 1/500.000 Oolcekli Turkiye Jeoloji
Haritasi, Istanbul Paftasi. Maden Tetkik ve
Arama Genel Mudurliigi, Ankara.



* For the documents that are in print, no date is put
after the name of the author, the name of the article
and the source to be published should be specified
and the word “in print” and / or “in review” should
be written at the end (in parentheses).

For example:

Ishihara, S. The granitoid and mineralization.
Economic Geology 75" Anniversary (in
press).

* Information downloaded from the Internet should be
given in the form of the name of the institution, its
web address, and the date on which the web address
was accessed. Turkish references should be given
directly in Turkish and should be written in Turkish
characters.

For example:

ERD (Earthquake Research Department of Turkiye).
http://www.afad.gov.tr. 3 March 2013.

» While citing the source, the original language should
be adhered to, and the title of the article should not
be translated.

6. lllustrations

« All of the drawings, photographs, plates and tables
used in the article are referred to as “illustrating”.

e [llustrations should be used when their use is
unavoidable or when they make the subject easier to
understand.

* In the selection and arrangement of the format and
size of the illustrations, an attitude should be made to
prevent loss of space as much as possible considering
the page length and layout of the bulletin.

e The number of illustrations used should be
proportional to the size of the text.

« All illustrations should be submitted in separate files
regardless of the text.

» Abbreviations should not be used in illustration
explanations in the text and should be numbered in
the order of mention within the text.

 Photographs and plates must be submitted as a
computer file in which all details can be seen for the
examination of the article, with EPS, TIFF or JPEG
extension and at least 300 dpi resolution.

6.1. Figures

e Drawings and photographs other than the plate to
be included in the article are evaluated together as
“Figure” and numbered in the order of mention in
the text.

The figures should be prepared in computer
considering the dimensions of a single column
width as 7.4 cm or double column width as 15.8 cm.
The figure area with its caption should not exceed
15.8x21 cm.

While preparing the figures, unnecessary details
should not be included and care should be taken not
to use more space than necessary for the transfer of
information.

In figure descriptions, a space should be left after
the word “Figure” is written, and the number is
given in the usual sequence number, followed by a
hyphen (-) and a space again, and a description of
the relevant figure should be written. If the figure
legend exceeds the bottom lines, the following lines
should to be written after the “Figure 1-” statement
alignment. Figure descriptions should be created as
follows, without exceeding the edges of the figure
and justified on both sides.

For example:

Figure 1- Thedistrictof Sandikl (Afyon);a) geological
map of the southwest, b) the general vertical
section of the study area (Seymen, 1981),
c) Turkiye’s most important neotectonic
structures (modified from Kogyigit, 1994).
 Drawings should be drawn in computer properly,
clean and with care.
e The use of thin lines that may disappear when
minimized in figures should be avoided.
» Symbols or letters used in all drawings should not be
less than 2 mm (7 pt.) in Times New Roman.

e All standardized symbols used in the drawings
should preferably be explained in the drawing, if
they are too long then they should be explained in
the figure below.

 Bar scale should be used in all drawings and the
north direction should be indicated on all maps.

» The name of the author, description of the figure,
figure number should not be included in the drawing.
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* Photographs should reflect the aims of the subject
and should be in adequate numbers.

* Figures should be framed.

6.2. Plates

» Plates should be used in cases where multiple
photographs are required to be printed together on
a special paper.

« Plate dimensions must be equal to the size of the
bulletin’s usable area of the page.

* Figure numbers should be written under each of the
figures on the plate and bar scale should be used.

* Original plates must be attached to the final copy
to be submitted in the case of acceptance of the
manuscript.

e Figures and plates should be numbered among
themselves and independently. Figures should
be numbered with Latin numerals and plates with
Roman numerals (eg Figure 1, Plate I).

« There should be no explanation text on the figures
inside the plate.

6.3. Tables

« All tables should be arranged in word format and
should be prepared in Times New Roman.

« Tables should not exceed the size of 15x8 cm together
with the table caption.

e Table explanations should be created without
exceeding the edges of the figure and justified as in
the example below.

For example:

Table 1- Hydrogeochemical analysis results of
geothermal waters in the study area.

7. Nomenclature and Abbreviation

* Abbreviations must be in the accepted international
or national form. Unusual nomenclature and
abbreviations that are not standardized in the
article should be avoided. In cases where it is
deemed necessary to use such nomenclature and
abbreviations, the way and method followed should
be explained.

* There should not be a dot between the words initials
used in standard abbreviations (such as MTA, DSI).

* Abbreviations of geography aspects should be made
in English (N, S, E, W, NE and etc.).
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The word group to be abbreviated should be written
clearly where it is mentioned first time and the
abbreviation should be given in parentheses, then only
the abbreviated form should be written throughout the
article.

» Systems with international validity (m, inch, etc.)
should be used as the unit of measure. Decimals
should be separated with commas in Turkish articles
and with a period in English articles.

» The names of figures, plates and tables in the article
should not be abbreviated. For example, “As seen
in the generalized stratigraphic section of the region
(Figure 1) .......

7.1. Chronostatigraphic  and
Nomenclature

Geochronologic

“International Chronostratigraphic Chart” (https://
stratigraphy.org/chart), which is updated annually by
the International Stratigraphic Committee, should be
taken into consideration in chronostratigraphic and
geochronological nomenclature.

Position within a chronostratigraphic unit can be
expressed in adjectives indicating the position,
for example: lower, middle, upper and etc. When
using these adjectives, it should be decided whether
the lower, middle and upper distinction is formal /
informal in the International Chronostratigraphic
Chart.

For example:
lower Miocene, Upper Holocene and etc.

e When stating the time where a geochronological
unit is, temporal adjectives such as; early, middle,
late and etc. are used. When using these adjectives,
the International Chronostratigraphic Chart should
be taken into consideration to decide whether the
adjectives begin with capital or lowercase letters.

For example:

early Miocene, Late Holocene etc.

7.2. Paleontological Nomenclature and Spelling of
Fossil Names

* Original names of fossils should be used.

For example:

Nummulites with limestone



« Fossil genus and species names are written in italics,
cf., aff. and gr. etc. expressions are written as normal
(perpendicular). When writing fossil names for the
first time, the surnames of the people who identify
them and the year in which they were first defined
should be written. In later uses, the surnames and the
year in which they are defined may not be written.
The surnames and dates of identifiers coming at
the end of the fossil names are not references, they
should not be included in the mentioned documents.

For example:
Alveolina aragonensis Hottinger, 1960 not a reference.

Alveolina cf. aragonensis Hottinger, 1960 not a
reference.

Alveolina aff. aragonensis Hottinger, 1960 not a
reference.

Alveolina gr. aragonensis Hottinger, 1960 not a
reference.

* After the first use of the same genus in the text is
written clearly, it can be abbreviated as in the
example so that it will not be confused with another
genus in later use.

For example:

Alveolina aragonensis, A. polathensis, A. ellipsoidalis
etc.

e If the date is in parentheses after the person
describing it after the name of the fossil in the text,
this is a reference and should be included in the
mentioned documents.

For example:
Alveolina aragonensis Hottinger (1960) is a reference.

 The following rules should be taken into account
when writing the systematic paleontologic section.

a. First of all, genus, species and subspecies to be
identified should be written in hierarchical order
like the order, upper family, family type species and
so on. Later, the species to be described should be
written together with the surnames and date of the
people who defined the subspecies name. If there
is a photograph of the described fossil, the plate or
figure with the photograph should be added under
the fossil name. The names of the authors listed
here are not references, so they are not included in
the reference.

For example:
Order: Foraminiferida Eichwald, 1830
Superfamily: Alveolinacea Ehrenberg, 1839
Family: Alveolinidae Ehrenberg, 1839
Type Genus: Borelis de Montfort, 1808

Type Species: Borelis melenoides de Montfort, 1808
= Nautilus melo Fichtel and Moll, 1798

Borelis vonderschmitti (Schweighauser, 1951)
(Plate 11, Figure 3-5 or Figure 3A-H).

b. Similar or synonyms (synonym) list should be left-
aligned in chronological order. The page and figure
number of the synonymous fossil in the relevant
study should be included in the synonymous list.
Authors in the synonymous list are references and
must be included in the references.

For example:

1951 Neoalveolina vonderschmitti Schweighauser,
page 468, Figures 1-4.

1974 Borelis vonderschmitti  (Schweighauser),
Hottinger, page 67, plate 98, Figures 1-7.

c. After the synonymous list is given, the definition,
explanations  (similarities and differences),
dimensions, material, stratigraphic distribution
(according to the characteristics of the fossil)
should be written.

d. If the fossil is defined for the first time (new
species) in the systematic paleontology section,
the origin of the name, holotype, type locality,
material, description, explanation (similarity and
differences), age and geographical distribution,
dimensions (according to the features that define
the fossil) should be written. Photographs of the
fossil identified for the first time by the authors
must necessarily be placed in plates or figures.

e. Bar scale indicating the size of fossils must be used
definitely in plates / figures.

8. References

« In the references to be made in the Main Text, only
the surnames of the authors and the publication
year of the mentioned article should be specified.
Referencing should be arranged according to one of
the following examples:

« Referring to a publication with a single author (in
chronological order):
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-Altinh (1972, 1976) defined the Bilecik sandstone in
detail.

It is known that the fold axes of the Devonian and
Carboniferous units around Istanbul are N-S trending
(Ketin, 1953, 1956; Altinli, 1999).

* Referring to a publication with two authors:

- The upper parts of the unit include Ilerdian fossils
(Sirel and Giindiiz, 1976; Keskin and Turhan, 1987,
1989).

» Referring to a publication with more than two
authors:

- According to Caner et al. (1975), the Alici formation
reflects the conditions of fluvial environment.

- Unit disappears by wedging towards E (Tokay et al.,
1984).

* Referring to a reference in another publication:

It is known that Lebling mentioned about the existence

of Liassic around Cakraz (Lebling, 1932; Charles,
1933).

* When referring to the works of the authors with the
same surname in the same year, referring the authors’
first names by writing their initials:

- Many studies have been done in the field of structural
geology in the study area (Gutnic et al., 1979; Yilmaz
A., 1983; Yilmaz, 1., 1983; Poisson et al., 1984 etc.).
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9. Prints Sent to Authors

Two copies of the relevant issue published in the
Bulletin of the Mineral Research and Exploration are
sent to the authors.

10. Terms of Publication and Copyrights

» Some or all of the articles to be published in the
Bulletin of the Mineral Research and Exploration
should not have been published before.

« Authors who submit a publication to the Bulletin of
the Mineral Research and Exploration are deemed
to have accepted the bulletin’s publication rules in
advance.

e The copyright of the manuscripts accepted for
publication and converted into publications belongs
to the General Directorate of Mineral Research and
Exploration (MTA).

The authors of the study sign the relevant forms
within the scope of the provisions specified in the
Regulation of the Editorial Board regarding the
transfer of copyright and submit them to the Editorial
Board. After the publication of the article, MTA may
pay royalty fees to the authors of the article for their
declarations within the scope of the “Regulation on
the Editorial and Processing Fees to be paid by the
Public Organizations and Institutions”.

NOTE: Information and forms about Bulletin of the
Mineral Research and Exploration can be accessed
from the website: http://dergi.mta.gov.tr/index.php.
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