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ABSTRACT

Obijective of this study is to use soil geochemistry surveys using statistical methods for the exploration of possibly
gold mineralization related to Alakeci listvenite area (Bayrami¢, Canakkale, Turkey). In the scope of soil
geochemistry, about 350 soil samples were analyzed and evaluated for nine elements including gold. Element
concentrations for Cu, Pb, Zn, As, Sh, Mo, Ni, Co and Au (all element except Au in ppm, Au in ppb) were 10-265,
10-90, 15-545, 5-800, 2-60, 4-8, 10-6300, 15-1255 and 40-300 respectively. The gold concentrations were
comparatively detected in low value than important ore deposit and exhibited no correlation with other elements
(except Mo). However, positive correlation was observed between Cu and Zn; Sb and As; Mo with As and Sb; Au
and Mo; Ni and Co. In literature, Cu, Zn, As, Sb and Mo were widely used as pathfinder elements for exploration
of gold mineralization. So, these elements were accepted as pathfinders in this study and their distribution maps
were prepared. The element distribution maps for pathfinder elements and gold displayed remarkable zoning in the
central to southeast site of the area connected with tectonic lines and lithological borders. So, in conclusion, this
part in the area needs to be investigated in detailed with geophysics and drilling methods for blind gold
mineralization.
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INTRODUCTION

Although the concept of listvenite long ago entered the geological literature, listvenite mineralization models
proposed are still controversial (Murchission et al. 1845, Bates & Jackson 1982). The listvenitization/listvenite
mineralization was firstly used for Ural goldfields of Russia which is situated in Listvenya. Over time, the concept
of listvenite was accepted by many authors and it was used in many studies (Aydal 1990; Ko¢ & Kadioglu 1996;
Vural, 2006; Zoheir & Lehmann 2011, Frost et al. 2013; Vural & Aydal 2016a; Hinsken et al. 2017; Yusuf et al.
2019). With a generic definition, listvenite is defined as carbonatization, silicification, pyritization and
serpentinization of ultramafic rocks by hydrothermal and / or metasomatic processes. So, listvenites are an alteration
type occurred by hydrothermal fluids moving in shear zones of ophiolitic suites (Ugcurum 2000; Vural 2006, Zoheir
& Lehmann, 2011, Kili¢ & Incedz, 2015; Vural & Aydal 2016 a, b; Belogub et al. 2017; Yang et al. 2019). The
listvenite, which is the subject of this study, fits this definition. Because listvenite/listvenitization has a close
relation to the precious and base metals, it continues to attract attention of many researchers. Although the listvenite
is observed in a small location, due to its importance for gold mineralization, soil geochemistry study was conducted
the area. So the aim of the study is to be tested the soil geochemistry in investigation of possibly gold mineralization
depending on the listvenitization in the area.
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MATERIALS AND METHODS

Geological setting

Alakeci mylonitic zone (AMZ) (Okay et al. 1990, Vural 2006, Vural & Aydal, 2016b, 2016a), including listvenites
is situated in Biga peninsula, NW Anatolia, Turkey. Basement rocks of the region, according to Okay et al. 1990,
southeast to northwest, include Sakarya, Ayvacik-Karabiga and Ezine zones. In the study area, we observe
metamorphic rocks of Kazdag group (consists of gneisses, amphibolite and marble) belonging to Sakarya Zone,
ophiolitic mélange belonging to Ayvacik-Karabiga Zone and mylonitic gneiss in mylonitic zone (AMZ) which
developed between these two zones, and metaserpentinites. All these units were cut Tertiary magmatics and/or
covered sedimentary and volcanics (Fig. 1).

Mylonitic gneiss between ophiolitic mélange and Kazdag Group formed the hilly Alakegi Mylonitic Zone in an
east-northeast trend consistent with the main foliation of Kazdag Group. Along these zones, listvenite extends in
the northwest-southeast direction with a length of 1.5-2 km and a width of 400-500 meters, and cutting northeast-
southwest trending dextral. Listvenite is mainly consisted of Fe-Mg carbonate (probably derived from olivine),
quartz and fuchsite (Cr-bearing mica). These minerals are accompanied by disseminated chromite and to a lesser
extent pyrite. As a result of the conversion of iron carbonates to iron oxides, the listvenites are yellowish green,
reddish brown.
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Fig. 1. Geology and sampling map of the study area (After VVural 2006).

Methology

Sampling and analytical procedure

From Alakeci listvenite area, for geochemical purposes, 350 soil samples were collected from 15-30 cm in depth
of soil profile B, in a rectilinear grid at equal distance along evenly spaced lines. The lines are oriented
perpendicularly to NW-SE trending listvenite zone. (Fig. 1). During the sampling, sampling procedures
recommended by Rose et al. 1991, were followed and the necessary sensitivity was taken to prevent contamination.
The samples were sent to the Laboratory of Mineral Research and Exploration of Turkey (MTA in Turkish,
Government organization of Turkey). Samples were dried at a temperature of 60 °C for 24 h, <80 mesh fraction
obtained by dry sieving was retained in order to be used in chemical analysis (Rose et al. 1991). Sample preparation
and analysis processes were also carried out according to the procedures of the MTA laboratory. So, samples were
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analyzed in this laboratory by applying its procedures for Ag, As, Mo, Sb, Cu, Pb, Zn, Co, Ni and Bi by a flame
atomic absorption spectrometer, Shimadzu AA-680 FAAS with single element hollow cathode lamb, and for gold
by a graphite-furnace atomic-absorption. MTA’s standards were used during the analytical process. First, a series
of mixed standard solutions containing each metal ion were prepared from stock metal solutions, and then these
solutions were introduced to the instrument to generate calibration charts. Finally, the soil samples were taken into
solution form after being digested with aqua regia reagent (3:1 ratio conc. HCI and HNO3) were measured in the
device, and concentrations of the solutions containing each metal ion were determined via relevant calibration
charts. The concentrations measured in mg L™ (or pug L) in solution were then converted to ppm (or ppb) by the
following Formula 1:

CxXVxD
Concentration (ppm or ppb) = — (D

C: The concentration value of mg/L or ug/L measured in aqueous solution by AAS

V: Final volume (mL) after being digested the soil samples with aqua regia

m: Weighed soil mass (g)

D: Dilution coefficient

Accuracy and sensitivity tests of sample analysis were performed according to following routine procedures:
Accuracy of the method was verified by a certified reference material, CRM Sandy Soil. The method, aqua regia
wet digestion — AAS determination, was applied to CRM and the results are depicted in Table 1. As shown in the
table, the recoveries are quite satisfactory. The results of the t-test on whether the certified value and the obtained
value are the same, are also quite satisfactory (Skoog et al. 2004).

Table 1. Analysis of a certified reference material, CRM sandy soil, for accuracy of the method (N = 3).

XcrRM  ScrRm Xe SE R(%) E(%) RSD (%) Xg - XcrRm SF/\/N te teritica™ Comparison

Cu 636 40 612 32 962 -3,8 52 -2,400 1,848 -1,30 4,30 Same
Pb 1200 80 1142 34 952 -4,8 3,0 -5,780 1,986 -291 4,30 Same
Zn 607 30 575 34 947 -5,3 6,0 -32,400 19,780 -1,64 4,00 Same
As 67,7 42 60,7 42 896 -104 6,9 -7,040 2425 -290 4,30 Same
Ag 246 16 223 14 908 -9,2 6,1 -2,270 0,785 -2,89 4,30 Same
Mo 536 40 478 36 891 -109 75 -5,830 2,078 -2,80 4,30 Same
Au  (25)** 21 2 849 -151 10,7 -3,780 1,305 -290 4,30 Same
Ni 484 30 444 29 918 -8,2 6,6 -3,960 1,686 -2,35 4,30 Same
Co 124 06 11,7 08 940 -6,0 6,6 -0,750 0445 -169 4,30 Same

Note: If tc > teritical OF tc < -teritical, HO (null hypothesis) is rejected. So, there is a statistically significant difference between the 2 results compared. tc is calculated by
the following formula:

_ Xp — Xcrm

SF/\/N

* teritical Value for p = 0.05
**The value given is for informational purposes, not certified.
Xcrm 1 Mean of the certified value
scrm  : Standard deviation of the certified value

Xr : Mean of the found value

SF : Standard deviation of the found value
R : Recovery

E : Error

RSD : Relative standard deviation

tc : Calculated t value

toritical - Critical t value

Precision of the method was evaluated with relative standard deviation (RSD). The solution containing the
corresponding metals at a concentration of 0.1 mg L was analyzed 20 times by the same method. The standard
deviation of the results obtained was calculated and RSD% values were found for each metal with the following
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Formula 2:
S
RSD (%) = = x 100 (2)

RSD  : Relative standard deviation

S : Standard deviation

X : Mean value

LOD (limit of detection), which is the lowest concentration detected by the method, was calculated by taking three
times the standard deviation of the results obtained after the analyses of 20 blank solutions. LOQ (limit of
quantification), which is the lowest concentration detected quantitatively by the method, was calculated by taking
10 times the standard deviation of the results obtained after the analyses of 20 blank solutions. RSD, LOD and LOQ
values of each metal are given in Table 2.

Table 2. Analytical figure of merit of the method.

LOD LOQ RSD

MgL* ppm* pgL* ppm* %
Cu 10 10 33 33 21
Pb 25 25 83 83 32
zn 10 10 33 33 26
As 20 20 66 66 17
Ag 010 10 33 33 21
Mo 15 15 50 50 12
Au** 013 0013 04 004 22
Ni 15 15 50 50 13
Co 15 15 50 50 14

*ppm LOD and ppm LOQ values were calculated by Formula 1. The ppm concentration can also be expressed in mg kg™.

**measured by graphite furnace AAS.

Evaluation of data

All data were analyzed with IBM SPSS 21 statistical software and also evaluated spatially with ArcMap 10.7. The
descriptive statistics of data (minimum, maximum, geometric mean, standard deviation, median etc.) and also
correlation coefficients were determined for 9 elements. The statistical analysis results were given in Tables 3-5.
Kolmogorov-Smirnov (K-S) nonparametric test was used to check whether the data showed normal distribution.
Histogram and Q-Q diagrams were also plotted to determine the probability properties of raw data (Fig. 2).

Table 3. Descriptive statistics for geochemical data in soils of Alakegi listvenite.
N* Upper Crust Value**  Mean Median Geometric Mean Minimum Maximum Std. Deviation

Cu 342 28  38.30 33,00 32,90 10 265 29,120
Pb 340 17 24.38 20,00 22,33 10 90 10,386
Zn 342 67 64.18 55,00 58,31 15 545 38,812
As 325 48 93.32 50,00 61,43 5 800 86,083
Sb 220 0,4 4,75 4,00 3,54 2 60 6,151
Ag 1 0,053 2.00 2,00 2,00 2 2

Mo 16 11 4.50 4,00 4,36 4 8 1,366
Au 38 15 64,21 40,00 53,96 40 300 52,589
Ni 340 47 1517,29 1250,00 916,47 10 6300 1271,054
Co 338 17,3 104,20 80,00 78,38 15 1255 98,088

*N represents the number of samples to which the metal of interest is quantitatively detected.
**Upper crust element concentration of Rudnick and Gao (2010).

Element distribution mapping

Element mapping for gold and its pathfinder elements to explore the potential gold enrichment/mineralization were
prepared using ArcMap 10.7 software with kriging, prediction technique. In this technique, optimal weights are
calculated by determining the spatial dependence between sample points. The most commonly used method for
determining the spatial dependence is variogram or covariance function. There is no priority of preferring one
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function over another, and one can be easily preferred. According to the regional variable theory, semi-variance
parameter is used to determine the degree of relationship between points on the surface (some details on the
technique were given in the relevant section below).

Because of the extremely high values of the elements in soil data, it was preferred to use the background
concentrations of the upper continental upper crust proposed by Rudnick and Gao, 2010, rather than calculating the
threshold values in this study.

Table 4. Significance levels of the Kolmogorov—Smirnov test (K-S p) and skewness and kurtosis values for the raw and log-
transformed data from soil samples.

Raw data Log-transformed Data
Skewness Kurtosis K-S* Skewness Kurtosis K-S2p
Cu 4,583 28,604 ,000 ,791 2,154 ,000
Pb 1,524 6,561  ,000 -,362 ,109 ,000
Zn 6,927 75,537,000 ,581 3,158 ,000
As 2,927 17,269 ,000 -,599 ,026 ,000

Sh 6,036 44,620 ,000 1,292 2,288 ,000
Mo 2,509 4,898 ,000 2,509 4,898 ,000
Au 3,150 11,287 ,000 1,802 2,700 ,000
Ni 1,127 814 ,000 -1,171 1,326 ,000
Co 5,408 55,838 ,000 ,145 -,345 ,002
a. Lilliefors Significance Correction

b. Ag is constant. It has been omitted.

RESULTS AND DISCUSSION

Statistical evaluation of the data

Table 3 reports a summary of the descriptive statistics for 9 elements of the soil samples data, including mean,
median, geometric mean, minimum, maximum and standard deviation. Element concentration of soil were ranged
for Cu, Pb, Zn, As, Sh, Ag, Mo, Ni, Co and Au (all element except Au in ppm, Au in ppb), from 10 to 265; 10 to
90; 15 to 545; 5 to 800; 2 to 60; 2; 4 to 8; 10 to 6300; 15 to 1255 and 40 to 300 respectively. These concentrations
are generally higher than the expected normal soil values. Except Ni and Co, all elements exhibited high values in
more than one sampling location, Ni and Co displayed one and two high values respectively. These extremely high
concentrations in sampling set are thought to be due to improved listvenitization of the ultramafic rocks due to
hydrothermal alteration/metasomatism processes. In order to find out the probability properties of the elements in
soil samples, histograms, Q-Q diagrams of both raw data, logarithmic transformed data and Box-Cox transformed
data were prepared (and K-S test was applied (Fig. 2, Table 4). In Table 4, the kurtosis, skewness and K-S results
are given in detail for raw and log-transformed data. Due to skewness of raw data, for all elements, concave shapes
and both high and low values were obtained (Jena 1996; Anderson 2008; Carranza 2009; Carranza et al. 2009; Zuo
et al. 2009; Carranza & Sadeghi 2010; Almasi et al. 2015; Vural 2019). The raw data of all examined elements
showed skewness, and concave geometry. High and low values were also observed. Therefore, it was found that
the examined elements exhibit deviations from the normal distribution. Log normal data were found to be relatively
close to the normal (Gaussian) distribution (Box-Cox conversions data were not used in this study because they did
not yield satisfactory results). So, for element distribution mapping, log-transformed data were used. Factor
analysis, clustering analysis and also correlation coefficients are used in the determination of pathfinder elements
that guide the exploration for indicator elements [the element(s) subject to mineral exploration] (Miranda et al.
1996; Diaz et al. 2002). In this study, only correlation analysis was used to detect pathfinder elements for gold (p
<0.05 and p <0.01) and the multi element correlation coefficients of soil samples are shown in Table 5. Considering
the correlation coefficients calculated for the elements, gold has no correlation with other elements (except Mo).
However, positive correlations were observed between Cu and Zn (0.75), Sb and As (0.65), Mo with As (0.51) and
Sb (0.57), Au and Mo (0.73) as well as Ni and Co (0.73). Since gold values in the soil exceeded detection limits
and reached remarkable values at only a few sampling points in the study area, correlation analysis results were not
very satisfactory for gold. In many studies, some elements for gold have been proposed as pathfinder elements. For
example, Anand et al. 2019, stated that the development of deep weathering and ferruginous horizon leads to
enrichment of gold and pathfinder elements (soil formation process in one aspect) and in this process, As, Sb and
W accompany the gold as pathfinders.
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Fig. 2 . Histogram and normal Q-Q plots of the raw data.

Table 5. Correlation coefficient of the elements.

Cu Pb Zn As Sb Mo Au Ni  Co
Cu 1
Pb 042 1
Zn 075 044 1
As -0.03 005 0.08 1
Sbh 008 0.06 012 065 1
Mo -0.13 -0.24 -0.24 051 057 1
Au -0.02 -0.13 -0.07 0.05 0.10 0.73 1
Ni -0.26 -0.10 -0.01 0.36 0.18 0.05 -0.09 1
Co -0.19 -0.03 0.02 0.37 0.20 0.03 -0.10 0.73 1

In the study conducted by Nude et al. 2012, factor analysis and hierarchical cluster analyzes were performed to
determine the possible pathfinder elements for gold. As a result, they stated that As and Cu can be used as pathfinder
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in secondary environments such as lateritization. Ellsmore et al. 2010, reported that Ag, As, Bi, Pb, Hg, W, Zn and
Sn are good pathfinders for gold in soils derived from basic rocks, especially basaltic rocks. Given the literature
mentioned above and also performing correlation analysis, Cu, Zn, As, Sb and Mo were accepted as pathfinder
elements for gold in the study. The reason for the presence of Mo in these elements considered as pathfinder is
thought to be a porphyry system which is thought to exist deeply in the region. Mo, which is probably a part of the
deep porphyry system, reaches the surface due to its mobility and acts together with these elements under the effect
of similar physicochemical conditions (Vural 2006, Vural & Aydal 2018).

Evaluation of element distribution maps

Element distribution maps for gold and its pathfinders Cu, Zn, As, Sb and Mo were prepared using ordinary kriging
prediction technique by ArcMap 10.7 (Fig. 3). This technique has been used synonymously with geostatistical
interpolation for many years. It was recommended by Krige, 1951, for the first time and its use has become
widespread with Matheron’s, 1963, formulation (Cressie 1993). Kriging technique is a method that can be easily
adapted to many situations. Kriging uses semi-variograms to determine values at non-sampled points. Since the
semi-variogram is a function of distance, the weighting of the sampling points varies according to the geographical
location of the sample locations. Therefore, there is low weighting for distal points and high weighting for proximal
ones (Distribution maps and detailed comparison of the techniques used are given by Vural 2019). As mentioned
above, the conversion of data to normal distribution has been used in different conversion methods. In this study,
the log conversion technique among these methods yielded satisfactory results compared to the others in converting
the given data.

When elements distribution maps which prepared using kriging evaluated, it was determined that (Fig. 3) Cu and
Zn anomalies (> 28 ppm for Cu and > 67 ppm for Zn) are concentrated in the central region and southeast of the
study area. A second enrichment zone for Cu and Zn is located in the northwest of the study area. It is also found
that Cu and Zn anomalies are closely related to tectonic lines in the area. In addition, Cu and Zn anomalies are
observed in a small area at Karagam near the center of the study area.

According to distribution map, As anomaly values (> 5 ppm) are mostly located in the center of the study area and
are related to the main tectonic line.

Sb anomalies (> 2 ppm) (according to the data determined at limited points) are concentrated in the southeast of the
study area and in the central part of the site. Sb anomalies are also closely related to tectonic lines in the area.

It is observed that Mo anomalies (> 2 ppm) developed on the main tectonic line in the central part of the study area
and along the probable thrust line extending to the southeast of the site.

When the distribution map in terms of gold is evaluated, it is seen that high gold concentrations (> 40 ppb) are
developed on the main tectonic line in the central part of the study area and on the possible thrust line in the southeast
of the study area.

According to element distribution maps, gold and its pathfinder elements have similar distribution patterns. So, it
was concluded that element enrichment in listvenites are related to tectonic lines and also boundary between
listvenites and wall rock (Fig. 3). It was also concluded that the element distribution maps have compatibility with
the elements exhibiting a positive correlation.

CONCLUSION

The findings obtained in this study can be listed as follows:

In this study, prospective gold mineralization in Alakegi listvenite area (Bayramic, Canakkale) was investigated
by statistical and spatial statistical evaluations of the results obtained from soil geochemistry study. So that, 350
soil samples were evaluated for Au, Cu, Pb, Zn, As, Sb, Mo, Ni and Co.

Result of the geochemical analysis was determined that the concentrations of Cu, Pb, Zn, As, Sh, Mo, Ni, Co and
Au (all element except Au in ppm, Au in ppb) were 10-265, 10-90, 15-545, 5-800, 2-60, 4-8, 10-6300, 15-1255 and
40-300 respectively. These concentrations are generally higher than the expected normal soil values for the
elements. These (extremely) high concentrations in sampling set are thought to be due to improved listvenitization
of the ultramafic rocks due to hydrothermal alteration processes.
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Fig. 3. Element distribution of gold and its pathfinders.
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Although there was no significant correlation between gold and other elements (except Mo) in the correlation
analysis, a positive correlation was found between Cu and Zn, between Sb and As and also between Mo and As
along with Sh. Given the correlation analysis results and also literature data, Cu, Zn, As, Sb and Mo were accepted
as pathfinder elements for Au. Element distribution maps for gold and its pathfinders were prepared. It was
concluded that gold and its pathfinder elements offer similar distribution patterns. This shows that the elements
accepted as pathfinder for gold are accurate. In addition, according to the distribution map patterns, it was also
concluded that the element enrichments developed in the listvenite site are associated with the tectonic lines and
occurred along the boundaries of the listvenite and the wall rock.

As a result, when geostatistical data, geological map of the area and element distribution map data were evaluated
together, it was concluded that possibly gold mineralization can be expected and explored in the central and
southeast part of the target area which is closely related to NE-SW and NW-SE trending fault system and also
thrusting fault zone between rocks of Kazdag groups as well as mélange and listvenite; the reason for necessity of
conducting geophysical and drilling researches for detailed studies.
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