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Abstract 
Geochemical baseline data are essential for both mineral exploration and environmental assessment, particularly in regions 

where naturally elevated element concentrations may mask or mimic mineralization-related anomalies. This study 

establishes robust soil and rock geochemical baselines for the Early–Late Carboniferous Gümüşhane Granitoid, a key 

lithological unit situated within one of Türkiye’s major metallogenic provinces in the Eastern Pontides. A total of 16 

granitoid and 34 overlying soil samples were analyzed using ICP–MS, and the resulting dataset was evaluated through 

descriptive statistics, Pollution Index (PI), and Index of Geo-accumulation (Igeo) calculations. 

The granitoid bedrock exhibits PI values close to 1.0 and Igeo values near −0.5 for major oxides, indicating compositions 

consistent with typical upper continental crust and reflecting unmodified litho-geochemical signatures. Trace-element 

patterns reveal notable depletions in Co, Cs, V, Ni, and Pb, whereas slight enrichments in Ba, Ga, Y, and rare earth elements 

likely reflect secondary mineral phases or mild hydrothermal modification. Soil samples, however, display markedly 

elevated PI values (>1.5) for a broad suite of elements including P, Mn, As, Y, Cd, Sn, Sb, REEs, Pb, Th, and U, 

demonstrating that soils developed on the granitoid host naturally enriched background levels far above global crustal 

averages. 

Median, MAD, and Median + 2×MAD thresholds were used to identify conservative and high-level anomaly limits, 

offering a statistically robust framework suited for non-normally distributed soil datasets. These locally calibrated 

thresholds provide critical guidance for mineral exploration, as reliance solely on universal crustal reference values could 

lead to false anomaly detection. From an environmental perspective, the established background levels allow for a more 

accurate distinction between natural geochemical signatures and anthropogenic contributions. 

Overall, this study provides the first integrated soil–rock geochemical baseline for the Gümüşhane Granitoid and delivers 

a scientifically rigorous reference framework for both exploration geochemistry and environmental monitoring across the 

Eastern Pontides. 
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1. Introduction 

Soil geochemistry studies are widely employed both 

in exploration geochemistry for mineral prospecting 

and in environmental geochemistry. The data 

generated from such studies often serve both purposes, 

and their interpretation may therefore converge. In 

particular, geochemical investigations that address 

environmentally relevant, naturally derived risks 

inherently focus on elements occurring at elevated 

concentrations, which can also provide a valuable 

basis for mineral exploration. One of the key factors 

influencing the elemental composition of soils is the 

parent rock from which the soils are derived. 

Considering this factor, the present study aims to 

evaluate soil–rock relationships by examining the 

concentrations of selected elements in soils and their 

corresponding parent rocks in the Gümüşhane 

region—one of Türkiye’s major metallogenic belts. 

 

The Gümüşhane region and its surroundings host 

several significant mineral deposits [1, 2, 11–18, 3–

10]. This region is an important natural resource area 

within the Tethyan metallogenic belt and hosts a 

variety of magmatic–hydrothermal deposit types, 

including porphyry (Cu–Mo, Cu–Au, etc.), epithermal 

(Au, Au–Ag), and volcanic massive sulfide (Cu–Pb–

 
 Journal of Engineering Research and Applied Science 

 Available at www.journaleras.com 

 Volume 14 (2), December 2025, pp 250-263 

 ISSN 2147-3471 © 2025

 

 

 

mailto:alaaddinvural@gmail.com
https://orcid.org/0000-0002-0446-828X
http://www.journaleras.com/


Journal of Engineering Research and Applied Sciences Volume 14(2), December 2025, pp 250-263 

251 

Vural / Geochemical Baseline Establishment for Exploration and Environmental Assessment: The Soil–Rock 

             Relationship in the Gümüşhane Granitoid, Eastern Pontides, Türkiye 

Zn) mineralizations. Therefore, numerous mineral 

exploration studies have been conducted in the region, 

and, owing to its elevated elemental background 

levels, various environmental geochemistry 

investigations have also been carried out [14, 19–25]. 

 

One of the most essential components of mineral 

exploration is geochemical prospecting 

(reconnaissance) studies. Numerous mineral deposits 

have been identified through such investigations [1, 

26–31]. While the fundamental components of 

prospecting studies consist of stream-sediment, soil 

geochemistry, and plant geochemistry, more detailed 

exploration includes rock-geochemistry analyses. 

 

One of the most critical factors determining the 

success of prospecting studies is the accurate 

identification of elemental baseline values and 

anomaly thresholds [12, 32–37]. 

 

This study aims to determine, through robust scientific 

methods, the geochemical background and threshold 

concentrations of selected major and trace elements in 

the Gümüşhane Granitoid—which forms extensive 

exposures within the Gümüşhane province—and in 

the soils derived from this lithological unit. 

 

The resulting values will constitute a dependable 

reference framework for exploration geochemistry by 

assisting in the recognition of potential 

mineralization-related anomalies and supporting 

geochemical prospecting strategies in the area. 

 

From the perspective of environmental geochemistry, 

the locally established background levels will provide 

an essential benchmark for distinguishing natural 

geochemical signatures from anthropogenic inputs. 

Consequently, these data will contribute to more 

accurate environmental risk evaluations and inform 

evidence-based land-management and planning 

efforts. 

 

2. Material and Method 

2.1. Regional Geology 

The pre-Tertiary geological framework of the Eastern 

Pontides consists of a diverse assemblage of 

lithological units. These include metamorphic rocks of 

Early Carboniferous age [38], followed by extensive 

plutonic bodies emplaced during the Early to Late 

Carboniferous ([39–47]. Volcano-sedimentary 

successions formed in the Early to Middle Jurassic are 

also widely exposed [48, 49]. Middle–Late Jurassic 

magmatism is represented by several plutonic 

intrusions [47, 50–54]. This succession is overlain by 

Early Cretaceous (Berriasian–Aptian) carbonate 

platforms. The geological record is further 

complemented by Late Cretaceous volcanic, plutonic, 

and sedimentary units that mark sustained magmatic 

and sedimentary activity during this period [55–60]. 

 

The Tertiary units of the Eastern Pontides comprise a 

broad spectrum of magmatic and volcanic rocks. 

These include Late Paleocene–Early Eocene adakitic 

lithologies [61–64], followed by extensive Early–

Middle Eocene volcanic to subvolcanic suites [65–

73]. Middle Eocene magmatism is further represented 

by a series of plutonic intrusions [2, 5, 11, 64, 74–81]. 

The volcanic activity continued into the Late Eocene 

and Oligocene [82, 83], and a suite of Miocene–

Pliocene adakitic to non-adakitic volcanic and 

subvolcanic rocks is also present in the region [84]. 

The youngest geological units in the area consist of 

Quaternary alluvium, slope debris, and travertine 

deposits [85, 86]. 

 

The study area is located to the south and southeast of 

Gümüşhane, covering the Çamlıköy and Işıkdere 

localities, where the Early–Late Carboniferous 

Gümüşhane Granitoid is extensively exposed (Figure 

1). A well-developed soil profile, of suitable thickness 

for soil geochemical investigations, has formed upon 

this granitoid bedrock. 

 

2.2. Analytical Procedures 

The preparation of soil samples—and a subset of rock 

samples—was carried out in the sample preparation 

laboratory of the Department of Geological 

Engineering at Gümüşhane University. Most of the 

chemical analyses were performed at the Gümüşhane 

University Central Laboratory using inductively 

coupled plasma–mass spectrometry (ICP–MS). 

Before analysis, the samples were dried, 

homogenized, and powdered to analytical grain size 

following standard geochemical preparation 

protocols. 

 

Both the sample preparation workflow and 

instrumental analytical methodology adopted in this 

study are consistent with previously established 

procedures documented in Vural et al. [87],  Vural and 

Şahin [88], and Bulut et al. [89]. These references 

outline the digestion methods, calibration strategies, 

quality control measures, and instrument performance 

criteria applied in similar geochemical investigations. 

Accordingly, appropriate blanks, duplicates, and 

certified reference materials were incorporated into 

the analytical sequence to ensure accuracy and 

reproducibility of the obtained data. 
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Figure 1. Geological map of the study area and sample locations [after 53, 54]. 

 

 

3. Results and Discussions 

To establish reliable local elemental baseline values 

for the soils and bedrock of the Çamlıköy and Işıkdere 

districts (Gümüşhane province), a dataset comprising 

16 granitoid rock samples and 34 soil samples was 

evaluated (Tables 1 and 2). The granitoid dataset 

integrates previously published geochemical analyses, 

including six samples from Lermi [20], nine samples 

from Dokuz [90], and seven samples published by 

Vural et al. [91]. These samples collectively represent 

the geochemical variability of the Early–Late 

Carboniferous Gümüşhane Granitoid, which 

dominates the bedrock geology of the study area. 

 

Descriptive statistical parameters were calculated for 

both the soil and rock datasets. In addition to these 

measures, pollution/enrichment indices, namely the 

Pollution Index (PI) and the Index of Geo-

accumulation (Igeo), were computed to assess the 

degree of elemental enrichment relative to upper 

continental crust (UCC) values. For this purpose, the 
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UCC concentrations of Rudnick and Gao [92] were 

adopted as reference compositions. 

 

After calculating PI and Igeo values for each sample, 

descriptive statistics for these indices were also 

derived to characterize the enrichment tendencies of 

individual elements. Although the mean, median, and 

geometric mean values of the granitoid samples 

exhibit relatively close distributions (Figure 2), 

median values were preferred as representative central 

tendencies in order to reduce the influence of extreme 

values. Based on these median values, elemental 

threshold concentrations in the granitoid were 

determined using the widely applied robust estimators 

Median + MAD and Median + 2×MAD, where MAD 

corresponds to the median absolute deviation. 

 

 
Table 1. Mean major oxide and trace-element concentrations of the Gümüşhane Granitoid exposed in the study area, 

together with calculated PI and Igeo indices. Major oxides are reported in wt.%, whereas all trace elements are 

expressed in ppm  
Mean Median Geo.Mean. PI Igeo  

SiO2 62.98 64.46 62.56 0.97 -0.63 

Al2O3  16.65 16.45 16.58 1.07 -0.49 

Fe2O3 5.38 4.84 4.57 0.96 -0.64 

MgO 2.26 2.11 1.79 0.85 -0.82 

CaO 4.10 3.89 3.29 1.08 -0.47 

Na2O  3.43 3.34 3.40 1.02 -0.56 

K2O 2.45 1.84 2.04 0.66 -1.18 

TiO2 0.80 0.67 0.67 1.05 -0.51 

P2O5 0.21 0.16 0.17 1.07 -0.49 

MnO 0.09 0.07 0.07 0.70 -1.10 

Sc 6.33 7.00 6.07 0.49 -1.62 

Ba 745.05 739.05 652.37 1.18 -0.35 

Co 10.99 8.00 8.43 0.46 -1.70 

Cs 1.96 1.80 1.76 0.37 -2.02 

Ga 20.35 20.40 20.12 1.17 -0.36 

Hf 6.14 5.30 5.52 1.00 -0.58 

Nb 11.35 10.40 10.54 0.87 -0.79 

Rb 80.33 78.05 65.60 0.93 -0.69 

Sr 343.10 335.95 320.44 1.05 -0.51 

Ta 0.84 0.80 0.80 0.89 -0.75 

Th 11.56 8.15 8.91 0.78 -0.94 

U 2.15 1.60 1.74 0.59 -1.35 

V 6.00 6.00 6.00 0.06 -4.64 

W 1.47 0.90 0.99 0.47 -1.67 

Zr 229.98 190.50 197.86 0.99 -0.60 

Y 27.93 25.10 26.38 1.20 -0.32 

La 41.07 32.20 34.69 1.04 -0.53 

Ce 88.57 70.50 76.41 1.12 -0.42 

Pr 9.09 7.85 8.35 1.11 -0.43 

Nd 29.97 26.60 28.76 0.99 -0.60 

Sm 6.66 6.35 6.35 1.35 -0.15 

Eu 1.41 1.31 1.31 1.31 -0.20 

Gd 5.65 5.34 5.32 1.34 -0.16 

Tb 0.89 0.83 0.84 1.19 -0.33 

Dy 5.08 4.85 4.79 1.24 -0.27 

Ho 0.95 0.89 0.89 1.07 -0.49 

Er 2.82 2.65 2.66 1.15 -0.38 

Tm 0.42 0.39 0.39 1.30 -0.21 

Yb 2.65 2.66 2.47 1.33 -0.17 

Lu 0.40 0.39 0.38 1.26 -0.25 

Pb 6.12 6.70 5.73 0.39 -1.94 

Ni 6.25 5.90 5.24 0.13 -3.49 
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Table 2. Descriptive statistics and MAD values of some element concentrations (ppm) in soils from the Çamlıköy and 

Işıkdere areas 

  Mean Median S.Dev. Max. Min MAD M+MAD M+2*MAD 

Mg 1.14 1.14 0.42 2.25 0.19 0.22 1.36 1.58 

P 986.90 837.59 474.01 2246.90 209.04 220.22 1057.81 1278.03 

K 2.40 2.02 1.71 6.78 0.14 1.10 3.13 4.23 

Ca  1.68 0.96 1.69 6.21 0.20 0.37 1.32 1.69 

Sc  18.92 19.96 8.34 35.41 5.10 4.04 24.00 28.05 

V  109.97 116.21 46.99 219.89 19.00 28.95 145.17 174.12 

Cr  44.66 39.05 31.45 157.37 11.70 19.15 58.20 77.36 

Mn  1463.76 1394.37 594.16 3772.90 732.00 235.49 1629.86 1865.35 

Fe  5.81 5.57 2.16 9.75 2.60 1.71 7.27 8.98 

Co  15.12 13.69 5.54 36.60 8.50 2.88 16.58 19.46 

Ni  17.57 15.45 11.07 60.40 4.54 3.83 19.28 23.10 

Cu 29.99 23.84 25.62 126.23 5.48 8.73 32.57 41.30 

Zn  152.33 94.38 186.55 905.17 51.32 22.77 117.15 139.93 

As  15.41 10.62 13.36 59.44 4.00 3.77 14.40 18.17 

Se  0.64    0.37 1.01 1.10 

Rb  121.63 123.90 85.47 360.78 7.00 56.32 80.22 236.55 

Sr  94.97 78.80 81.57 475.01 10.00 21.04 99.84 120.87 

Y  42.16 46.80 17.44 70.70 11.37 12.84 59.64 72.48 

Mo  2.06 1.27 2.07 9.50 0.40 0.44 1.71 2.15 

Cd  0.64 0.29 1.30 7.40 0.10 0.06 0.35 0.42 

Sn  6.50 6.50 4.09 14.53 0.60 3.07 9.57 12.64 

Sb  1.25 0.73 1.11 3.70 0.10 0.53 1.27 1.80 

Cs  6.24 5.14 4.78 18.03 0.88 2.25 7.39 9.64 

Ba  711.69 695.28 346.71 1439.27 117.30 194.73 890.01 1084.74 

La  59.29 60.12 23.41 105.23 14.20 14.00 74.12 88.12 

Ce  134.74 129.85 67.60 256.52 29.60 41.33 171.18 212.51 

Eu  1.85 1.55 1.02 5.00 0.58 0.50 2.05 2.55 

Gd  7.95 8.09 2.80 13.74 2.57 1.20 9.29 10.48 

Tb  1.38 1.43 0.55 2.47 0.40 0.28 1.71 1.99 

Dy  7.89 8.23 3.25 15.50 2.32 1.29 9.52 10.81 

Ho  1.74 1.83 0.74 3.47 0.44 0.34 2.17 2.51 

Er  5.35 5.61 2.39 10.90 1.21 1.00 6.62 7.62 

Tm  1.15 1.02 0.69 2.43 0.16 0.63 1.66 2.29 

Yb  5.60 5.78 2.75 10.37 1.00 1.45 7.23 8.67 

Lu  1.22 1.11 0.75 2.66 0.14 0.72 1.84 2.56 

Hf  6.39 4.49 6.61 22.30 0.04 2.95 7.45 10.40 

Hg  0.04 0.03 0.04 0.15 0.01 0.01 0.03 0.04 

Pb  53.63 39.00 40.65 181.10 11.93 16.39 55.39 71.78 

Th  41.10 37.61 29.98 116.09 3.50 24.81 62.42 87.23 

U  6.04 5.70 4.30 17.63 0.60 2.61 8.31 10.92 

Bi  0.23 0.09 0.28 0.99 0.01 0.08 0.17 0.25 

Nb  4.05 0.04 6.41 16.80 0.00 0.04 0.08 0.12 

W  1.02 0.00 1.67 5.30 0.00    

Zr  145.31 0.95 252.51 797.20 0.00 0.95 1.90 2.85 

 

 

To quantify the degree of elemental enrichment in 

rocks and soils, Pollution Index (PI) values were 

calculated using: 

 

𝑃𝐼 =
𝐶𝑠𝑎𝑚𝑝𝑙𝑒

𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
 

 

where Csample represents the measured concentration 

and Creference corresponds to the UCC value of Rudnick 

and Gao [92]. PI provides a straightforward measure 

of the relative enrichment or depletion of an element 

in comparison to natural crustal abundances. Based on 

commonly adopted classification schemes: 

PI < 1 → Element is depleted or at sub-

background levels 
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PI = 1 → Element concentration is consistent 

with natural background conditions 

PI > 1 → Element shows enrichment relative 

to background values 

 

In this study, PI > 1.5 was considered indicative of 

notable or significant enrichment, highlighting 

elements that depart markedly from typical crustal 

concentrations and may therefore reflect geochemical 

processes such as magmatic differentiation, 

hydrothermal alteration, or supergene mobility. 

 

The Index of Geo-accumulation (Igeo), first 

introduced by Müller [93], is widely employed in 

geochemical and environmental assessments to 

evaluate the degree of elemental enrichment in soils, 

sediments, and rocks. Unlike simple enrichment 

ratios, the Igeo formulation considers not only 

potential contamination but also natural geochemical 

variability. This enables a more nuanced interpretation 

of elemental anomalies. 

 

Igeo is defined as follows: 

 

Igeo= 𝐿𝑜𝑔2
𝐶𝑠𝑎𝑚𝑝𝑙𝑒

1.5𝑥𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
=𝐿𝑜𝑔2

𝑃𝐼

1.5
 

 

where Csample is the measured concentration and 

Creference is typically the average composition of the 

upper continental crust (UCC). 

 

The 1.5 correction factor is a critical component of the 

index and is included to: 

 compensate for natural background fluctuations 

of approximately ±0.5-fold, 

 reduce the influence of analytical uncertainties, 

 account for local lithological or geochemical 

heterogeneity, 

 enhance the robustness of comparisons across 

different regions and depositional 

environments. 

By applying a logarithmic scale, Igeo offers several 

advantages: 

 normalizes wide concentration ranges, 

 provides meaningful sensitivity even at low 

element abundances, 

 supports consistent comparisons among 

different elements, sampling sites, and 

lithologies, 

 improves interpretability of subtle deviations 

from natural background levels. 

 

Müller’s classification categorizes the degree of 

enrichment or pollution into seven classes (Table 3): 

 
Table 3. Müller’s classification of degree of enrichment or pollution 

Igeo Range Class Enrichment / Pollution Status 

Igeo ≤ 0 0 Practically unpolluted 

0 < Igeo ≤ 1 1 Unpolluted to slightly polluted 

1 < Igeo ≤ 2 2 Moderately polluted 

2 < Igeo ≤ 3 3 Moderately to strongly polluted 

3 < Igeo ≤ 4 4 Strongly polluted 

4 < Igeo ≤ 5 5 Strongly to extremely polluted 

Igeo > 5 6 Extremely polluted 

 

 

This classification provides a standardized 

interpretative framework that is widely used in 

environmental geochemistry, soil pollution studies, 

and exploration geochemistry to differentiate between 

natural geochemical anomalies and anthropogenic 

contributions. 

 

When the major oxide composition of the investigated 

rock units is assessed using both the Pollution Index 

(PI) and the Geo-accumulation Index (Igeo), the 

elements generally exhibit PI values clustering around 

~1.0. Such values indicate that the elemental 

abundances within the rocks are broadly consistent 

with average upper crustal concentrations and do not 

display notable deviations from the expected 

geochemical background. Likewise, the calculated 

Igeo values, which predominantly fall near −0.5, 

correspond to the “practically unpolluted” category as 

defined by Müller (1969). This classification implies 

that the detected concentrations can be attributed 

primarily to natural lithological variability rather than 

to any external enrichment or contamination. Overall, 

the PI and Igeo results suggest that the major oxides 

are geochemically stable and show no significant 

enrichment trends, supporting the interpretation that 

the compositions of the rocks largely reflect their 

intrinsic petrogenetic signatures rather than secondary 

modification or anthropogenic input. 

 

When the trace-element composition of the studied 

rocks is evaluated using the relevant geochemical 

indices, distinct enrichment and depletion patterns 
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become evident. Elements such as Co, Cs, V, Ni, and 

Pb yield PI values lower than 0.5 and Igeo values 

below −1.5 (Table 1, Figure 2), indicating that these 

elements are markedly depleted relative to average 

crustal abundances. This pronounced deficiency 

suggests that their concentrations are primarily 

controlled by the intrinsic mineralogical composition 

of the host rock rather than by secondary processes. 

 

In contrast, elements including Ba, Ga, Y, and the rare 

earth elements (e.g., Sm, Eu, Gd) exhibit PI values 

exceeding 1.1 and Igeo values greater than −0.4 (Table 

1 and Figure 2). These metrics point to slight 

enrichment within the rock matrix. Such enrichment is 

plausibly associated with the presence of secondary 

mineral phases—particularly barite and clay 

minerals—or may reflect the influence of 

hydrothermal alteration, which can preferentially 

mobilize and concentrate these elements. 

 

Comparison of the mean, median, and geometric mean 

values of trace-element concentrations through 

dispersion plots (Figure 2) shows that these three 

statistical parameters display broadly comparable 

trends. This convergence implies that the dataset is not 

strongly skewed and that extreme outliers are 

minimal. Therefore, the arithmetic mean can be 

considered a suitable and representative local 

background value for the trace-element content of the 

investigated rock samples. 

 

Descriptive statistics for the elemental concentrations 

of soils developed on the Gümüşhane Granitoid were 

determined to establish their geochemical 

characteristics (Table 4). Given the presence of 

several extreme values in the dataset, the median was 

adopted as the most representative measure of central 

tendency for soil geochemistry. For threshold 

calculations, Median + MAD and Median + 2×MAD 

values were employed to define conservative and 

elevated anomaly limits, respectively (Figure 3). This 

approach provides a robust means of identifying 

geochemical anomalies in datasets that deviate from 

normality. 

 

Evaluation of Pollution Index (PI) values for the soils 

reveals pronounced enrichments relative to upper 

crustal abundances. Specifically, the elements P, Mn, 

As, Y, Cd, Sn, Sb, La, Ce, Sm, Eu, Gd, Tb, Dy, Ho, 

Er, Tm, Yb, Lu, Pb, Th, and U exhibit PI values 

exceeding 1.5 (Table 4; Figure 3). These enrichments 

suggest that the local soils systematically contain 

higher background levels of these elements compared 

to global crustal averages. 

 

Consequently, prospection and exploration 

geochemical studies in the region should consider 

these elevated local thresholds rather than relying 

solely on upper-crust reference values. Incorporating 

locally calibrated threshold levels will enhance the 

accuracy of anomaly detection and reduce the 

likelihood of false positives or misinterpretation 

arising from naturally enriched soil geochemical 

signatures. 

 

 

 

 
Figure 2. Scatter–curve diagram comparing the arithmetic mean, median, and geometric mean concentrations of major 

oxides and trace elements in the Gümüşhane Granitoid. Major oxides are expressed in wt.%, whereas trace elements are 

given in ppm. The vertical axis is plotted on a base-2 logarithmic scale. 
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Table 4. PI and Igeo indices of some elements in soils from the Çamlıköy and Işıkdere areas. Values with PI > 1.5 are 

highlighted in bold. 

PI PI (Mean) PI (Median) Igeo (Mean) 

Mg 0.76 0.76 -0.98 

P  15.18 12.89 3.34 

K  1.04 0.87 -0.53 

Ca  0.65 0.37 -1.21 

Sc  1.35 1.43 -0.15 

V  1.13 1.2 -0.41 

C  0.49 0.42 -1.62 

Mn  1.89 1.8 0.33 

Fe  1.49 1.42 -0.01 

Co  0.87 0.79 -0.79 

Ni  0.37 0.33 -2.02 

Cu  1.07 0.85 -0.49 

Zn  2.27 1.41 0.60 

As  3.21 2.21 1.10 

Rb  1.45 1.48 -0.05 

Sr  0.3 0.25 -2.32 

Y  2.01 2.23 0.42 

Mo  1.87 1.15 0.32 

Cd  7.16 3.17 2.25 

Sn  3.09 3.1 1.04 

Sb  3.12 1.84 1.06 

Cs  1.27 1.05 -0.24 

Ba  1.14 1.11 -0.40 

La  1.91 1.94 0.35 

Ce  2.14 2.06 0.51 

Pr  1.29 1.32 -0.22 

Nd  0.97 1.07 -0.63 

Sm  1.83 1.87 0.29 

Eu  1.85 1.55 0.30 

Gd  1.99 2.02 0.41 

Tb  1.98 2.04 0.40 

Dy  2.02 2.11 0.43 

Ho  2.1 2.2 0.49 

Er  2.33 2.44 0.64 

Tm  3.83 3.41 1.35 

Yb  2.8 2.89 0.90 

Lu  3.93 3.59 1.39 

Hf  1.2 0.85 -0.32 

Hg  0.77 0.51 -0.96 

Pb  3.15 2.29 1.07 

Th  3.91 3.58 1.38 

U  2.24 2.11 0.58 

Bi  1.45 0.56 -0.05 

Nb  0.34 0 -2.14 

Ta  0.47 0 -1.67 

W  0.54 0 -1.47 

Zr  0.75 0 -1.00 

 

An integrated evaluation of the PI and Igeo indices for 

the soils within the study area reveals that the analyzed 

elements cluster into four principal behavioral groups. 

These groups provide critical insight into both natural 

geochemical controls linked to parent rock–soil 

interactions and the extent of potential anthropogenic 

influence. 

 

a) Critical Contaminants (Igeo > 1)  

Elements such as P, Cd, Lu, Tm, Th, As, Sb, Pb, and 

Sn exhibit pronounced enrichment, with both PI and 
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Igeo values indicating substantial deviation from 

background geochemical conditions. P and Cd, which 

present exceptionally high enrichment levels (PI > 7; 

Igeo ≥ 2), are consistent with hydrothermal alteration 

and (possible) intensive agricultural fertilizer 

application. 

 

The elevated Igeo values of Lu, Tm, and Th—

classified within the moderate to strong contamination 

range—can be attributed to the intrinsic LREE–HREE 

characteristics of the granitoid source as well as the 

strong affinity of fine-grained soil constituents (clays, 

Fe–Mn oxides, amorphous phases) for REE retention. 

Similarly, As, Sb, Pb, and Sn, which fall into the 

moderately polluted class, likely reflect contributions 

from historical metallurgical activities, legacy mining, 

or hydrothermal signatures inherited from the 

underlying geology. 

 

b) Moderately Enriched Elements (0 < Igeo ≤ 1) 

This category is dominated by rare earth elements 

(REE)—including Yb, Er, Ce, Ho, Dy, Y, Gd, Tb, La, 

Eu, and Sm—whose coherent geochemical behavior 

suggests a shared source and comparable controls on 

mobility and retention. PI values between ~1.8 and 2.8 

imply that, beyond the granitoid-derived natural REE 

inventory, adsorption onto clay minerals, Fe–Mn 

oxyhydroxides, and amorphous constituents 

contributes significantly to their enrichment. Elements 

such as Zn, Mn, Mo, and U also display mild 

enrichment. Their patterns likely reflect combined 

inputs from natural weathering processes and 

localized anthropogenic activities (e.g., agricultural 

amendments, minor metallurgical contributions). The 

elevated U values (PI > 2) further support both 

phosphate fertilizer inputs (?) and the natural U 

content of the granitoid unit. 

 

c) Elements Near Natural Background Levels 

(–1 < Igeo ≤ 0) 

Elements in this group—such as Fe, Rb, Bi, Sc, Cs, 

Ba, V, Cu, Nd, and Hf—show minimal deviation from 

crustal norms and appear only weakly affected by 

external inputs. Their PI values, typically close to 

unity, reflect a strong geochemical continuity between 

the soils and the granitoid parent material. Sc and Cs, 

often regarded as conservative or reference elements 

in geochemical surveys, display limited variability, 

reinforcing the interpretation that the soil signatures 

remain largely governed by natural lithological 

controls. 

 

d) Strongly Depleted Elements (Igeo ≤ –1) 

Elements including Sr, Ni, Nb, C, Ta, W, Zr, Mg, Hg, 

Ca, and Co exhibit notable depletion compared with 

upper-crustal benchmarks. The depletion of Sr and Ca 

is consistent with enhanced leaching during prolonged 

chemical weathering, due to the high mobility of 

carbonate-bound phases. Low PI values for Ni, Co, 

and Mg support the absence of significant ultramafic 

or mafic rock contributions in the region. The 

systematic depletion of HFSE elements such as Nb, 

Ta, and Zr likely reflects the mineralogical 

characteristics of the granitoid, particularly the low 

abundance of zircon and related accessory phases. The 

low Hg concentrations indicate that the natural Hg 

background level in the area is inherently low. 

 

 

 
 

Figure 2. Line–scatter diagram showing the median, Median+MAD, and Median+2×MAD values of element 

concentrations in soils from the Çamlıköyü and Işıkdere areas 
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Combined interpretation of the PI–Igeo dataset 

demonstrates that anthropogenic and dominantly 

hydrothermal influences are most pronounced for 

elements such as P, Cd, As, Sb, Pb, and Sn. In contrast, 

many other elements retain signatures aligned with 

natural geochemical baselines. The coherent behavior 

of REEs highlights the prominent role of both the 

granitoid’s primary REE composition and the sorptive 

capacity of fine-grained soil phases. In contrast, the 

depleted elements are primarily controlled by 

mineralogical constraints and weathering dynamics. 

 

These findings underscore that local background 

concentrations and threshold values may diverge 

substantially from global upper-crustal averages, 

emphasizing the necessity of establishing site-specific 

geochemical baselines for reliable mineral exploration 

and environmental assessments. 

 

4. Conclusions 

This study successfully established site-specific 

geochemical baseline and threshold values for the 

Gümüşhane Granitoid and its derived soils in the 

Çamlıköy and Işıkdere districts, utilizing a robust 

statistical framework incorporating descriptive 

statistics, the Pollution Index (PI), and the Index of 

Geoaccumulation (Igeo). The research addresses the 

critical need for locally calibrated reference values in 

a major metallogenic belt, bridging the gap between 

exploration and environmental geochemistry 

objectives. 

 

The key conclusions are summarized as follows: 

 Rock Geochemistry Reflects Petrogenesis: The 

major oxide composition of the Gümüşhane 

Granitoid is broadly consistent with Upper 

Continental Crust (UCC) values (PI ∼1.0; Igeo 

∼-0.5), reflecting its intrinsic, largely stable 

petrogenetic signature. Trace element analysis 

reveals distinct depletion of mafic elements 

(Co, Ni, V) and Pb, consistent with the felsic 

nature of the granitoid. 

 Soil Geochemistry Demonstrates Substantial 

Local Enrichment: Soil concentrations of 

numerous elements (P, Mn, As, Cd, Sn, Sb, Pb, 

Th, U, and REEs) exhibit pronounced 

enrichment, with PI values significantly 

exceeding 1.5 relative to global UCC standards. 

This highlights the systemic divergence of the 

local geochemical background. 

 Identification of Dual Enrichment Sources: 

o Anthropogenic/Hydrothermal Risk: Elements 

classified as Critical Contaminants (Igeo > 1), 

notably P, Cd, As, Sb, and Pb, strongly 

indicate inputs from external sources. The 

exceptional enrichment of P and Cd is 

plausibly linked to intensive agricultural 

practices (fertilizer input), while As, Sb, and 

Pb reflect potential contributions from 

historical mining/metallurgical activities or 

strong underlying hydrothermal signatures. 

o Natural Pedogenic and Lithological Controls: 

The coherent enrichment of Rare Earth 

Elements (REEs) (Yb, Er, Ce, etc.) is 

primarily controlled by the REE-rich nature of 

the granitoid and the high retention capacity 

of secondary soil phases (clays, Fe-Mn 

oxides) during weathering. The strong 

depletion of mobile elements (Sr, Ca) and 

HFSEs (Nb, Zr, \ Ta) further confirms that 

chemical weathering and the parent rock's 

mineralogical composition dictate the 

behavior of these elements. 

 Methodological Strength for Anomaly 

Detection: The use of Median + MAD and 

Median + 2xMAD estimators provided robust, 

non-parametric local threshold values, 

effectively minimizing the influence of extreme 

outliers (Figure 2). 

 

In conclusion, this research confirms that using global 

Upper Crustal values as a reference in the Gümüşhane 

region would lead to an unacceptable rate of false-

positive anomalies in mineral exploration. The 

established local geochemical thresholds are therefore 

indispensable for reliable mineral prospection and for 

accurately defining the true extent of environmental 

contamination by differentiating between naturally 

elevated background levels and human-induced 

pollution. This study provides a vital scientific 

benchmark for future land-use planning and resource 

management in this important Turkish metallogenic 

province. 
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