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1. Introduction

ABSTRACT

Lithium, as one of the strategic and critical elements in battery manufacturing industries and clean
energy technologies, holds considerable economic and strategic importance. The aim of this research
is to identify areas prospective for lithium mineralization in a part of the Sanandaj—Sirjan zone (the
1:100,000 Hamadan sheet) using geochemical stream sediments data. Due to its complex tectonic
history and high diversity of rocks, this region possesses suitable potential for lithium mineralization.
In this research, the geochemical data were first pre-processed and then processed and interpreted
using a combined approach including area-weighted averaging based on lithological units, dilution
correction, Sequential Factor Analysis (SFA), the Geochemical Mapping Prospectivity Index
(GMPI), and Concentration—Area fractal modeling. Comparison of the results showed that the C-A
fractal method is better in accurately separating lithium geochemical anomalies from the background
and identifying promising zones than the dilution correction method. The final results indicate that
the most important areas with high mineralization potential are concentrated in the western and
southwestern parts of the study area and show significant correspondence with pegmatite—granite
and cordierite hornfels rock units. This research demonstrates that the use of the catchment basin

approach and fractal models has high efficiency in the targeted exploration of lithium.

Lithium is a strategic element for modern energy technologies,
with global demand growing rapidly and projected supply deficits
persisting despite recycling efforts. Exploration is the essential first
step in the supply chain, and geochemical methods—particularly
stream sediment surveys—have proven more efficient than remote
sensing or geophysics alone for identifying lithium anomalies.

Multivariate statistical techniques (such as PCA and SFA) are

widely used to reduce data dimensionality and identify elemental
associations, but they rely on normal-distribution assumptions
and fail to capture the complex, non-linear spatial distribution
of elements. Fractal models, especially the Concentration—
Area method, overcome this limitation by utilizing the inherent
self-similarity of data to accurately separate anomalies from

background. Consequently, integrating multivariate analysis with
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fractal modeling has become an effective contemporary approach
for exploring rare metals like lithium. This study focuses on the
1:100,000 Hamadan sheet within the Sanandaj—Sirjan zone, an
area with complex geology and diverse igneous/metamorphic
rocks, making it highly prospective for lithium mineralization.
The objective is to evaluate lithium dispersion patterns in stream
sediments and compare the performance of area-weighted
averaging, dilution correction, SFA, GMPI, and C-A fractal
modeling to precisely identify high-priority exploration targets.
The study area, the 1:100,000 Hamadan sheet in western
Iran, which is part of the active Sanandaj—Sirjan Zone, is located
at the boundary between the central side of Iran and the Zagros
zones. This region exhibits a complex and diverse geological
history, comprising sedimentary, metamorphic, and igneous rock
units. However, intense metamorphism and structural deformations
have complicated the precise dating of the stratigraphic sequences.
Geomorphologically, the Hamadan region is divided into four main
units: the Alwand metamorphic and plutonic mountain ranges in the
western and southwestern sectors; the phyllite and schist rocks in
the central part; the Cretaceous limestone mountains bordering the
semi-eastern plains; and the northern-eastern plains in the lowest

elevations of the region.

2. Research methodology

This study utilizes geochemical data from stream sediment samples
of the 1:100,000 Hamadan map sheet, comprising 761 samples with
grain sizes smaller than 80 mesh. These samples were collected by
the Geological Survey and Mineral Exploration of Iran (GSI) and
analyzed for 48 elements using ICP-OES. The raw data exhibit
significant normal and skewed distribution, which is confirmed by

normalized histograms.

2.1. Basin sample method

Each stream sediment sample is considered representative of the
geochemical composition of its upstream drainage basin. The
weighted mean concentration of the elements in each basin is
calculated by accounting for the area of lithological units, yielding
the local background concentration (C’i). Geochemical residuals

(Ri=Ci— C’i) are used to identify enrichment anomalies.

2.2. Dilution correction

The dilution effect along river systems is corrected using the
Hawkes model and the Bonham-Carter model. The proposed
equations (Equations 3 to 6) are applied to compute the corrected

concentration (Cm) and the anomaly ranking index (Ra).

2.3. Concentration—Area Fractal Modeling

Based on A(p)ec p?, the fractal dimension (D) is determined by

using a logarithmic plot of Cumulative Area versus concentration
and calculating the slope of the fitted line. Breaking (yield) points in
this plot indicate transitions between different element distribution

communities.

2.4. Stepwise Factor Analysis (SFA) and Geochemical Mineral
Potential Index (GMPI)

This method sequentially separates geochemical data from
lithological background and noise. Significant factors are scaled
from 0 to 1 using sigmoidal fuzzy functions, and the GMPI is
developed to assess mineral potential in the study area. This
approach enables data comparison, reduces the influence of outliers,

and facilitates interpretation of multivariate geochemical data.

3. Results and discussions

Raw data were preprocessed by removing outliers using the
Doublet Outlier Removal (DOR) method and employing simple
substitution for data points exceeding 20% beyond the range.
Subsequently, element concentrations within each catchment basin
were calculated using weighted averaging, based on the area of
lithological units (Table 2). Residual geochemical values, e.g.,
difference between measured and background concentrations, were

utilized to identify enrichment anomalies.

3.1. Dilution correction

Considering the power-law dilution model (Equation 8), corrected
concentrations (Cm) were calculated for 0, 0.25, and 0.5 dilution
factors. Lithium density normalization data presented in Table 3
indicates a significant influence of dilution on anomaly signals.
Statistical thresholds were established using the Median Absolute
Deviation (MAD) method for anomaly identification (Figure 4).

3.2. Fractional Factor Analysis Model

The logarithmic concentration-area plot for lithium (Figure 5)
revealed six distinct populations and five threshold levels (Table 4),
enabling the identification of areas with differentiated enrichments.
The final geochemical map (Figure 6) demonstrates that areas with
elevated lithium concentrations are concentrated within basins

overlapping with host lithological units.

3.3. Stepwise Factor Analysis and GMPI

A stepwise factor analysis (SFA) was applied to 11 selected
elements (Sn, V, Be, Ga, In, Li, Rb, Al, Cs, K, and T1) with a KMO
value of 0.914, using a factor loading threshold of >0.6 (Fyzollahhi
et al., 2018; Koohzadi et al., 2021). The analysis extracted one
principal component with an eigenvalue of 8.045, explaining
73.14% of the total variance, while all 11 elements exhibited

loadings above 0.75, indicating strong inter-element correlations
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and a shared magmatic-metamorphic origin linked to peraluminous
S-type granites and pegmatites of the Alvand batholith. The derived
Geochemical Mapping Prospectivity Index (GMPI) map (scaled
0-1) successfully highlighted high-potential zones mainly in the
western and southwestern parts, which coincide remarkably with
pegmatite-granite and cordierite hornfels lithological units (Table
2, Fig. 6). This spatial consistency, along with close agreement with
fractal anomaly patterns, confirms that the SFA and GMPI approach
effectively discriminates Li-associated pathfinder elements and

delineates prospective mineralization targets with high reliability.

4. Conclusion

Based on basin processing and stream sediment data, areas with
high mineral potential are predominantly located in the western and
southwestern regions of the Hamadan province, overlapping with

known mineralization. Stepwise factor analysis revealed a strong

105

correlation among the elements Ga, Sn, V, Be, In, Li, Rb, Al, Cs, K,
and T1, indicating the significant role of granitic-pegmatitic rocks
in lithium mineralization. The spatial distribution of these rocks
correlates significantly with the distribution of lithium anomalies,
particularly in the western parts, confirming their key role in the
formation of mineral deposits. The dilution correction method is
highly dependent on basin area and can lead to inaccurate estimation
of anomaly concentrations in large basins with high lithological
diversity. The assumption of a small source area relative to the
basin is often not valid in reality, resulting in significant errors
in calculations. Areas exhibiting lithium anomalies but lacking
known mineral occurrences have been identified as promising
targets. Further studies, including more detailed reconnaissance,
field visits, and geochemical sampling, are recommended to assess
their mineral potential. The concentration-area fractal method is

proposed as a suitable alternative to the dilution correction method.
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Table 1. Summary of statistical characteristics of stream sediment data.

Element Mean | Standard deviation | Minimum | Median | Maximum | Skewness | Kurtosis
Li 45.43 15.59 11.6 472 104 0.11 0.008
Cs 6.82 2.69 1.65 6.4 235 1.5 4.13
Al 5.98 1.51 1.49 6.02 9.84 -0.24 -0.29
K 1.5 0.47 0.41 1.43 35 1.07 1.92
Tl 0.38 0.11 0.1 0.38 0.86 0.09 0.35
In 0.05 0.01 0.02 0.05 0.09 0.07 -0.23
Ga 14.38 3.92 3.45 14.65 25 -0.16 -0.31
v 94.7 22.15 28 97 162 -0.35 -0.15
Sn 1.87 0.69 0.4 1.8 5.6 1.56 4.87
Be 1.68 0.49 0.35 1.7 35 0.04 0.23
Rb 84.18 35.53 18.1 79.8 337 2.3 9.22
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Figure 4. Frequency histogram of raw lithium data.
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Table 2. Summary of the weighted mean background concentration values of elements (Mj)
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Lithology unit Li Cs Al K Tl In Ga \% Sn Be Rb
KiS C 34.76 5.5 5.45 145 0.34 0.05 12.93 91.19 1.67 1.41 71.68
KIL 29.77 4.68 4.47 1.2 0.28 0.04 10.65 73.38 1.35 1.17 58.73
Q2 47.17 6.5 5.74 1.42 0.37 0.05 14.09 92.82 1.82 1.7 78.97
KIM_L 29.34 4.79 4.53 1.24 0.29 0.04 10.62 75.07 1.36 1.18 58.84
JKS 42.6 5.85 5.65 1.42 0.37 0.05 13.62 97.47 1.65 1.57 73.11
Q1 34.88 5.19 5.25 1.32 0.32 0.04 12.66 88.03 1.59 1.4 67.89
OMQL1 33.02 5.98 5.09 1.32 0.32 0.04 11.8 75.39 1.73 1.33 73.69
ocC 30.58 5.57 4.76 1.22 0.30 0.04 11.34 74.97 1.53 1.24 65.48
Q3 39.36 5.82 5.46 1.35 0.35 0.05 13.07 87.63 1.67 1.6 72.53
QAL 44.49 6 5.92 1.44 0.37 0.05 14.61 94.86 1.76 1.63 79.79
OMQM 30.25 5.8 4.94 1.41 0.29 0.04 11.15 71.27 1.75 1.29 69.76
K 23.84 4.95 448 1.16 0.29 0.04 10.43 73.69 1.47 1.07 55.74
QTR 27.02 5.42 4.26 1.23 0.24 0.04 9.41 66.87 1.21 1.13 55.98
JSH_S 51.17 6.48 6.4 1.63 0.40 0.05 15.51 109.2 1.77 1.79 86.08
K1v 26.35 5.11 4.95 1.26 0.31 0.04 11.49 85.98 1.5 1.12 57.27
PLQC 30.85 4.65 435 1.22 0.26 0.04 10.06 71.9 1.28 1.22 60.21
OMQL2 31.97 5.6 5 1.43 0.31 0.04 11.43 77.25 1.93 1.32 72.35
OM 28.72 5.88 4.72 1.32 0.30 0.04 11.01 75.55 1.33 1.27 65.85
JKL 47.12 6.95 5.94 1.54 0.38 0.05 13.99 98.49 1.66 1.9 79.05
SL 47.37 6.5 6.46 1.54 0.41 0.06 15.98 105.11 2.04 1.87 85.13
SCHST 54.08 7.82 6.13 1.43 0.42 0.05 14.65 90.97 1.94 1.79 88.37
MB1 40.02 591 5.29 1.49 0.32 0.05 12.63 87.14 1.58 1.49 77.48
HC 61.98 10.93 8.11 225 0.53 0.07 19.43 110.19 2.48 2.04 155.73
JA 48.16 7.08 6.15 1.49 0.41 0.05 15 106.27 2.43 1.66 81.62
GT 55.07 10.24 8.18 1.55 0.49 0.07 20.37 121.19 3.19 1.96 115.47
D 53.14 9.69 8.03 1.5 0.45 0.07 19.63 119.75 2.94 1.97 108.92
SCHSP 59.6 10.66 7.73 2.06 0.50 0.06 18.41 108.25 2.48 1.92 142.38
SCHAN 50.09 6.98 5.16 1.16 0.33 0.04 12.03 80.31 1.79 1.77 69.84
PA 48.56 7.73 8.26 222 0.46 0.06 18.86 98.2 1.9 2.52 118.84
SCHG 56.69 8.18 5.81 1.39 0.39 0.05 14.22 87.54 1.79 1.76 88.34
HA 59.71 10.42 7.9 2.19 0.51 0.06 18.3 103.38 2.29 2.06 130.47
GA 55.12 9.56 7.87 2 0.49 0.06 19.85 96.09 2.94 242 123.82
SK 46.92 8.88 7.93 1.96 0.44 0.06 16.88 98.39 1.77 2.36 98.52
GG 4431 8.39 7.48 2.04 0.45 0.06 15.68 100.61 1.85 2.29 95.6
GB 56.91 9.85 8.1 1.92 0.53 0.06 18.86 114.18 1.97 2.49 111.58
PG 60.46 10.99 5.72 1.25 0.45 0.04 13.09 87.15 2.9 2.1 80.43
SCHSI 55.81 9.58 5.33 1.24 0.40 0.04 12.1 82.77 2.34 2.06 76.21
SCHAN_SI 44.47 5.47 4.45 1.06 0.28 0.03 10.19 69.83 1.57 1.54 61.78
MB2 57.72 10.14 8.08 2.82 0.53 0.06 20.18 108.36 2.36 2.04 189.41
GN 65.88 11.14 7.98 2.14 0.52 0.05 19.45 99.05 2.44 221 148.31
MIGGA_H 54.93 8.98 7.83 1.98 0.48 0.06 18.55 107.3 2.03 225 111.08
AG 38.22 6.63 7.76 1.45 0.33 0.07 19.08 122.04 2.37 1.82 72.9
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Table 3. Normalized density for discriminating lithium data populations.

No. SCBA(n=0) SCBA (n=-0.25) SCBA(n=-0.5)
1 5.45 1.25 0.29

2 8.03 1.76 0.39

3 7.86 1.72 0.38
761 47.94 12.09 3.05

/O g /YO a)wéu,xu;g-ap

Figure 5. Residuals of the dilution correction for 0, -0.25,




TIA=1 0P :(P) P'F <1 Fod (o] pole/l jSa g 33915 Ui JT/.... JUS 43 g 6 jukiosaz slaivg jl o3kl b puid los sy Uinlss

=,

lConcentrntion-Ana Fractal Diagram Li ‘
T T T

e Data Points

Regression 1
Regression 2
Regression 3
Regression 4
Regression 5 |

16
Log Concentration Li

.&W&‘ﬂ@@\}hﬁ})%&ﬁ)@)h}d—?ﬁ

Figure 6. Logarithmic concentration versus cumulative area plot for the element

lithium.
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Table 4. Threshold limits obtained from the concentration-area fractal method.

Variable Li Fractal dimension (D) Threshold (ppm)
Very Low Background 1.06 <23.44
Low Background 1.37 23.44-38.01
Background 1.58 38.01-46.77
High Background 1.67 46.77-70.79
Animaly 1.85 70.79 <
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Figure 8. Results obtained from SFA and GMPL.
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