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In recent years, numerous countries worldwide have initiated lithium (Li) exploration as a key strategy. 
In Iran, the Ghahavand Plain, situated in the center of the Hamadan region, has been identified as 
a prominent site for lithium exploration. A key feature of the Ghahavand Plain sediments is that 
they contain lithium-bearing minerals, zabuyelite (lithium carbonate) and psedoeucrptite which are 
rare Lithium aluminum silicate mineral typically associated with Lithium-rich pegmatites. The Li 
concentration in this area varies from 30 to 102 ppm, with an average of 55.1 ppm. The 87Sr/86Sr ratios, 
ranging from 0.7078 to 0.7103, align with those found in the Alvand granites and the Eocene-Oligocene 
volcanic rocks, and Oligo-Miocene limestone in the surrounding area. In addition, the chemical index 
of alteration (CIA), averaging 59.7, indicates an intermediate to felsic rock source for the sediments. 
The low Ga/Rb ratio (0.18 to 0.27) and high Sr/Cu ratio (8.9 to 710) confirms a cool-arid climate with low 
temperatures and minimal precipitation conditions during the sedimentation. Furthermore, the lower 
V/(V + Ni) ratio, ranging from 0.53 to 0.76, suggests a weakly oxidizing environment. Several samples 
from the northern region of the Ghahavand Plain have elevated Lithium concentrations, in the range of 
71 to 102 ppm which is close to the lower limit of lithium-bearing deposits worldwide. Therefore, this 
area could be considered a potentially promising site for future lithium exploration in Iran. in addition, 
this study highlights the distribution of lithium within the clay plain in western Iran, and the interest in 
evaluating resource and tracing weathering.
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 Lithium is the lightest alkaline element and is used in various applications, including batteries, pharmaceuticals, 
ceramics, glass, optics, and more1,2. The increasing demand for electric and hybrid vehicles has led to a 
significant increase in the consumption of lithium minerals, prompting many countries to classify lithium as 
a critical element3. Present global potentials of Lithium include continental brines and associated evaporites, 
which together account for 58% of the world’s lithium reserves4and hard-rock pegmatite (lithium-enriched 
granite), which accounts for 26%, making it the second economically significant lithium resource5. Lithium 
clay (hectorite) accounts for 7%, followed by oilfield brine, geothermal brine, and lithium-zeolite (jadarite) at 
3% 6. A novel type of Li-rich claystone deposit has been identified, exhibiting a relationship to the carbonate 
weathering process6. Other lithium minerals include spodumene (LiAl(SiO3)2), petalite (LiAlSi4O10), lepidolite 
(KLiAl2Si3O10(OH, F)), amblygonite ((LiAlPO4(F, OH)), zinnwaldite (K(Li, Al, Fe)3(Al, Si)4O10(F, OH)2), and 
eucryptite (LiAlSiO4). Lithium compounds like carbonate, chlorite, and hydroxide are commonly associated 
with evaporite deposits or salt lakes5.

In recent years, lithium clay-type products have been meticulously designed for specific applications7. 
Lithium clay, particularly hectorite clay, has been identified as a potential future resource8. Hectorite, a clay 
mineral named after its discovery in Hector, California, contains approximately 0.5% lithium9. It is a lithium 
magnesium smectite clay mineral, which is composed of Na0.3(Mg, Li)3Si4O10(OH)2

10 and is formed by the 
alteration of volcanic ash, pumice, and ignimbrites by hydrothermal fluids; this rock formation is known as 
hydrothermal breccia11.
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Previously, the proportion of clay-type lithium was relatively low, and extracting lithium from these resources 
was seen as uneconomical because of technological hurdles and high costs12. Although the extraction of lithium 
from clay-type resources involves a difficult process. The recent discovery of several great clay-lithium deposits 
in Yunnan, China, has refocused attention on these resources as a viable alternative to conventional lithium 
sources, such as brine and hard rock deposits12. Iran, with its semi-arid climate, has a promising opportunity for 
the formation of evaporative deposits.

The clay flat in the Ghahavand area (this study), located in the eastern part of Hamedan, Iran, presents a 
unique geomorphological landscape (Figs. 1 and 2). This region, defined by its vast plains and playas, has been 
molded by diverse geological and climatic influences13. The area is primarily composed of young Quaternary 
alluvial fans and floodplains, which have been influenced by hydro-geomorphological and morphodynamical 
processes13. The clay expanses, coupled with features like salt flats and pediment cones, highlight the desert 
nature of the region. These geomorphological markers differentiate desert landscapes from non-desert ones, 
positioning Ghahavand as a crucial area for exploring desertification and sustainable development.

Key concepts from geological models for lithium-bearing clay deposits used in exploration include the 
identification of young sedimentary basins with the potential to contain clays derived from felsic volcanic 
rocks14. In this research, we focus on the Ghahavand clay flat as a potential of Li in western Iran. This research 
investigates the elemental distribution and the controlling factors of Li with a focus on sediment provenance, 
weathering conditions, and depositional environment. Thirty samples were selected from different areas of this 
plain to analyze the mineralogical, chemical, and Sr isotopic compositions, the results of which are discussed in 
this work. Furthermore, based on the whole-rock chemistry and Sr isotopic compositions, the environment and 
genesis of these deposits are also discussed.

Fig. 1.  Simplified geological units of Iran 14 with the location of the study area. The Map was created using 
ArcGIS Pro online for windows version 3.5.2 (https://www.arcgis.com).
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Geological setting
The Ghahavand desert spans roughly 3,172 km2 in Hamedan Province, nestled between the Sanandaj-Sirjan 
Zone (SaSZ) and the Urmia-Dokhtar magmatic arc in western Iran (Fig. 1)15. The Ghahavand Plain boasts a 
diverse geomorphology, showcasing elements such as alluvial fans, pediment cones, and expansive playas13. 
These formations reveal the hydro-geomorphological and morphodynamic processes that have shaped the 
region13.

The peak reaches an impressive height of about 1,704 m, while the base sits at around 1,607 m, giving us a 
striking height difference of 97 m. The general slope direction is from north to south13. In the northern and eastern 
part of the Ghahavand Plain, there are sequences of Oligocene limestone, Qom Formation, and Miocene Marl, 
interspersed with halite and gypsum overlanded by low-level piedmont fan and valley terrace deposits, which 
have a thickness of 70 to 120 m15. The soil salinity in the Ghahavand region was assessed using the Normalized 
Differential Salinity Index (NDSI) based on Landsat 8 OLI data. The results showed that approximately 18% of 
the area was affected by salinity before 2013, while this percentage increased to 65% in 2019 16.

The Alvand pluton, along with its surrounding metamorphic complex, is situated on the western side of 
the Ghahavand Plain. It is one of the largest formations in the central SaSZ, showcasing a diverse array of rock 
types. Of particular interest is the presence of two-mica, garnet-bearing granite with an S-type signature. Zircon 
U–Pb dating indicates that the S-type granite crystallized between 170 and 163 million years ago16. Pegmatite 
veins were identified that contain large crystals of spodumene, tourmaline, and apatite, along with quartz, beryl, 
tourmaline, and apatite17. The δ6Li values of spodumene, ranging from + 5.6 to + 6.6‰, are indicative of the 
incorporation of a continental crustal component in their genesis17. Aplitic and pegmatitic dykes and bodies 
have been observed to truncate both the plutonic rocks of the Alvand pluton and its metamorphic aureole. 
Chemically, they belong to the peraluminous Li-, Cs-, and Ta-bearing (LCT) family of pegmatites18.

Fig. 2.  Simplified geological map of the study area, modified from four 1:250000 geological maps: Qom17, 
Kabudar Ahang 18, Saveh 19, and Hamedan 20 . The map was created using ArcGIS Pro online for windows 
version 3.5.2 (https://www.arcgis.com) and Inkscape for Mac version 1.3.2 (http://Inkscape.en.softonic.com). 
The modifications include unifying identical layers with the same symbols in the legend, as the map was 
compiled by merging four 1:25,000 geological maps (Qom, Kabudar Ahang, Saveh, and Hamedan). 
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The Urmia Dokhtar Magmatic Arc (UDMA) is located on the eastern side of the Ghahavand Plain (Fig. 2). The 
UDMA on the eastern area of the Plain features Eocene volcanic and volcaniclastic rocks along with minor marine 
carbonate and evaporite deposits. These deposits have undergone deformation, resulting in the metamorphosis 
of marine carbonate and evaporate deposits that were uplifted and eroded19. The Eocene succession commences 
with a basal conglomerate and other coarse clastic rocks (Fig. 2), followed by a predominantly calc-alkaline 
volcanic series20. The intercalation of limestone and other evaporite deposits in this sequence suggests that the 
Eocene volcanism may have occurred in proximity to a marine environment21. The Oligomiocene units, known 
as the Qom Formation, are exposed in the northeastern part of the study area (Fig. 2).

Cretaceous sequences which include sandstone, shale, and limestone are observed around the Ghahavand 
Plain (Fig. 2). Three aspects have been identified as the primary causes of the desertification in the Ghahavand 
area13: (1) the creation of a regional plain in the Ghahavand area; (2) the multiple input streams to the field 
and the changing direction of the main river; and (3) the existing geological formation and geomorphological 
processes that produce fine-grained sediments in the central plain.

The plain is characterized by sedimentary rocks that have been transported and deposited by rivers over 
time. A significant expanse of clay-covered flats lies in the Ghahavand Plain (Fig. 3a-f), which is predominantly 
unsuitable for agricultural purposes. In certain regions, small patches of salt are discernible on the clay surface. 
These salt deposits in the study area are believed to have originated from the evaporation of water resulting 
from floods (Fig. 3e), which subsequently left behind a crust of salt. Beneath the sedimentary layers, there is a 
significant presence of limestone bedrock. This limestone is highly porous and has numerous joints and fractures. 
Mud cracks, also known as desiccation cracks, form when muddy sediment dries and contracts (Fig. 3c). These 
cracks are typically polygonal and can provide valuable information about past environmental conditions. In the 
Ghahavand Plain, mud cracks are indicative of periods of drying and wetting cycles, which are influenced by 
climatic conditions.

Sample collection
Thirty surface sediment samples were collected from Ghahavand Plain during the spring of 2023, focusing on 
the uppermost layers. The sampling sites were carefully selected to represent the major lithological unit of the 
area. The sampling location is depicted in Fig. 2. To ensure consistency and comparability across the dataset, all 
samples were collected at a uniform depth of 20 cm below the ground surface. This standardized depth was chosen 
based on preliminary field assessments, which indicated that the top 20 cm of sediment is most representative 
of recent depositional processes. Although the sediment types a bit varied between sites, the sampling depth 
remained constant to minimize variability related to vertical stratification and to enhance the representativeness 
of the surface sediment composition across the plain. Immediately after collection, each sample was sealed in 
a plastic bag to prevent moisture loss and chemical alteration, thus preserving the in-situ characteristics of the 
sediments for subsequent laboratory analysis (Fig.  3f). All collected surface sediment samples were visually 
inspected and described during fieldwork. The majority of the samples consisted of fine-grained sediments with 
a light brown coloration, indicative of their recent depositional nature.

Methods
Samples were naturally dried in the laboratory at the University of Kurdistan, Sanandaj, Iran. The thirty sediment 
samples from the Ghahavand Plain were used for chemical analysis. Each sample, approximately 500 g of each 
sediment sample, was pulverized using an agate motor to a fineness of 250 mesh. These powdered samples were 
then used for quantitative analysis of major and trace elements, Sr isotope analysis, and mineral composition 
analysis.

Mineral compositions
Four sediment samples were selected for mineral analysis. The analysis was conducted using an X-ray 
diffractometer (XRD) at the Institute for Space–Earth Environmental Research (ISEE), Nagoya University, 
Japan. The samples were flattened onto a slide and prepared into a 1 cm × 1 cm film for analysis. To identify the 
mineral composition of the entire sediment sample, MiniFelx (Rigaku) was used with a Cu-K source, a 2θ range 
of 5° to 80°, and four-hour runs. The instrument’s built-in software, Match, was employed to detect mineral 
species and estimate their relative percentage.

Chemical composition and Sr isotopic composition
For quantitative analysis of Major elements, 0.5  g of each rock powder was combined with 5  g of Lithium 
tetraborate and melted at 1200  °C to form a glass bead. Subsequently, the major elements were analyzed 
using wavelength dispersive X-ray fluorescence spectrometry (WD-XRF), a Rigaku ZSX Primus II, at Nagoya 
University in Japan. Approximately 0.5 g of each sample were weighed and heated to 950 °C for three hours to 
assess the loss on ignition (LOI).

To analyze trace elements, including rare earth elements (REE), 100 mg of each rock powder sample was 
digested in a covered PTFE beaker. The digestion process involved 3 ml of 38% hydrofluoric acid (HF) and 
0.5–1 ml of 70% perchloric acid (HClO4). The sample was left on the hot plate for 72 h. Following the digestion 
process, the samples were dried and dissolved in concentrated nitric acid (HNO3) acid. After drying, they were 
dissolved in approximately 10  ml of 6  M distilled hydrochloric acid (HCl). The resulting solution was then 
divided into two aliquots. One aliquot was used for quantitative analysis of trace elements, including REE, 
while the other was used for the isotope analysis of strontium (Sr). The first aliquot was dried and subsequently 
dissolved in 2% nitric acid (HNO3) for inductively coupled plasma mass spectrometry (ICP-MS) analysis. The 
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trace elements were analyzed using ICP-MS Agilent 7700x at Nagoya University in Japan, and the analytical 
errors are below 5%. The second aliquot underwent conventional column chemistry to isolate the Sr portion.

The Sr isotope ratios were determined using GVI IsoProbe-T thermal ionization mass spectrometer (TIMS) 
at Nagoya University in Japan. NIST SRM 987 was employed as the standard for natural Sr. The standard value 
obtained in this study was 0.710278 ± 0.000009 (n = 4, 2 SD).

Fig. 3.  (a-f) Photographs of field observation of the clay flat of the Ghahavand Plain. Mud cracks are 
commonly observed in the Ghahavand Plain. The image belongs to the authors. These photographs were taken 
by the authors (HA and ND) during their fieldwork.
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Results
Mineral composition
The major properties of four sediment samples from the Ghahavand Plain were as follows (Fig. 4). Quartz is 
the most common silicate mineral, followed by gyrolite, a rare calcium silicate hydrate mineral associated with 
volcanic or metamorphic rocks. Calcite is the most abundant carbonate mineral (Fig. 4a-d). The samples also 
contain small amounts of dickite (LFM-2 and LFM-13, Fig. 4a, d) and kaolinite (LFM-13, Fig. 4c). Natrolite is 
present in low amounts (LFM-20, Fig. 4d). The lithium-bearing mineral zabuyelite (LFM-13, Fig. 4c) is also 

Fig. 4.  X-ray diffractograms of representative sediment samples of the Ghahavand Plain. (a) Titanium nitride 
osbornite, gylorite, quartz, psedoecryptite, calcite, and dickite in the LMF-2 sample. (b) Gylorite, quartz, and 
calcite in the LFM-7 sample. (c) Gylorite, quartz, calcite, zabuyelite, dikite, and kaolinite in the LMF-13 sample. 
(d) Quartz, calcite, and natrolite in the LMF-20 sample. The percentages in each sample refer to the intensity of 
diffraction peaks relative to the highest peak in the sample.
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present and is an important natural industrial chemical for lithium carbonate production. Zabuyelite forms 
under specific evaporitic conditions, and its discovery provides valuable insights into the geochemical process 
of lithium in the salt lake environment22. Additionally, a small amount of psedoeucrptite is present (LFM-2, 
Fig. 4a), which is a rare lithium aluminum silicate mineral related to lithium-rich pegmatite.

Major and trace element compositions
The Major oxide composition of 8 sediment samples of the Ghahavand area is given in Supplementary Table 
S1. The LOI is high and ranges from 10.0 to 21.9 wt%, containing volatile components such as crystalline water 
in gyrolite mineral, inorganic carbon (CO2) in carbonate minerals, and hydroxyl in clay minerals. The SiO2 
content ranges from 42.3 to 56.8 wt% with an average of 48.5 wt%. The Al2O3 content varies between 6.70 and 
14.7 wt% (average 11.5 wt%). The Fe2O3 content spans from 2.86 to 6.39 wt% with an average of 5.13 wt%. The 
MnO content varies between 0.063 and 0.122 wt% (average 0.099 wt%). The CaO content ranges from 7.71 to 
22.3 wt% with an average of 12.7 wt%. The MgO content spans from 2.49 to 4.63 wt% (average 3.53 wt%). The 
Na2O content ranges from 0.92 to 3.19 wt% with an average of 1.73 wt%, and the K2O content ranges from 0.99 
to 2.68 wt% with an average of 2.07 wt%. The Ghahavand Plain sediments are characterized by low contents of 
TiO2 (0.57–0.79 wt%, average 0.68 wt%) and P2O5 (0.12–0.25 wt%, average 0.18 wt%).

The composition of trace elements, including rare earth elements (REE), in the Ghahavand Plain sediments 
is presented in Supplementary Table S2. The Li concentration ranges from 30.3 ppm to 102 ppm with an average 
of 55.1 ppm. The Rb content varies from 32.2 ppm to 109 ppm, averaging 71.1 ppm. The Cs concentration ranges 
from 2.19 ppm to 8.06, averaging 5.11. The Sr content varies from 271 ppm to 10,900 ppm, averaging 972 ppm. 
The Ba concentration ranges from 162 ppm to 463 ppm with an average of 311 ppm. The Zr content ranges from 
37.0 ppm to 127 ppm with an average of 78.0 ppm. The Pb content ranges from 7.74 ppm to 33.5 ppm with an 
average of 18.5 ppm. The Th and U contents range from 3.43 ppm to 12.2 ppm (average 7.83 ppm) and 1.43 ppm 
to 3.02 ppm (average 1.91 ppm), respectively. The Zn value varies from 36.5 ppm to 98.5 ppm with an average of 
77.2 ppm. The Cu content ranges from 11.6 ppm to 32.9 ppm, averaging 25.2 ppm. The V content ranges from 
40.1 ppm to 132 ppm with an average of 93.2 ppm. The Cr value ranges from 43.5 ppm to 113 ppm, averaging 
83.0 ppm. The Co and Ni contents range from 6.18 ppm to 18.5 ppm (average 13.6 ppm) and 29.2 ppm to 83.8 
ppm (average 60.9 ppm), respectively.

The concentrations of the trace elements are normalized to those of the upper continental crust (UCC)23 
(Fig. 5a). Most trace elements (Y, Zr, Nb, Ba, La, Ce, Nd, Sm, Yb, Lu, Pb and Th) in the sediments have lower 
concentrations than in the UCC. However, Sr and Cs in the sediments, except for four samples, are found in 
higher concentrations than in the UCC (Fig. 5a).

The total concentration of rare earth elements (REE) ranges from 68.3 ppm to 179 ppm, with an average of 
134 ppm. The light REE (LREE) content varies between 55.6 ppm and 147 ppm, averaging 107 ppm, while the 
heavy REE (HREE) content ranges from 5.47 ppm to 14.4 ppm, with an average of 11.5 ppm (Supplementary 
Table S2). Chondrite-normalized REE pattern24 is shown in Fig.  5b. The Eu and Ce anomalies, Eu/Eu* and 
Ce/Ce*, are calculated using the following formulas: Eu/Eu*=2×EuCN/(SmCN+GdCN) and Ce/Ce*=2×CeCN/
(LaCN+PrCN) (Supplementary Table S2). The normalized ratios of (La/Yb)CN, (La/Sm)CN, and (Gd/Yb)CN are 
also present in Supplementary Table S2. All samples show enrichment of LREE compared to HREE (Fig. 5b). 
The LREE/HREE ratio varies from 6.78 to 13.2 with an average of 9.38 (Supplementary Table S2). The (La/
Yb)CN ratio ranges from 7.12 to 17.0, averaging 10.9, illustrating the significant fractionation between LREE and 
HREE. The (La/Sm)CN ratio, which indicates the LREE fractionation, ranges from 3.14 to 4.21 with an average 
of 3.65 (Supplementary Table S2). The (Gd/Yb)CN ratio, reflecting the HREE fractionation, ranges from 1.55 to 
2.41, with an average of 1.95 (Supplementary Table S2). All samples show V-shaped patterns at Eu, negative Eu 
anomalies (Fig. 5b). The Eu/Eu* value ranges from 0.64 to 0.77, averaging 0.68. The Ce/Ce* value ranges from 
0.93 to 1.02, with an average of 0.99.

The uniform REE pattern suggests that these sedimentary particles from the Ghahavand Plain may have 
originated from the same place.

Statistical analysis
This section focuses on the analysis of a substantial dataset to pinpoint lithium anomalies and their relationship 
with other elements. We have also applied general statistics commonly used in trace element exploration.

Stepwise factor analysis
Stepwise factor analysis (SFA), a specialized method within factor analysis, is used to identify multi-element 
associations within a geochemical dataset by progressively identifying noisy (non-indicator) elements and 
removing them from the analysis25,26. This process continues until a clear and significant multi-element signature 
is achieved25,26. The assumptions underlying factor analysis in geochemical contexts include the presence of 
linear relationships among variables, as well as the requirement that data distributions exhibit either normality 
or log-normality27.The normality tests Kolmogorov–Smirnov28 is used. A significant Bartlett’s test of sphericity 
(p < 0.05), and a Kaiser-Meyer-Olkin (KMO) measure ≥ 0.6 30.

First, classical Principal Component Analysis (PCA) was used to extract the common factors. Then, 
the varimax method was applied for rotation, and factors with eigenvalues greater than 1 were retained for 
interpretation29,30.

The SFA was used to extract factors, and the varimax rotation of factors was applied using the JASP software 
for our chemical data. Trace elements, except REE, were selected for SFA. The REE showed a high fraction and 
strong multicollinearity due to the uniform REE composition, they were omitted from the SFA.

Elements were classified into three main factors (Supplementary Table S3). In each step, elements less than 
0.6 in any of the factors are eliminated. In the first step (F1), according to Supplementary Table S3a, Pb, Cd, and 
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Be were eliminated from the dataset. In the next step (F2), the factorization was performed on the remaining 
data, and this process was repeated three times until the elements were correctly assigned to the existing factors. 
On this account, in the second step (F2) (Supplementary Table S3b), Nb are eliminated, and the result of the 
third step (F3) is shown in Supplementary Table S3c.

The first factor in the third step (F1-3) show high coloration of Rb (0.94), Cr (0.93), Co (0.89), Ni (0.85), 
Cu (0.83), Cs (0.82), Ga (0.76), Sc (0.69), V (0.69) and Th (0.65). F3-2 show high load of Sc (0.70), V (0.63), Zn 
(0.80), Sb (0.88), Ba (0.97) and Zr (0.90) and the third factor in the third step (F3-3) includes Li (0.74), Sr (0.81), 
and U (0.67), suggesting a strong correlation among Li, Sr, and U.

Fractal analysis
The Concentration-Number (C-N) fractal method, used in geology, identifies geochemical anomalies by 
analyzing spatial data and concentration of elements and shows that there is a relationship between the frequency 
distribution of elemental concentrations and the cumulative number of samples31,32.

A fractal model is generally expressed as follows33:

	 N (r) = C r−D � (1)

where r denotes the characteristic scale, C is the scale factor, D is the fractal dimension, and N(r) represents the 
count or sum of occurrences where the scale factor is greater than or equal to r33.

This method can be expressed as follows34,35:

	 N(≥ ρ ) ∝ F ρ −D � (2)

where ρ represents the element concentration, N(≥ρ) represents the cumulative number of samples with 
corresponding concentrations, and different concentration intervals.

Based on the C-N log-log plot, the lithium (Li) concentrations in the study area can be categorized into 
seven distinct populations, each defined by specific thresholds (Fig. 6a). The first population is identified by a 

Fig. 5.  (a) Upper continental crust (UCC) normalized patterns for the Ghahavand Plain sediments 27. Most 
trace elements, such as Pb, Ba, Th, U, Nb, La, Ce, Nd, Zr, Sm, Y, Yb, and Lu, show lower concentrations 
than the UCC. However, Cs and Sr, except for four samples, show higher concentrations than the UCC. 
(b) Chondrite normalized REE patterns for the Ghahavand Plain sediments 28. All samples show LREE 
enrichments and negative Eu anomalies.
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threshold of 36.5 ppm, representing the lowest concentration range. The second population begins at 45.9 ppm, 
with Li concentration ranging from 36.5 ppm to 45.9 ppm. The third population is defined by a threshold of 51.3 
ppm. The fourth population indicates a further rise in the level of Lithium. The fifth population starts at 74.1 
ppm, while the sixth population ranges from 74.1 ppm to 77.6 ppm. Finally, the seventh population includes Li 
concentrations equal to or greater than 77.6 ppm, representing the highest concentration range observed in the 
study area. The C-N log-log plot (Fig. 6a) provides a clear depiction of the distribution and segmentation of Li 
concentrations across the region. These populations are shown in Fig. 7 using Arc-GIS Pro, and the sediment 
samples with the higher Li concentrations appear in the northern part of the study area.

Herein, the C-N fractal is used for factor scores. In this step, the log-transformed data were grouped by 
stepwise factor analysis, focusing on factor 3 in the 3rd step (F3-3). This includes categories of less than 0.38, 
between 0.38 and 0.52, from 0.52 to 1.54, and greater than 1.54 (Fig. 6b). The sediment samples with higher Li, 
Sr, and U appear in the northern section of the study area, as illustrated in Fig. 8.

Sr isotopic composition
Supplementary Table S4 presents the 87Sr/86Sr ratios from eight sediment samples in the Ghahavand area. The 
ratio ranges from 0.7078 to 0.7103 with an average of 0.7092. The variation in the Sr isotope ratio is minimal, 
thereby suggesting a consistent source for the sediments and their connection to the surrounding rocks. This will 
be further explored in the discussion.

Discussion
Fine-grained sediments, like clays, often exhibit higher Li concentrations due to their greater surface area and 
ability to adsorb Li ions36. Additionally, Li tends to accumulate in sediments rich in lithium-bearing minerals, 
such as clays, which are common in certain geological settings11.

The presence of lithium in clay flats is influenced by the interplay of the weathering intensity and the 
composition of source sediments. Warm and humid paleoclimates often drive intense chemical weathering, 
which enhances the leaching of Li from primary minerals and its incorporation into secondary clay minerals 
like smectite and illite37. The mineralogy and Li content of the source sediments are also crucial, as Li-rich 
parent rocks such as granites or volcanic deposits provide higher initial Li concentrations38. Over time, chemical 
weathering causes Li to be liberated from its sources and accumulated in clay flats. Investigation of the chemistry 
of these sediments makes them valuable records for reconstructing past weathering conditions and climatic 

Fig. 6.  (a) C-N log-log plot of Li for the Ghahavand Plain sediments, showing the seven populations. The first 
group is equal to or less than 39.5 ppm, the second is between 39.5 and 45.9 ppm. The third group is between 
45.9 and 51.3 ppm. The fourth group is 51.3 to 60.3 ppm. The fifth group is 60.3 to 74.1 ppm. The sixth group 
is 74.1 to 77.6, and the last group is higher than 77.6 ppm. (b) C-N log-log of F3-3 for the sediments, showing 
three thresholds at 0.38, 0.52, and 1.54.
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histories39. Herein, we discuss the Li distribution and its relationship to the paleoenvironment of the Ghahavand 
Plain, because weathering plays a crucial role in the mobilization, redistribution, and concentration of Li within 
geological systems. In arid regions, lithium concentrations through evaporation processes, particularly in playas 
and flats, where evaporative enrichment occurs, lead to the accumulation of lithium.

Lithium-bearing minerals in the ghahavand plain sediments
The mineral composition of the sediment samples from the Ghahavand Plain highlights promising prospects 
for lithium resources, particularly due to the presence of lithium-bearing minerals. The most significant finding 
is the identification of zabuyelite (Li2CO3) in the sample LFM-13 (Fig. 4c). Evaporate concentration of lithium 
leads to the formation of lithium minerals such as lithium carbonate (Li2CO3)11. Zabuyelite is a critical natural 
source of lithium carbonate, and is a key industrial chemical that is utilized extensively in the production of 
lithium-ion batteries, ceramics, glass, and other high-tech applications. Its presence in substantial amounts 
suggests the potential for economic extraction and utilization of lithium from this region. Additionally, the 
detection of pseudoeucryptite, a rare lithium aluminum silicate mineral (LFM-2, Fig. 4a), further supports the 

Fig. 7.  Seven populations of Li concentration based on the C-N fractal model on the geological Map, using 
ArcGIS Pro online for windows version 3.5.2 (https://www.arcgis.com) and Inkscape for Mac version 1.3.2 
(http://Inkscape.en.softonic.com). The main anomaly in Li concentration occurs mostly in the northern part of 
the study area.
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lithium prospect, as it is typically associated with lithium-rich pegmatites. Small amounts of lithium carbonate 
(zabuyelite) and lithium aluminum silicate (pseudoeucryptite) are also observed. The presence of these minerals 
indicates that the Ghahavand Plain may host lithium-enriched geological formations, which could be explored 
further for resource development.

The coexistence of other silicate and carbonate minerals, such as quartz, gyrolite, and calcite (Fig. 4), provides 
further context for understanding the geological environment and the processes that may have concentrated 
lithium-bearing minerals in this area. For example, gyrolite is hydrous calcium, often found in association with 
zeolite in volcanic cavities or hydrothermal environments. Overall, the mineralogical findings underscore the 
potential of the Ghahavand Plain as a prospective site for lithium exploration and extraction.

Chemical composition and clay-type lithium resources
The sediments in the Ghahavand area exhibit a diverse geochemical composition, primarily characterized by 
varying concentrations of SiO2, Al2O3, Fe2O3, CaO, and MgO. The contents of SiO2 and Al2O3 range from 42.3 
to 56.8 wt% (average 48.5 wt%) and from 6.70 to 14.7 wt% (average 11.5 wt%), respectively. These indicate a 
significant presence of silicate minerals. The Fe2O3 content ranges from 2.86 to 6.39 wt% (average 5.13 wt%). 

Fig. 8.  Distribution map of F3-3 (Li-Sr-U) based on C-N fractal mode for the Ghahavand Plain sediments. 
This figure was created using ArcGIS Pro online for the Windows version 3.5.2 (https://www.arcgis.com) and 
Inkscape for Mac version 1.3.2 (http://Inkscape.en.softonic.com). The main anomaly for F3-3 mostly occurs in 
the northern part of the study area.
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Notably, the CaO content, ranging from 7.71 to 22.3 wt% (average 12.7 wt%), highlights a substantial carbonate 
component, while low MgO levels (2.49–4.63 wt%, average 3.53 wt%) are evident. Based on these characteristics, 
the Ghahavand Plain sediments can be classified as carbonate-rich clay sediment.

Clay-type lithium resources could be divided into three categories: volcanic type, carbonate type, and jadarite 
type11,40,41. Volcanic clay-type lithium resources are formed through volcanic eruptions. The main lithium-bearing 
minerals found in volcanic clay-type lithium resources are illite and smectite. The lithium is incorporated within 
their crystal lattice structures. In addition, these resources are rich in SiO2 and magnesium (Mg), typically with 
concentrations exceeding 50% for SiO2 and 10% for Mg, respectively7,42,43. Lithium resources of the carbonate 
type are formed through the weathering and deposition of carbonate rocks43. As these rocks break down into 
clay, lithium becomes concentrated, leading to the formation of clay-type lithium deposits. The primary lithium-
bearing minerals in carbonate-type lithium resources are clay minerals such as montmorillonite, kaolinite, and 
others. The lithium is typically adsorbed within the layered structures of these minerals. The carbonate type of 
lithium deposit is primarily characterized by its elevated concentrations of SiO2 and Al2O3, accompanied by high 
Ca concentrations and comparatively low Mg concentrations44. The main lithium-bearing mineral in jadarite-
type lithium deposits is jadarite itself. This unique mineral contains both lithium and boron, and its chemical 
formula is LiNaSiB5O7(OH). It is characterized by a Li2O content of 7.3% and a B2O3 content of 47.2%. Although 
jadarite also contains a significant amount of SiO2, it is distinguished by its high Na content. Additionally, jadarite 
has a negligible Mg content, which is advantageous for the extraction of lithium11,41.

We compare the Ghahavand Plain sediments with the three types of lithium host deposits across various 
regions. The Ghahavand Plain sediments show moderate levels of SiO2, Al2O3 and MgO and high level of CaO 
(42.3–56.8 wt%, 6.70–14.7 wt%, 2.49–4.63 wt%, 7.71–22.3%, respectively) with a low presence of dickite. These 
characteristics are shared by both volcanic and carbonate clay types.

SFA and C-N fractal modeling
The first factor identified in step 3 (F3-1) exhibits high loadings for the elements Rb, Cr, Co, Ni, Cu, Cs, Ga, Sc, V, 
and Th, as presented in Supplementary Table S3c. Rb, Cs, Ga, and Th are typically in felsic rocks such as granites 
and pegmatite45,46. Cr, Co, Ni, Sc, and V are more characteristic of mafic or ultramafic rock47which likely reflects 
a mixed contribution from felsic and mafic/ultramafic rocks. The second factor show coloration of Sc (0.70), 
V (0.63), Zn (0.80), Sb (0.88), Ba (0.97), and Zr (0.90) (Supplementary Table S3c). Sc, V, and Zr are typically 
considered conservative, lithogenic elements, often linked to the detrital fraction derived from the weathering of 
mafic/intermediate igneous rocks48. Zn, Ba and Sb are relative to upper continental crust48.

Results obtained by the SFA (Supplementary Table S3c) show that Li paragenesis is Sr and U (F3-3). The C-N 
log-log plot in the study area shows seven distinct populations (Fig. 6a). The highest concentration level in this 
study area is 77.6 ppm or higher and is observed in the northern part of the Ghahavand area (Fig. 7).

According to the results presented in Supplementary Table S3c, the paragenesis of Li is closely associated 
with Sr and U within the F3-3. Geochemical analysis using the C–N log-log plot reveals the presence of 
seven geochemically distinct populations within the study area (Fig.  6a), suggesting diverse Lithological or 
hydrothermal influences. The highest recorded Li concentration, reaching 77.6 ppm or greater, is predominantly 
located in the northern sector of the Ghahavand area (Fig. 7), indicating a potential geochemical anomaly or 
mineralization hotspot in that region.

In addition, the C-N fractal distribution for F3-3 (Li-Sr-U) showed that these elements have high 
concentration in the northern part of the Ghahavand Plain. Lithium and Sr exhibit distinct behavior during 
the weathering process, which can provide valuable insight into geochemical cycles and the environment. Li is 
primarily hosted in silicate minerals, and during weathering, Li is released from minerals and can be transported 
by rivers37. Misra and Froelich37 used the behavior of Sr and Li to get insights into physical weathering dynamics 
based on continental inputs. These elements are released from bedrock during weathering and eventually make 
their way into rivers. Additionally, Sr is released from both silicate and carbonate minerals during weathering. 
The uranium (U) content in the Ghahavand sediments ranges from 1.43 to 3.02 ppm. Generally, sediments in 
oxic environments have low U concentrations, while those in reducing environments—like continental margin 
sediments—typically have higher concentration of 1 to 10 ppm. The relatively low U content in the Ghahavand 
sediments suggests they were deposited in an oxic environment.

Source material
Source of sediment based on chemical composition
The source of sediments can be determined by using various discriminant diagrams based on major and trace 
elements49–51. The DF1 and DF2 discriminant diagrams are based on the content of Major oxides in 248 groups 
of sandstone and mudstone. These diagrams categorize the source area into four provinces: mafic igneous, 
intermediate igneous, felsic igneous, and quartz sedimentary52.

	

Discrimination function 1 (DF1) = 0.44TiO2 + 0.07Al2O3 − 0.25Fe2O3 (total) − 1.142MgO
+ 0.438CaO + 1.475Na2O + 1.426K2O − 6.861.

� (3)

	
Discrimination function 2 (DF2) = −1.773TiO2 + 0.607Al2O3 + 0.76Fe2O3 (total) − 1.5MgO

+ 0.616CaO + 0.509Na2O − 1.224K2O − 9.09 � (4)

The major oxides are based on wt%. The calculated values indicate that DF1 and DF2 in the Ghahavand area 
have changed from − 0.12 to 0.64 and from 1.67 to 2.90, respectively. This suggests that the sediment samples 
predominantly plot within the felsic volcano-plutonic field, which we acknowledge as the origin of these 
sediments (Fig. 9a).
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Additionally, the low solubility of aluminum, titanium, and zirconium oxides and hydroxides in low-
temperature aqueous solutions makes these elements effective tracers for sediment source discrimination. The 
Al2O3/TiO2 ratio exceeding 21 indicates a felsic provenance, while those below 8 suggest a basic source rock53. 
The Al2O3/TiO2 ratio in the Ghahavand sediment ranges from 11.8 to 19.7, with an average of 16.8, indicating 

Fig. 9.  (a) Discrimination diagram for the provenance of the Ghahavand Plain sediments 58. Most of 
theGhahavand Plain sediments plot in the acid plutonic and volcanic rock. (b) La/Sc versus Co/Th diagram 
60, showing the felsic volcanic rock for the source of the Ghahavand Plain sediments. (c) Zr/Sc versus Th/Sc 
diagram 63, indicating that the sediment source in the Ghahavand Plain is granodiorite.
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a relatively high ratio (Supplementary Table S1). This suggests a stronger affinity to felsic rocks compared to 
mafic ones. Furthermore, trace elements such as Ti, Y, Th, Sc, Hf, and REE are essential for understanding the 
origin and composition of the source area because they are unlikely to migrate during the post-depositional 
process. Discrimination diagrams, such as La/Sc vs. Co/Th54,55show that the sediment in the Ghahavand area 
has a felsic rock affinity (Fig. 9b). Immobile elements such as Th, Sc, and Zr have brief residence times in water 
and are almost quantitatively transferred into the sediments56. On the Zr/Sc vs. Th/Sc diagram, the Ghahavand 
sediments are plotted in the domain of felsic igneous rock (Fig. 9c).

Source of sediment based on Sr isotopic composition
The 87Sr/86Sr ratio of the Ghahavand sediment ranges from 0.7078 to 0.7103 (Supplementary Table S4). 
Herein, the 87Sr/86Sr ratios of the Ghahavand sediments are compared to those of mantle and crustal source 
materials57modern seawater, marine carbonate, and the surrounding rocks (Fig.  10). The 87Sr/86Sr ratios of 
various granitoid types in the surrounding Alvand pluton are available in Shahbazi et al.58: the 87Sr/86Sr ratio 
of the gabbroic rock varies from 0.7020 to 0.7037, the aluminous porphyric granite shows high 87Sr/86Sr ratios, 
ranging from 0.7092 to 0.7194, the mylonitic granite shows high 87Sr/86Sr ratios of 0.7088, and the leucogranite 
has a 87Sr/86Sr range between 0.7127 and 0.7138 (Fig.  10). The 87Sr/86Sr ratio of the surrounding Eocene-
Oligocene volcanic rock in the eastern Saveh ranges from 0.7046 to 0.709859 (Fig. 10). The 87Sr/86Sr ratio of 
Marine carbonate of Oligomiocene changes from 0.7078 to 0.709160. The 87Sr/86Sr ratios of the sediments in 
the Ghahavand area are consistent with those of the aluminous porphyric granite and the mylonitic granite in 
the Alvand pluton, the Eocene-Oligocene volcanic rock in the eastern Saveh, and the Oligomiocene limestone.

Weathering and lithium concentration
Paleoclimate
Paleoclimate significantly impacts weathering processes, which subsequently affect lithium concentrations 
within geological systems. In periods of intense weathering, particularly in warm and humid paleoclimates, 
lithium can be leached from minerals and transported in water, accumulating in clays, brines, or evaporite 
deposits11. Conversely, arid paleoclimates can lead to increased evaporation, which concentrates lithium in closed 
basins, forming lithium-rich brine deposits of economic value61. It is imperative to comprehend the interplay 
between weathering and lithium concentration in paleoenvironments to identify conditions that favor lithium 
enrichment. This understanding is crucial for exploring this vital resource for renewable energy technologies.

To estimate the weathering condition in this area, geochemical proxies are employed to reconstruct 
paleoclimate conditions in the source areas62,63. Ga/Rb and Sr/Cu ratios in fine-grained sediments are commonly 
used as indicators to determine the paleoclimate63,64. Gallium (Ga) is predominantly associated with the fine-
grained aluminosilicate fraction and is enriched in kaolinite-related deposits, which form in warm and humid 
climates64,65. Rubidium (Rb) is associated with illite, indicating that the region experiences weak chemical 
weathering due to dry and cold climatic conditions64. As the climate becomes colder and drier, the value of 
the Ga/Rb ratio in sediments decreases64. The Sr/Cu ratio, ranging from 1.3 to 5.0, is indicative of a humid 
environment, while those exceeding 5.0 indicate an arid environment63,66,67. Sediments typically exhibit high 
Ga/Rb and low Sr/Cu ratios in warm and humid climates64,66.

Fig. 10.  Strontium isotope ratios of the Ghahavand Plain sediments and their potential sources: crust and 
mantle 64, the Oligomicene carbonate 67, the Alvand pluton 65 (gabbroic rock, aluminous porphyric granite, 
mylonitic granite, leucogranite), and the Eocene-Oligocene volcanic rock in the eastern Saveh 66.
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The Ga/Rb ratio in the Ghahavand area ranges from 0.18 to 0.27, while the Sr/Cu ratio varies between 8.9 and 
710. In the diagram (Fig. 11a), the sediment plots are situated along the boundary between the cool and warm 
arid domains with a greater affinity towards the cool domain.

Arid climate is characterized by minimal precipitation and are essential for natural process that concentrated 
lithium both in the brine and sedimentary deposits68In such regions, the combination of limited water flow 
and high evaporation rates during warmer periods contributes to the accumulation of lithium in closed basins, 
such as saline lakes, playas, and salt flats69. These environments are often referred to as host lithium-rich brines, 
where the concentration of elements increases as the water evaporates70. Notable examples include Li-rich salt 
flats such as the Salar de Atacama in Chile and the Salar de Uyuni in Bolivia, both of which are located in cold, 
arid regions71.

Fig. 11.  (a) Plot of Sr/Cu versus Ga/Rb 70,73, of the Ghahavand Plain sediments, showing that the sediments 
were deposited under cold-dry conditions. (b) Diagram of A-CN-K 79,80. Most of the Ghahavand Plain 
sediment samples plot above the plagioclase–K-feldspar line, showing weak to intermediate weathering 
(weathering line and mixing sediment linr from Srivastava et al.,81 and K-metasomism line from Fang et al., 82).
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Weathering intensity based on CIA and PIA environmental factors
The chemical weathering of silicate rock in the source region exerts a substantial influence on the major element 
geochemistry of fine-grained siliciclastic sediments72.

A reliable way to estimate the extent of weathering is to calculate the Chemical Index of Alteration (CIA) 
using molecular properties72:

	 CIA = [Al2O3/(Al2O3 + CaO ∗ + Na2O + K2O )] × 100� (5)

The CaO* was adopted based on the equation [CaOresidual = molar CaO – molar P2O5 × 10/3]54when CaO 
residual is less than Na2O content, then the CaO* is equal to CaOredisual if CaOredisual is greater than Na2O, then 
CaO* is replaced by the Na2O value54.

The index values are 50 for unaltered albite, anorthite, and potassic feldspar, whereas the value for diopside 
is 0 76. Consequently, fresh basalt has values ranging from 30 to 45. Granite and granodiorite, on the other 
hand, have higher values, ranging from 45 to 55. Muscovite has a value of 75, while illite, montmorillonite, and 
beidellite range from 75 to 85. Kaolinite and chlorite have the highest values, close to 100. Therefore, the average 
shale has values ranging from 70 to 75, attributable to its substantial clay mineral content72.

The CIA value in the Ghahavand sediments ranges from 50.3 to 67.9 (Supplementary Table S1) with an average 
of 59.7 (Fig. 11b). Bai et al.73 suggested that CIA values between 50 and 65 reflect a cold-dry climate with reduced 
chemical weathering. When the CIA is between 65 and 85, it is indicative of a warm-humid climate with moderate 
chemical weathering. And, when the CIA is between 85 and 100, it reflects a hot and humid paleoclimate with 
strong chemical weathering. The weathering trend can be illustrated on Al2O3-(CaO*+Na2O)-K2O (A-CN-K) 
triangular plot74,75 (Fig. 11b). The diagram thus tracks the progressive breakdown of unstable minerals and the 
enrichment of stable ones, providing insight into the degree of weathering and sediment maturity. In the ternary 
A-CN-K diagram75most of the Ghahavand sediment samples plotted above the plagioclase–K-felspar line. In the 
A-CN-K diagram, some data exhibit a slight deviation from the typical weathering trend, displaying a pattern 
parallel to the A-CN line and indicating a mixing trend76 (Fig.  11b). Furthermore, no samples demonstrate 
evidence of K-metasomatism trend77 within the A-CN-K trend (Fig.  11b). If K-metasomatism occurs in 
sediments during diagenesis, it will increase the potassium content in the sedimentary rocks, which in turn 
results in a lower CIA value77.

The intensity of source weathering can also be estimated using the related plagioclase index alteration (PIA) 
as follows78:

	 PIA = (Al2O3 − K2O)/(Al2O3 + CaO ∗ + Na2O − K2O) × 100� (6)

This quantifies the degree of destruction of plagioclase. The PIA value of unweathered plagioclase is 50, and the 
PIA value of completely altered Material is 100. The PIA value in the Ghahavand sediment ranges from 50.4 to 
75.8, with an average of 63.0 (Supplementary Table S1), indicating less to moderate alteration of plagioclase in 
the sediments.

Lithium is a mobile element and tends to leach out of minerals over time. In the process of intermediate 
weathering, primary minerals such as feldspar and pyroxene begin to experience a phase transformation that 
involves the release of lithium. However, the extent of leaching observed in the Ghahavand sediments (PIA = 50.4–
75.8) is less pronounced when compared to sediments in highly weathered environments (PIA ~ 100). As a 
result, lithium concentrations remain moderate, often accumulating in secondary minerals or being transported 
by water before stabilizing in advanced weathering profiles79.

Depositional environment
The ratios of trace elements U/Th and V/Cr are highly effective indicators of the oxidation-reduction conditions 
within sedimentary environments80,81. When the U/Th ratio in sediments is below 0.75 and the V/Cr ratio is 
less than 2.0, it suggests an oxic environment82. Conversely, values exceeding 1.25 for U/Th and 4.25 for V/Cr 
indicate a reducing environment. The U/Th ratio in the sediment of the Ghahavand area ranges from 0.15 to 0.37, 
except one sample (0.88), and the V/Cr ratio ranges from 0.85 to 1.98, with an average of 1.16 (Supplementary 
Table S2), suggesting an oxic environment (Fig. 12a, b).

The concentrations of V and Ni in fine-grained sediments are sensitive to the redox conditions of the water 
column and can serve as indicators to assess the depositional conditions83,84. The ratio of V/(V + Ni) effectively 
reflects sedimentary redox conditions80: Values greater than 0.77 indicate relatively reducing environments, 
while those below 0.60 suggest relatively oxidizing settings; intermediate values denote weakly oxidizing 
environments80. The obtained V/(V + Ni) ratio in the sediment of the Ghahavand Plain ranges from 0.53 to 0.76, 
with an average of 0.61 (Supplementary Table S2), suggesting that the sediment was formed in a weakly oxic 
environment (Fig. 12c).

Additionally, the cerium anomaly (Ce/Ce*) serves as a valuable geochemical proxy for redox conditions. The 
solubility of Ce3+ is much higher than that of Ce4+, and cerium present as Ce3+ in rock-forming minerals will be 
readily converted into Ce4+ in oxic water, resulting in positive or negative Ce anomalies (e.g., van der Weijden 
and van der Weijden 89) The Ce/Ce* values of the Ghahavand sediments range from 0.94 to 1.02, with an average 
of 0.99, indicating that weathering-induced dissolution and precipitation were minimal. This probably means an 
absence of a strong oxidative environment.

The Rb/K ratio exhibits an upward trend in conjunction with rising salinity. The values exceeding 0.006 
indicate fully Marine conditions, while those ranging from 0.004 to 0.006 suggest conditions of fresh to 
brackish water. The values less than 0.004 indicate freshwater conditions 90. The Rb/K ratio in the Ghahavand 
sediment ranges from 0.0030 to 0.0049 with an average of 0.0043, indicating that the sediment of the Ghahavand 
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area originates from fresh water and fresh to brackish water and was formed in terrestrial marine-terrestrial 
sedimentary environments (Fig. 12d).

Conclusions
In this research, we investigate the sediments in the Ghahavand clay flat to assess their potential as a source of 
lithium (Li). The Ghahavand Plain sediments are notable for containing Lithium-bearing minerals including 
zebuyelite and psedoeucryptite. The Lithium concentration in this region ranges from 30 to 102 ppm with an 
average of 55.1 ppm. The third factor in the third step of the factor analysis indicates a strong correlation of Li, Sr, 
and U. Geochemical characteristics of the Ghahavand Plain sediments such as Ga/Rb and Sr/Cu ratios suggest 
that the sediments were formed in a cool and arid environment Additionally, the ratios of U/Th, V/Cr, and V/
(V + Ni) suggest an oxic environment for the sediment formation. The chemical and Sr isotopic compositions of 
the sediments reflect a mixture of volcanic and carbonate clay sources, including the Alvand granites, the Eocene-
Oligocene volcanic rock, and the Oligomiocene limestone in the surrounding area. Furthermore, the findings 
underscore the potential for future advancements in technologies aimed at the exploration and exploitation 
of low-grade lithium deposits. Such progress could make a substantial contribution to the local economy and 
enhance the scientific understanding of sedimentary processes in arid environments. The geochemical signatures 
observed in the Ghahavand Plain sediments provide valuable insights into the paleoenvironmental conditions 
and the geological history of the region. Continued research in this area is likely to reveal additional resources 
and further elucidate the complex interactions between geological formations and climatic factors.

Data availability
All data associated with this research are available in supplementary file and they can also be requested to the 
corresponding author.
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