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 The purpose of this research is application of the Concentration-Number and 

Concentration-Area fractal models for determining the distribution pattern of REEs and 

lithium in mining area of the North Kochakali coal deposit. According to the 

Concentration-Area and Concentration-Number fractal graphs, four different 

geochemical groups were obtained for REEs and lithium in the mining area of North 

Kochakali coal deposit. The comparison of the threshold values and the models 

obtained based on the Concentration-Area and Concentration-Number fractal models 

indicate that the Concentration-Area Fractal model has performed better in determining 

different geochemical groups and separating anomalies from the background for REEs 

and lithium in North Kochakali coal deposit. Based on the fractal models in the mining 
area, the southeastern and western parts have the highest concentrations of REEs and 

the northeastern parts have the highest concentrations of lithium. These parts should be 

considered in mining operations due to their higher economic value. The locations of 

the REEs anomalies are consistent with the location of right-lateral faults with a normal 

component, since these faults are young and have operated after the formation of coal 

seams, so the mineralization of REEs in North Kochakali coal deposit is epigenetic. 
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1. Introduction  

One of the main issues when extracting and 

exploiting mines is preparing zoning maps to 
determine the areas with elements of high 

economic value and the areas with low economic 

value [1, 2]. These zoning maps in addition to 
showing the distribution of elements in the mining 

area, have a very important role in the planning and 

exploitation of mines [3]. For the evolution of low-
carbon, renewable energy technologies, REEs are 

crucial [4]. Due to their physical properties, REEs 

are used in military, new energy development, 

technology, metallurgy, modern agriculture, and 
other fields [5]. There are critical elements, 

including Li, Ga, Ge, U, REY, Zr, Nb, Sc, V, Au, 

Ag, and Re, as well as Al and Mg in coal, so coal 

can be an important source of these elements [6-9]. 

Due to the low volatility of these elements, they are 
preserved in coal ash during the combustion 

process [10, 11]. In general, REEs (Rare earth 

elements) are divided into two groups: light rare 
earth elements (LREEs) and heavy rare earth 

elements (HREEs). Some types of coal have more 

enrichment of LREEs than HREEs, while some 
other HREEs show a better enrichment, this 

difference can be caused by the ancient 

environment of coal formation and geological 

location [12, 13, 10, 14]. Research shows that 
HREEs have higher affinity with coal organic 

matter [15, 16]. Finding lithium reserves in coal  

can greatly increase value of coal resources [17, 

http://www.jme.shahroodut.ac.ir/
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18] and partially compensate for the lack of lithium 

in industrial cases [19]. Various researchers 

conducted studies on the origin of lithium in coal. 
[17] concluded that clay minerals (illite, kaolinite, 

smectite, etc.) in coal are the main source of 

lithium . [20, 21] considered geological factors as 
the main cause of enrichment of REEs in coal, in 

general, they proposed 5 factors for the genesis of 

REEs in coal, including: magmatic and 
hydrothermal processes, faulting, source rock, 

volcanic, groundwater and seawater, among these 

factors, a specific geological factor prevails over 

other factors in the enrichment of REEs. [22] and 
[23] suggested 2 main sources for lithium 1- The 

weathering of volcanic bedrock with lithium 

upstream in the areas where the amount of 
precipitation is high, then surface and ground water 

with lithium accumulate in the basin where the rate 

of evaporation is higher than the precipitation, 
which causes concentration and accumulation of 

lithium 2- Direct entry of hydrothermal fluids with 

lithium into the basin by the faults in the basin 

floor. Geological processes such as faulting, in 
addition to causing the displacement of coal seams, 

by predisposing the passage of fluids and also 

intrusive igneous masses, lead to enrichment and 
increase in the concentration of an element and set 

of elements.  

Identifying the areas showing the enrichment of 

specific element or elements indicates real 
mineralization zone, and in geochemical 

exploration the identification of mineralization 

zones and separation anomalies from the 
background are fundamental issues [24-28]. 

Fractal/multifractal models, developed by [29] are 

used in various branches of earth sciences [30] 
such as: geochemistry [29, 31-35] geophysics [36-

41], structural geology [42-45], and remote sensing 

[46, 47]. 

In geochemical processes fractal dimensions 
correspond to differences in physical 

characteristics such as hydrothermal fluid, 

structural feature, alteration, and so on [48]. The 
presence of geochemical anomalies increases the 

fractal dimension of geochemical variables, and 

based on differences in fractal dimensions, various 
stages of element distribution can be separated 

[49]. 

Fractal methods such as Concentration – Area 

[50], Concentration – Volume [49], Power 
spectrum-Area [51], Concentration – Perimeter 

[50] and Concentration – Number [29, 52] have 

been widely used in order to separate anomalies 
from the background. In Concentration-Number 

(C-N) fractal model separation anomaly is based on 

the inverse relationship between cumulative 

frequency of each concentration and higher 

concentrations [26, 52], but Concentration-Area 
(C-A) fractal model is based on inverse 

relationship between the element concentrations 

and the area occupied by them [50, 53]. 
In this research, 28 samples were taken from 

target seams in mining area of North Kochakali 

coal deposit. After analyzing and determining the 
concentrations of REEs and lithium, 

Concentration-Number and Concentration-Area 

fractal models were used in order to identify 

anomalous parts  (high-concentration areas) and 
distribution pattern of REEs and lithium in North 

Kochakali coal deposit. These parts have a higher 

economic value and should be taken into account 
during mining operations. Finally, two fractal 

models were compared in terms of applications in 

separation anomalies from the background.  

2. Geological Setting 

2.1. Regional geology 

North Kochakali coal deposit is located in the 

northern part of the Tabas block in the Central 
Iranian Micro-continent (CIM). With the opening 

of the Neotethys ocean, the CIM separated from the 

Gondwana supercontinent during the Permian and 
collided with the Eurasian plate as a result of the 

closure of the Paleotethys ocean [54, 55]. CIM 

consists of three structural blocks including: Tabas, 

Lut and Yazd, which today can be identified from 
east to west by faults with a north-south trend 

(Nayband and Naini faults). However, the 

relationship of these three blocks during the 
Jurassic period is still debated due to the clockwise 

rotation of the CIM in the Triassic, but this rotation 

probably happened in the post-Jurassic period [56, 
57]. Tabas coal field with an area of 45,000 km2 is 

located 80 to 200 kilometers south and southwest 

of Tabas. The Nayband fault in the east and the 

Naini and Kalmard faults are the enclosing faults 
of this basin. The coal reserve discovered in the 

Tabas coal zone is estimated at about 3 billion tons. 

North Kochakali area is located in South Khorasan 
province, about 75 km southwest of Tabas city (70 

km west of Parvadeh coal mine) (Figure 1). In the 

North Kochakali and Mazinu mines, coal-bearing 
sediments are located inside Hojedk Formation, 

which has deltaic facies with a series of sandstone 

sediments, green shales, coaly shales, and coal 

seams in this Formation have created huge reserves 
of coal both in the north and in the south of Tabas 

block. Coal in North Kochakali and Mazinu mines 

are thermal type and anthracite to semi-anthracite. 
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In the North Kochakali area, in the northern part of 

Tabas block, the Badamu Formation is located at 

the lower boundary of the Hojedk Formation and 
the Parvadeh Formation is located at the upper 

boundary of the Hojedk Formation [58]. The 

Hojedk coal Formation was deposited in a back-arc 
basin related to the Neotethys subduction during 

the Late Triassic-Middle Jurassic [59]. Normal 

faults at the bottom of the back-arc basin have 
increased its subsidence rate. The intrusive igneous 

masses were injected into the coal deposit through 

the normal faults of the basin floor during the 

Paleogene [60]. During the Neogene and 
Quaternary, with the closure of the back-arc basin 

and the collision of the Arabian Plate with the 

Cimmerian Plate, the stress changes from tensile to 
compressive and the normal fault changes to the 

reverse strike-slip fault such a situation leads to the 

folding and uplift of the Hojedk Formation. 

 

 
Figure 1. a-Geological Setting of Lut, Tabas and Yazd blocks. Lb: Lut block; Yb: Yazd block; Tb: Tabas block; 

CIM: Central Iranian Microcontinent, b- Geographic location of the North Kochakali, Parvadeh and Mazinu 

coal mines (modified after [61]). 
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In general, there are 4 outcrops of Formations 

in the North Kochakali area, which include: Ab 

Haji (Jab( and Badamu (Jbd) Formations with Lower 
Jurassic age and Hojedk (Jh(, Parvadeh (Jp) and 

Baghamshah (Jbg) Formations with Middle Jurassic 

age. Four main structures (two synclines and two 
anticlines) have been identified in the North 

Kochakali area. In the Anticline structures Ab-Haji 

Formation, the core and Badamu Formation form a 

part of the limb of these structures while in the 

syncline structures, the Baghamshah Formation is 

located in the core and the Parvadeh Formation is 
located in the limb of these structures (Figure 2). 

Field surveys and satellite images show that these 

structures have been greatly affected by faulting 
and their axial trend has changed, but in general, 

the axial trend of these structures is north-south. 

(Figure 3). 

 
Figure 2. Syncline structure in the southwest of the North Kochakali coal deposit and the outcrops of the Hojedk, 

Parvadeh and Baghamshah Formations and the boundary between them. Jh: Hojedk Formation; Jp: Parvadeh 

Formation; Jbg: Baghamshah Formation. 

2.2. Structural geology 

Three types of faults have been identified in the 
North Kochakali area, which include thrust faults, 

left-lateral faults with reverse component, and 

right-lateral faults with normal component. In 
order to accurately detect the fault mechanism, 

sections of the target seams were used in the 

direction of the drilled boreholes. For this purpose, 

three vertical sections in the west-east direction at 
the crossing of thrust faults and a section in the 

north-south direction at the crossing of left-lateral 

and right-lateral faults were designed (Figure 4). 
Section C-C’ indicate two thrust faults in the 

mining area, which are named as F1 and F2 (Figure 

7). Sections A-A’ between two boreholes 108 and 

136, which are located at a distance of 600 meters 
from each other, the target seams have 

displacement in depth by about 200 meters (Figure 

5). Also in section B-B, the target seams between 
two boreholes 104 and 130 have displacement 

more than 200 meters, which is the result of F1 

fault (Figure 6). Section C-C’ Section C shows that 
in addition to fault F1, there is another fault with 

less displacement (between two boreholes 156 and 

123) in the area, which is named as fault F2 (Figure 

7). These two faults (F1 and F2) have a slope 

towards each other and have created a Pop-up 

structure in the mining area of North Kochakali 
(Figure 8). Also, in order to detect the function of 

right-lateral and left-lateral faults a section in the 

north-south direction (section D-D) which is 
crossed between 111, 115, 109, 117 and 102  

boreholes  were designed. This section shows that 

these strike-slip faults have a slope-slip component 

(Figure 9). In North Kochakali area direction of 
greatest stress (ɓ1) is east-west and direction of 

least stress (ɓ3) is north-south, which can be 

justified according to the direction of the structures 
of the North Kochakali area (synclines and 

anticlines). As a result, left-lateral faults that have 

a trend from northwest to southeast have a reverse 

component, and right-lateral faults that have a 
trend from northeast to southwest have a normal 

component. The Sections show that the two thrust 

faults in the North kochakali area have been 
strongly displaced by strike-slip faults with normal 

and reverse components, which is a sign that the 

strike-slip faults with normal and reverse 
components are younger than the thrust faults in 

the North kochakali area. Also, the displacement of 

coal seams by faults indicates that the faults in this 

area have operated after the formation of coal 
seams. 
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Figure3. Geological map of North Kochakali coal deposit. Jab: Ab-Haji Formation; Jbd: Badamu Formation; Jh: 

Hojedk Formation, Jp: Parvadeh Formation; Jbg: Baghamshah Formation. 

 
Figure 4. 1:5000 map of North Kochakali coal deposit with section lines 
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Figure 5. Section A-A’ in the northwest to southeast direction between boreholes 108, 135, 131 and 136 

 
Figure 6. Section B-B’ in the northwest to southeast direction between boreholes 103, 104, 134 and 130. 
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Figure 7. Section C-C’ in the northwest to southeast direction between boreholes 116, 123 and 156. 

 
Figure 8. 3D model of target seams that shows pop up structure in North Kochakali coal deposit 
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Figure 9. Section D-D’ in the southeast to northwest direction between boreholes 111, 115, 109, 117 and 102. 

3. Data and methods 

In this research, 28 samples (K1S1,  K1K2, 

K1S3,  K1S4,  K1S5,  K2,  K2S1,  K2S3,  K2S4,  

K5S1,  K5-3S1,  K5-3S2,  K5-3S3,  K5-3S4,  K5-

3S5,  K7S2,  K7S3,  K7S4,  K7S5,  K32S2,  K32S3, 
K32S4,  K32S5,  K33S1,  K34S1,  K34S2,  K34S3,  

and  K35S1) were taken from the extraction pits 

(Figure 10). There are four mining pits in North 
Kochakali coal deposit, where the mining 

operations are being carried out in the open pit, and 

it was tried to take samples from all the outcrops of 

the coal seams in these mining pits (Figure 11). 
Samples were placed in plastic bags immediately 

after sampling and were analyzed by inductively 

coupled plasma mass spectrometry (ICP-MS) to 
measure the concentrations of lithium and REEs. 

By using the concentrations of these elements, 

Concentration-Number (C-N), Concentration-Area 
(C-A) fractal models, and geochemical anomalies 

of REEs and lithium were investigated in the 

mining area of Norh Kochakali coal mine. For this 

purpose, first, four C-N fractal models (LiC –N, 
HREEC-N, LREEC-N, and ƩREEC –N) and four 

C-A fractal models (LiC –A, HREEC-A, LREEC-

A, and ƩREEC –A) were created. Then, 2D and 3D 
models of the sampling area (mining area) were 

made by Rockwork 17 software based on C-N and 

C-A fractal graphs. Finally, two fractal models of 
C-N and C-A were compared with each other in 

terms of application in the separation of anomalous 
areas from the background in the North Kochakali 

coal deposit.  

 

 
Figure 10. Mining pits of North Kochakali coal 

deposit, a- K32 seam extraction pit b- K7 seam 

extraction pit  
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Figure 11. Map of faults, mining pits and mining area in North Kochakali coal deposit. 

According to the results of the analysis and 

calculation of HREEs, LREEs and ƩREEs 
concentrations in the mining area of North 

Kochakali coal deposit, the concentrations of 

LREEs varies from 67.9 ppm to 424.4 ppm, the 

highest concentration is related to K2 sample and 
the lowest is related to K5-3S5 sample. In HREEs, 

K5-3S3 sample has the highest concentration and 

K5-S1 sample has the lowest concentration. The 

concentrations of the total amount of rare earth 
elements (ƩREEs) reached to 627 ppm which 

corresponds to the K2 sample. Lithium 

concentrations also vary from 29 ppm to 355 ppm, 

K5-3S5 sample has the lowest concentrations and 
the K7S4 sample has the highest concentrations 

(Table 1).  

Table 1. Samples number and concentrations of HREEs, LREEs, ƩREEs and lithium in North kochakali coal deposit 

No Element HREEs (ppm) LREEs (ppm) ƩREEs (ppm) Li (ppm) 

1 K1S1 53.09 205.87 258.96 161 

2 K1S2 45.76 274.45 320.21 181 

3 K1S3 53.82 209.81 263.63 186 

4 K1S4 63.79 234.83 298.62 213 

5 K1S5 39.21 193.96 233.17 111 

6 K2 202.82 424.4 627.22 277 

7 K2S1 61.5 290.67 352.17 234 

8 K2S2 63.26 286.77 350.03 237 

9 K2S3 45.55 215.64 261.19 99 

10 K5-S1 38.42 137.03 175.45 55 

11 K5-3S1 53.28 179.88 233.16 143 

12 K5-3S2 139.71 355.64 495.35 225 

13 K5-3S3 207.97 320.04 528.01 343 

14 K5-3S4 132.52 184.6 317.12 175 

15 K5-3S5 43.14 67.94 111.08 29 

16 K7S2 81.72 322.4 404.12 194 

17 K7S3 100.14 230.19 330.33 302 

18 K7S4 55.36 166.26 221.62 355 

19 K7S5 59.17 228.33 287.5 264 

20 K32S2 56.42 272.02 328.44 233 

21 K32S3 59.42 286.57 345.99 235 

22 K32S4 80.4 121.52 201.92 102 

23 K32S5 110.21 280.55 390.76 140 

24 K33S1 129 289.06 418.06 192 

25 K34S1 47.87 219.88 267.75 221 

26 K34S2 92.38 290.21 382.59 264 

27 K34S3 74.21 320.22 394.43 172 
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3.1. Concentration-Number fractal model 

Concentration–number (C–N) method was first 

introduced by [52] and widely used to represent 
different geochemical populations. general form of 

this model is as follows: 

N(≥ρ) ∞ ρ–D (1) 

N(≥ρ) indicates the sample numbers with Li and 

REEs concentration greater than or equal to the ρ 

value. D is the fractal dimension for  Li and REEs 
concentrations, and ρ represent element 

concentrations. The break points in the logarithmic 

diagrams (between teach lines segment) and values 

of ρ indicate the threshold values that are used to 
separate the anomaly from the background [62]. 

3.2. Concentration-Area fractal model 

Concentration-Area fractal model was first 
proposed by [50]. This model is a very suitable 

technique for modeling geochemical anomalies 

and has many applications in separating anomalies 
from the background. General form of this model 

is as follows: 

A(>ρ) ∞ ρ–D (2) 

A(> ρ) is the cumulative area enclosed by Li and 
REEs concentrations greater than ρ value, and D 

indicate fractal dimensions corresponding to 

different values of ρ. The separation of anomalies 
into different geochemical groups in this model is 

done by the threshold values placed between the 

different line segments in the Concentration-area 

logarithmic graph [63, 53]. To calculate A, the 

sampling area is divided into cells with the same 
dimensions (Figure 11). These cells have the same 

area, so they were used as the area containing the 

specific concentrations (Li, HREEs, LREEs, 
ƩREEs) 

4. Results and discussion 

by using Li concentrations and cumulative 
number of samples LiC-N log-log fractal graph 

was drawn (Figure 12). Base on C-N log-log fractal 

diagram, 4 different geochemical groups (Low, 

Moderate, High and very high) were calculated 
(Table 2). 

 
Figure 12. LiC-N fractal graph 

Table 2. Different geochemical group base on LiC –N graph 

Very high High Moderate Low Category 

269< 240-269 151.3-240 151.3> Lithium (ppm) 

 

Fractal model based on LiC-N log-log fractal 
graph in sampling area shows than low 

concentration group (151.3ppm>) just existed in 

southwest and southeast of sampling area. Very 

high geochemical group (269ppm<) is just located 
in east part of sampling area and is surrounded by 

high geochemical group (240.269ppm). Most parts 

of the sampling area have a moderate concentration 
range (151.3-240ppm) (Figure 13). 

The amounts of LREEs, HREEs, and the total 
amount of rare earth elements (ƩREEs) were 

calculated based on each concentration of REEs. 

Then three C-N log-log fractal graphs (HREEC –

N, LREEC –N, and ƩREEC –N) were drawn for 
these elements (Figs 14, 15, and 16). C-N log-log 

fractal graphs show that 4 different geochemical 

groups were obtained for LREEs, HREEs, and 
ƩREEs (Tables 3, 4, and 5). 

Table 3. Different geochemical group base on HREEC –N graph 

Very high High Moderate Low Category 

138< 66-138 52-66 52> HREEs (ppm) 

Table 4. Different geochemical group base on LREEC –N graph 

Very high High Moderate Low Category 

302< 275-302 182-275 182> LREEs (ppm) 
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Figure 13. Modeling of sampling area based on LiC –N fractal graph a-2D model b-3D model 

 
Figure 14. HREEC-N fractal graph 

2D and 3D modeling of sampling area base on 
HREEC –N fractal model show that high 

geochemical group is located in most parts of the 
sampling area. In other words, most parts of the 

mining areas have a concentration between 66-138 

ppm. The low geochemical group (52 ppm>) is 
located only in the eastern part of the sampling area 

and is surrounded by the moderate geochemical 

group (52-66ppm) (Figure 17). 
LREEC –N fractal model in sampling area 

shows that high (275-302ppm) and very high 

(302ppm>) geochemical groups are located in the 

western part of the sampling area, and most parts 
of the sampling area are surrounded by the 

moderate geochemical group (182-275ppm). Low 

geochemical group (182ppm>) is located only in 
small parts of the southwest and southeast of the 

area (Figure 18).  

 

  
Figure 15. LREEC-N fractal graph Figure 16- ƩREEC-N fractal graph 

(a) 
(b) 
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Table 5. Different geochemical group base on ƩREEC –N graph 

Very high High Moderate Low Category 

436< 275-436 219-275 219> ƩREEs (ppm) 

  
Figure 17. Modeling of sampling area based on HREEC –N fractal graph a-2D model b-3D model 

 

  
Figure 18. Modeling of sampling area based on LREEC –N fractal graph a-2D model b-3D model 

In 3D and 2D modeling of sampling area based 

on ƩREEC –N fractal model, very high 

geochemical group (436 ppm<) is very limited and 
is located only in a small area in the western part of 

the sampling area. The high geochemical group 

(275 ppm-436 ppm) is present in most parts of the 

sampling area and moderate geochemical group 

(219 ppm- 275 ppm) is located only in a small part 
of the east and southwest of the sampling area 

(Figure 19). 

(a) (b) 
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Figure 19. Modeling of sampling area based on ƩREEC –N fractal graph a-2D model b-3D model 

The Concentration-Area logarithmic graph 
(LiC –A fractal graph) for the lithium element was 

drawn by the concentrations of lithium and the area 

containing these concentrations (Figure 20). LiC –

A fractal graph shows 4-line segments and 3 
threshold values that show different geochemical 

groups, so 4 different geochemical groups (low, 

moderate, high and very high) were obtained for 
lithium element (Table 6). 

By using LiC –A fractal graph, 2D and 3D 

models of sampling area (mining area of North 

Kochakali coal deposit) were prepared. This model 
shows that concentrations lower than 166 ppm and 

219 ppm, which are identified as low and moderate 

geochemical groups, are accumulated in the 
southeast and southwest parts of the sampling area 

but the high concentrations of lithium are 

accumulated in the northern part and this part has 
the highest concentrations of lithium. 

Concentrations more than 251 ppm (very high 

geochemical group) which were obtained as the 

highest concentrations level based on LiC –A 
fractal graph, are located in the northeast of the 

sampling area (Figure 21). 

 

 
Figure 20. LiC –A fractal graph 

Table 6. Different geochemical group base on LiC –A graph 

Very high High Moderate Low Category 

251< 219-251 166-219 166> Lithium (ppm) 

 

(a) 

(b) 
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Figure 21. Modeling of sampling area based on LiC –A fractal graph a-2D model b-3D model 

Three fractal graphs including: HREEC –A for 

heavy rare earth elements (HREEs), LREEC –A 

fractal graph for light rare earth elements (LREEs) 
and ƩREEC –A fractal graph for total amounts of 

rare earth elements (ƩREEs) were drawn based on 

the concentrations of HREEs, LREEs and ƩREEs 
and the area containing these concentrations (Figs 

22, 23, and 24). 

All three C-A fractal graphs show 4 different 
geochemical groups, and based on this, the 

concentrations frequency of each of the rare earth 

elements (HREEs, LREEs and ƩREEs) were 

divided into four geochemical groups including: 
low, medium, high and very high (Tables 7, 8, and 

9). 

 
Figure 22. HREEC –A fractal graph 

Table 7. Different geochemical group base on HREEC –A graph 

Very high High Moderate Low Category 

110< 89-110 76-89 76> HREEs (ppm) 

Table 8. Different geochemical group base on LREEC –A graph 

Very high High Moderate Low Category 

275< 240-275 200-240 200> LREEs (ppm) 
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Figure 23. LREEC –A fractal graph Figure 24. ƩREEC –A fractal graph 

Table 9. Different geochemical group base on ƩREEC –A graph 

Very high High Moderate Low Category 

426< 355-426 288-355 288> ƩREEs (ppm) 

 
The 2D and 3D models of the distribution of 

HREEs based on the C-A fractal graph (HREEC –

A fractal graph) indicate that the northern parts of 
the sampling area have the lowest amount of 

concentrations and the low and moderate 

geochemical groups are located in this part. The 
high and very high geochemical groups that have 

the highest amounts of HREEs are concentrated in 

the southeastern and western parts of sampling area 

(Figure 25).  

The 2D and 3D models were created for 

LREEs and ƩREEs based on C-A fractal graphs 

(LREEC –A and ƩREEC –A). These two models 
are very similar to each other and in both high and 

very high concentrations (high and very high 

geochemical groups) are located in the west and a 
small part of the southeast of the sampling area 

and the other parts are surrounded by the lower 

and middle geochemical groups (Figs 26 and 27). 

 

 
Figure 25. Modeling of sampling area based on HREEC –A fractal graph a-2D model b-3D model 

(a) (b) 
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Figure 26. Modeling of sampling area based on LREEC –A fractal graph a-2D model b-3D model 

 
Figure 27. Modeling of sampling area based on ƩREEC –A fractal graph a-2D model b-3D model 

The comparison of the threshold values 

obtained from the C-A and C-N fractal models 
shows that in the C-A fractal model, the third 

threshold values that indicate the very high and 

high geochemical groups and generally anomalous 

for REEs and lithium in the mining area of North 

Kochakali are lower than C-N fractal model. Also, 
first threshold values in the C-N fractal model are 

lower than the C-A fractal model of the area (Table 

10). 

Table 10. Comparison table of threshold values in C-N and C-A fractal models.  

C-N fractal model C-A fractal model 

Elements First threshold 

value 

Second 

threshold value 

Third threshold 

value 

First threshold 

value 

Second 

threshold value 

Third threshold 

value 

151 240 269 166 219 251 Lithium 

52 66 138 76 89 110 HREEs 

182 275 302 200 240 275 LREEs 

219 275 436 288 355 426 ƩREEs 

(a) (b) 

(a) 
(b) 
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Many researchers have separated anomalies 

from the background by using fractal models [26, 

64-69] but the separation of lithium and REEs 
anomalies in coal by using C-A and C-N fractal 

models have been done for the first time. 

[70], after investigating the main sources of 
lithium in Chinese coal mines, concluded that 

aluminum silicates and clays are among the main 

lithium-bearing minerals in coal, and geological 
factors such as tectonics and geological history of 

the coal basin, stable weathering, steady movement 

of surface water, and constant supply of lithium 

and aluminum are the main factors of lithium 
enrichment in coal. [71] have considered the 

enrichment of clay-type lithium in Central Inner 

Mongolia as a result of absorption in the form of 
interlayer ions along with altered materials such as 

montmorillonite and chlorite. In general, 

phosphates, and carbonates are among the most 
important minerals containing REEs and REY in 

coal [72-74]. [74] showed that geological factors 

and different deposition pathways are the most 

important factors in the distribution and chemistry 

of REEs in coal. [75] have considered multi-stage 

hydrothermal processes as the cause of the 

enrichment of REEs in northeastern Sichuan Basin, 
China. Therefore, geological factors such as 

tectonics and geological history of the study area 

play a significate role in the enrichment of lithium 
and REEs in coal. 

The average concentration of lithium element in 

the coal seams of North Kochakali is 200.7 ppm, 
while the average statistical value of this element 

is 31.8 ppm [76]. Also, the average concentration 

of lithium in the Bije coal basin in China is about 

87 ppm [77]. So, the high concentration of lithium 
in North Kochakali coal mine indicates the high 

enrichment of this element in North Kochakali coal 

deposit.   
REEs were branched into critical (Y, Tb, Dy, 

Er, Eu and Nd), uncritical (Pr, Sm, Gd and La) and 

excessive (Lu, Yb, Tm and Ce) [11]. There is an 
index called outlook coefficient in coal (COut1). 

This index shows the economical level of REEs in 

coal and is calculated as follows: 

 

COut1 = (Critical REEs/ ƩREEs)/(Excessive REEs/ ƩREEs) (1) 

 

If the COut1 index has values lower than 0.7, it is 
non-economic coal; if it has values between 0.7 and 

2.4, it is semi-economic coal; and if it has values 

higher than 2.4, it is economic coal [6]. The 
average concentration of ƩREEs in North 

Kochakali coal mine is 333 ppm, the average 

concentrations of critical and excessive REEs in 

this mine are 128 ppm and 88 ppm, respectively. 
So, the COut1 index for REEs in North Kochakali 

coal mine is equal to 1.45, which is semi-economic 

coal. 

The average concentration of ƩREEs in North 
Kochakali coal mine is almost 120 ppm more than 

the average concentration of these elements in 

Parvadeh coal mine and 90.8 ppm more than the 
average concentration of REEƩs in the continental 

crust. The average values of HREEs in North 

Kochakali (Except for the value of the Ho element 

which has a low concentration in North Kochakali 
mine) are very close to the global average values of 

REEs in world coal ash (Table. 11). 

Table 11. Comparison table of the average values of ƩREEs in North Kochakali Coal mine with continental crust 

[78], world coal ash [79] and Parvadeh coal mine [80]. 

REEƩ Eu Sm Nd Pr Ce La Sc Lu Yb Tm Er Ho Dy Tb Gd Y Elements 

333 3.2 13.5 59.9 14 82 39 36.5 0.8 4 0.9 6.3 0.9 12.3 3.2 13.4 41.6 
North Kochakali Coal 

mine 

212.7 1.96 31 19.22 - 68.48 33.26 17.82 0.12 3.24 0.1 2.82 1.26 5.25 1.16 6.75 20.34 
Central Iran (Parvadeh 

Coal Mine) 

242.17 2 7.05 41.5 9.2 66.5 39 22 0.8 3.2 5.52 3.5 1.3 5.2 1.2 6.2 33 continental crust 

469.3 2.6 14 75 26 140 76 24 1.3 6.9 2.2 6.4 4.8 15 2.1 16 57 World coal ash 

 

5. Conclusions 

Comparison of 2D and 3D models and 

logarithmic graph in two C-A and C-N models 

shows that in the C-A fractal model, the third 

threshold values indicate a very high and high 
geochemical groups are lower, and in this model, 

geochemical groups and anomalies are better 
separated. 

C-A and C-N fractal models show that the 

western and southeast parts of mining area in North 

Kochakali have the highest concentrations of 
HREEs, LREEs and ƩREEs. Therefore, these parts 

are considered as anomalies parts for REEs due to 
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having the highest concentrations of these 

elements. These parts are close to the right-lateral 

faults with a normal component. Since the faults in 
the North Kochakali were formed after the 

formation of coal seams (according to the 

displacement of the target seams by the faults), it 
can be concluded that the mineralization of REEs 

in the North Kochakali coal deposit is epigenetic. 

Based on the C-A and C-N fractal models, the 
northeastern part of the mining area in North 

Kochakali is considered as an anomalous part of 

this element due to having the highest 

concentration of lithium element. Considering that 
the Hojedk Formation was formed in a back-arc 

basin related to subduction of Neotethys ocean and 

the presence of normal faults at the bottom of the 
basin, which causes upward movement of fluids 

and igneous materials containing lithium and other 

elements, the enrichment of lithium North 
Kochakali area is related to the tectonic history of 

Hojedk Formation and the faults in the North 

Kochakali area have only caused the displacement 

of this element and its enrichment in the 
northeastern part. 

Western and southeastern parts of mining area 

in North Kochakali have the highest enrichment of 
HREEs, LREEs and ƩREEs and the northeast part 

has the highest enrichment of lithium element. Due 

to their higher economic value of these parts, 

western, southeastern and northeast parts of mining 
area in North Kochakali coal deposit should be 

considered more in mining operations and waste 

depots. 
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 عیتوز  یالگو  نتعیی   منظور  مساحت به  - اریتعداد و ع   -اریع   یفرکتال  هایپژوهش استفاده از مدل   نیهدف از ا
کم ل  ابیعناصر  معدن  ومی تیو  محدوده  کوچکعل  یدر  زغالسنگ  با  یشمال  یکانسار   نمودارهای   به  توجه  است. 

در محدوده  ومی تیو ل ابیعناصر کم یمتفاوت برا ییایمی تعداد، چهار گروه ژئوش -اریمساحت و ع  -اریع  یفرکتال

آمده براساس  بدست   یهاآستانه و مدل   ری مقاد  سهیبدست آمد. مقا  یشمال  یکانسار زغالسنگ کوچکعل  یمعدن

  ی هاگروه   نییمساحت در تع  -ار یع   یکه مدل فرکتال  دهدی تعداد نشان م  -اریمساحت و ع   -اریع   یفرکتال  هایمدل 
  ی در کانسار زغالسنگ کوچکعل نهیزماز  ومیتیو ل ابیعناصر کم یهای ارناهنج  یمختلف و جداساز ییایمیژئوش

  ی و غرب  یجنوب شرق  یهابخش   ،یدر محدوده معدن  ،ی فرکتال  یهابهتر عمل کرده است. براساس مدل   یشمال

  به   هایبخش   نی. اباشدی را دارا م  ومیتیل   اریع   نیشتریب  ی شمال شرق  هایو بخش   ابیعناصر کم  اریع   نیشتریب

  اب یعناصر کم  هایی . محل ناهنجاررندیمورد توجه قرار گ  یمعدن  اتیدر عمل  دیبالاتر با  یل ارزش اقتصاددلی
  ل تشکی  از  پس  و  هستند  جوان  هاگسل   نیکه ا  ییراستگرد با مولفه نرمال است، از آنجا  هایمنطبق بر محل گسل 

کرده   هایهیلا عمل  کم  زاییی کان  نبنابرای  اند،زغالسنگ  کوچکعل  ابیعناصر  زغالسنگ  کانسار    ی شمال  یدر 

 .است کژنتییاپ

  کلمات کلیدی 

 تعداد  -اریع  یمدل فرکتال

 مساحت  -اریع  یفرکتال مدل
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