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The aim of this study is to determine the relationship between Rare Earth Element (REE)
mineralisation and major faults in the Gazestan deposit, Bafq metallogenic zone, central
Iran, using the Concentration-Distance to Main Fault (C-DMF) fractal model. The C-DMF
fractal model is employed for the separation of REE mineralisation based on their distance
to major faults obtained by geophysical and drill core data. Major faults were extracted
from a geological map, drill cores, and airborne/ground survey magnetometric geophysical
data. The C-DMF model of the Gazestan deposit reveals that the main REE mineralisation
shows a good correlation to the distance to major faults. Accordingly, the distances of the
high REE mineralisation (1251 ppm < REEs <3091 ppm) show the distance of 6-220 m to the
nearest fault. Consequently, the REE concentrations of 1474-2879, 1187-2870, 1419-1628,
and 1295-1597 ppm occur at distances of 50-409, 66.8-146, 5-121, and 7-38 m to major
magnetic faults in the depth of 50, 100, 150, and 300 m depth horizons. High concentrations
of REEs are 2870-3091 ppm, which have distances between 6-90 m to the major magnetic
faultin total depths of 50, 100, 150, and 300 m. The Gazestan fault, the major magnetic fault
in the area, shows the highest correlation with high REE concentrations. Finally, the C-DMF
fractal model can be adopted as a suitable method for separating main mineralisation and
detecting the relationship between faults and mineralised zones.

Concentration-Distance to Main Fault (C-DMF) fractal model, Rare Earth Element (REE)
mineralisation, major fault, Gazestan, Iran.

1. Introduction

During the last decades, geologists, geochemists and mining engineers have been using fractal
and multifractal models to understand and quantify the spatial distribution of geochemical data
to recognise their patterns (Cohen et al., 2010).
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Geochemical anomalies generally occur through various ore-forming processes, which are
affected by common geological processes. The patterns of geochemical anomalies depend on two
major factors: the frequency and spatial distribution of geochemical data, and the geometrical
characteristics and scale invariance of geochemical patterns (Agterberg, 1995; Agterberg et al.,
1996; Davis, 2002; Lima et al., 2003; Carranza, 2009; Afzal et al., 2011, 2012; Zuo et al., 2013;
Fyzollahhi et al., 2018; Karaman et al., 2021). In many cases, geochemical anomalies occur with a
particular geometry, controlled by particular geological structures such as faults, folds, and joints
(Shahabpour, 2010; Mohebi et al., 2015; Adib et al., 2017a, 2017b; Daneshvar Saein and Afzal,
2017; Ahmadfaraj et al., 2019).

Historically, the most common method for geochemical anomalies detection are the definition
of a threshold value (Hawkes and Webb, 1979), geochemical data analysis (Carranza, 2010),
multivariate statistics, which is based on the frequency distribution of geochemical data without
considering spatial variation (Yousefi et al., 2012, 2014; Zuo et al., 2013), and the frequency-
space-based methods such as the inverse distance-weighted and kriging methods (Lam, 1983;
Journel, 1993; Tahmasebi and Hezarkhani, 2012). The main strength of the fractal/multifractal
method is its capacity to quantify irregular distributions that show similarity over a wide range
of scales, also known as self-similarity (Mandelbrot, 1983; Zuo and Wang, 2016).

In addition to the scaling characteristics of geochemical data, several fractal and multifractal
models were developed. Cheng et al. (1994) proposed the Concentration-Area (C-A) fractal
model as the first major geochemical fractal/multifractal modelling process and in 1999, they
developed the Spectrum-Area (S-A) fractal model as a version of the C-A model in the frequency
domain, which could recognise overlapping data using more than one threshold value. Li
et al. (2003) proposed the Concentration-Distance (C-D) fractal model, which could separate
anomalies from the background. Finally, Afzal et al. (2011) developed the Concentration-Volume
(C-V) fractal model for recognising mineralisation zones.

Cheng (2007) considered mineralisation a singular process and suggested a singularity
mapping method to illustrate the exclusivity level of geological features based on the concept
that geochemical enrichments are a function of an efficient process (singularity concept). This
process was able to distinguish anomalies, which were previously unrecognisable by simple
contouring methods (Zuo et al., 2013).

Generally, a geochemical spatial distribution pattern is composed of several sub-patterns
with different hierarchical levels. This will produce a spatial geochemical distribution clustered
at different scales (Li et al., 2003). Mandelbrot (1983) proposed the radial-density model to
characterise the clustering of the points. Using the model and replacing the density with element
concentration, Li et al. (2003) established the C-D fractal model. The C-D model can estimate the
original elemental concentration and prevent any interpolation procedure error. This model can
determine the optimum threshold that is fairly similar to the C-A model (Zuo et al., 2013).

The relationship between precious and Rare Earth Element (REE) mineralisation, and
geological structures, particularly faults, has been the subject of various studies during the last
decades. These studies highlight the significance of structural settings and their influence on
mineral deposits (e.g. Craw and Campbell, 2004; Drew, 2006; Wang et al., 2012; Adib et al.,
2017a, 2017b; Nabilou et al., 2017; Glorie et al., 2019; Alaminia et al., 2020; Nabilou et al., 2021).
Besides geological structures, surface geology and airborne and ground geophysical survey data
are important factors in the detection and analysis of faults. The relationship between faults
and mineralisation can be quantified using mathematical methods, such as fractal geometry
processes. The influence of the ore-forming processes on the ore distribution can be revealed
by fractal and multifractal properties and models (Mandelbrot, 1983; Turcotte, 1986; Meng and
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Zhao, 1991; Cheng et al., 1994; Agterberg et al., 1996; Li et al., 2003; Ghavami Riabi, 2006; Afzal
et al., 2012, 2017, 2018; Khalajmasoumi et al., 2016; Nabilou et al., 2017; Nazarpour, 2018;
Farahmandfar et al., 2019; Yasrebi and Hezarkhani, 2019; Alipour Shahsavari et al., 2020). On
the other hand, geochemical anomalies, their geometrical properties, and their relationships
with geological structures also play an important role in exploration. Fractal methods such as
C-A (Cheng et al., 1994), Spectrum-Area (S-A; Cheng, 1999), C-D (Li et al., 2003), C-V (Afzal et al.,
2011), Concentration-Distance to Major Fault (C-DMF; Nouri et al., 2013) and Concentration-
Number (C-N; Hassanpour and Afzal, 2013) have proved to be effective tools to delineate ore
distribution in various geological conditions. Several advanced fractal models were developed by
combining with multivariate analysis (Saadati et al., 2020), wavelet transformation (Pourgholam
etal., 2021) or mineralographical data (Kouhestani et al., 2020), zonality index (Aliyari et al., 2020)
and geostatistical simulation, particularly for REEs and precious metals exploration (Shamseddin
Meigooni et al., 2021a, 2021b). Geostatistical simulations have been widely utilised because
they predict spatial distribution and analyse spatial and local uncertainty. Also, fractal modelling
can be carried out in different simulations (Chen et al., 2013; Madani Esfahani and Asghari,
2013; Soltani et al., 2014; Hajsadeghi et al., 2017; Madani and Carranza, 2020). For example,
Sequential Gaussian Simulation (SGS) is widely used to characterise geochemical distribution
patterns in this study (Shamseddin Meigooni et al., 2021a, 2021b). One of the advantages of
this method is measuring the spatial uncertainty of the unsampled points (Wang and Zuo, 2018,
2019; Liu et al., 2019).

In this study, the C-DMF fractal modelling was employed to recognise the relationship
between Fe-P-REE mineralisation and the local faults indicated on the 1:500 Gazestan deposit
map and drawn from the airborne and ground magnetometric geophysical data in the Gazestan
Fe-oxide-P-REE deposit, Bafq area, Iran.

Moreover, borehole data were used for underground modelling of the main faults and main
mineralisation of REEs. The main faults were modelled based on geophysical, geological and drill
core data. Then, the main REE mineralisation was separated based on this fractal modelling.
Finally, the relationship between REE mineralised zones and the main faults is determined by
the C-DMF fractal model.

2. Geological setting

2.1. Regional geology

The central Iran Bafq metalogenic zone hosts several large Fe-oxide, Pb-Zn, U, and P-REE
deposits in the lower Cambrian volcanic-sedimentary sequence (Haghipour, 1977; Samani,
1988; Daliran, 2002; Jami, 2005; Sadeghi et al., 2012; Afzali et al., 2014; Heidarian et al., 2017,
Deymar et al., 2018; Mehdipour Ghazi et al., 2019; Soltani et al., 2019). With more than 2 billion
tons reserve, the majority of Fe-P deposits are classified as Kiruna type with a close spatial and
temporal relationship with felsic volcanic rocks (Forster and Jafarzadeh, 1994; Daliran et al.,
2007, 2009). These deposits have a special relationship with local and regional faults, described
as tectono-magmatic controls (Samani, 1988).

The Gazestan-Fe-oxide-P-REE deposit is located ~78 km east of Bafq city (Fig. 1). The ore
deposit is hosted by intrusive and extrusive alkali rhyolites of the epicontinental to continental
Infracambrian Esfordi Formation (Afzali et al., 2014, 2017). The studied area is part of the
1:100,000 Esfordi geological map sheet (Soheili and Mahdavi, 1991; Nabilou et al., 2017).
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Fig. 1 - Geological map of Posht-e-Badam block and part of the Yazd and Tabas blocks with the major faults (after Rajabi
et al., 2012) and ore deposits. The red dashed line rectangle is the extent of the Esfordi 1:100,000 geology map area.

The Precambrian crystalline basement and Early Cambrian to Tertiary sedimentary sequence
cover are exposed in the area (Forster and Jafarzadeh, 1994). The Cambrian Volcano Sedimentary
Unit (CVSU), as the major host of the Bafq Fe-P-REE deposits, is composed of Rizu-Desu series
and Esfordi Formation (Huckriede et al., 1962; Haghipour, 1977; Samani, 1993; Ramezani and
Tucker, 2003). The CVSU is made up of felsic tuff, sandstone and micro-conglomerate, mafic, and
felsic volcanic rocks, pyritic siltstone-shale, volcanoclastic beds and tuffaceous shale, dolomite
and dolomitic limestone (Haghipour, 1974; Ramezani and Tucker, 2003; Jami et al., 2007; Rajabi,
2012; Rajabi et al., 2015; Mehdipour Ghazi et al., 2019).

The Early Cambrian volcano-sedimentary sequence host of the Bafq Fe-P-REE deposits (Fig. 1)
are mainly associated with replacement features, brecciation textures, and sodic-calcic alteration
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interpreted as iron oxide copper gold ore deposits and Kiruna-type deposits (Forster and
Jafarzadeh, 1994; Jami et al., 2007; Daliran et al., 2010; Stosch et al., 2011; Sadeghi et al., 2013).

The Gazestan exploration reports and the 1:5000 geological map show two major host units,
a Lower Cambrian sedimentary volcanic series, composed of carbonates, shale-sandstone and
rhyolite, trachyte and trachy-andesite and tuff (Fig. 2), and the intrusive rocks including micro-
granite and granodiorite (Dori and Jamali, 2003; Dori et al., 2008; Parsi Kankav Consultant
Engineers Co., 2015).
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Fig. 2 - 1:5000 geological map of the Gazestan deposit (Parsi Kankav Consultant Engineers Co., 2015). The blue
rectangle is the studied deposit.

499



Bull. Geoph. Ocean., 63, 495-518 Afzal et al.

Fig. 3 - 2D and 3D faults map in the Sheitour-Gazestan area (Parsi Kankav Consultant Engineers Co., 2015).

2.2. Structural geology

The structural setting of the Gazestan deposit is linked to the Alpine orogenic phase. Among
40 faults mapped in the Gazestan deposit, three were recognised as main faults (Table 1 and
Fig. 3). Fig. 4a shows the Riedel shear patterns (McClay and Bonora, 2001), which indicates that
60% of total faults are correlated with this pattern. Fig. 4b displays the Gazestan faults rose
diagram suggesting different fault classes. Riedel shear structures are common fault patterns in
shear zones and are related to the primary stages of fault formation. The basic geometry of the
Riedel structure consists of conjugate shear bands arranged in en echelon arrays. The Gazestan
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Table 1 - Detected faults of the Gazestan deposit based on 1:500 geological map.

Displacement | Slickenline | Strike/Dip Mechanism Name Fault
of rocks

- N-S Dextral Strike Slip F1

- - N-S Dextral Strike Slip F2
- 070/65N Reverse with Sinistral Strike Slip component | North West Major Fault

- NE-SW Sinistral Strike Slip F3

- NNW-SSE | Reverse with Dextral Strike Slip component F4

- NE-SW Sinistral Strike Slip with reverse component F5

- NE-SW Sinistral Strike Slip with reverse component F6

- NE-SW Reverse with Sinistral Strike Slip component F7

035/42NW | Reverse with Dextral Strike Slip component F8

- 305/90 Sinistral Strike Slip F9

- - NE-SW Dextral Strike Slip F10

020/67W | Sinistral Strike Slip with reverse component F11

- NE-SW Sinistral Strike Slip with reverse component F12

- - NW-SE Dextral Strike Slip F13

- 155/87E Dextral Strike Slip with reverse component F14

- N-S Dextral Strike Slip F15

- N-S Dextral Strike Slip F16

- N-S Dextral Strike Slip with Normal component F17

- - NE-SW Sinistral Strike Slip F18

- NW-SE Dextral Strike Slip with reverse component F19

070/72NW | Reverse with Dextral Strike Slip component Fm

- - NW-SE Sinistral Strike Slip F20

- NW-SE Sinistral Strike Slip F21

- NE-SW Sinistral Strike Slip with reverse component Fv

- NE-SW Sinistral Strike Slip with reverse component F22

- NNW-SSE Reverse with Dextral Strike Slip component F23

- NNE-SSW Dextral Strike Slip with reverse F24

- NNW-SSE Dextral Strike Slip with reverse component F25

- NE-SW Dextral Strike Slip F26

- NW-SE Dextral Strike Slip with reverse component F27

- NNW-SSE Dextral Strike Slip F28

- N-S Sinistral Strike Slip F29

- 150/70SW | Reverse with Dextral Strike Slip component F30

- NW-SE Dextral Strike Slip with reverse component F31

- - NE-SW Sinistral Strike Slip with reverse component F32

NE-SW Dextral Strike Slip F33

- NNW-SSE Sinistral Strike Slip F34

- NE-SW Sinistral Strike Slip F35

150/90 Dextral Strike Slip F36

- NW-SE Dextral Strike Slip with reverse component F37
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Fig. 4 - Correlation
between Riedel shear
patterns and faults of the
studied area (a) and rose
diagram for faults in the
Gazestan deposit (b).

faults were compared and correlated with Riedel shear patterns (McClay and Bonora, 2001).
Fig. 4 shows synthetic strike-slip faults named P and R shears with 15° angle from the main
fault and antithetic strike-slip faults including R and R¢ shears, with 75° angle with the main
fault direction. Nabilou (2017) proposed that the space between R and R¢ shear structures is
effectively an ore fluids passage. As there are extensive alteration zones and fault displacements,
it is highly likely that these faults play a significant role in the ore-forming processes in the area.
Fig 4 shows that the dominant Gazestan deposit fault strike orientation is NW-SE, while the
joints in the area point to an E-W stress direction. These stress systems have also displaced the
magnetite orebodies along the NE-SW direction (Nabilou, 2017; Nabilou et al., 2017; Soltani et
al., 2019).

2.3. Mineralisation and alteration

The Gazestan Fe-P-REE mineralisation is about 2.2 km long and >0.7 km wide (Parsi Kankav
Consultant Engineers Co., 2015; Soltani et al., 2019). The major ore mineral (Fig. 6) is magnetite
with hematite as a result of martitisation and minor apatite, pyrite, and chalcopyrite (Afzali et
al., 2017). Based on the Scanning Electron Microscope-Energy Dispersion Spectrometry (SEM-
EDS) studies, the apatite is mainly fluorapatite, with REE inclusions generally monazite, xenotime
and allanite (Fig. 6). The REE mineral analyses show a large ratio of light REE / heavy REE and Eu
depletion.

The host rock of the Gazestan deposit is greenish chlorite-epidote-sericite metasomatised
felsic volcanics, invaded by a series of younger doleritic dikes. The Gazestan ore mainly consists
of magnetite and apatite lenses, irregular bodies, veins, veinlets, and disseminated ore. The
majority of magnetites are altered to hematite (martitisation). The main alterations (Fig. 5) are
sodic-calcic alteration, sericitisation, silicification, chloritisation, and argillic alteration, which are
spatially associated with fractures and faults (Afzali et al., 2014; Nabilou, 2017; Soltani et al.,
2019).
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Fig. 5 - Alterations in the thin sections (Afzali et al., 2017): a) chloritic (Chl) with actinolite (Ac) and Pl (plagioclase); and
b) silicification (Qtz) and potassic (Kf).

Fig. 6 - Ores in the polished sections: a) magnetite and pyrite;
b) magnetite, hematite and Fe-oxide (Afzali et al., 2017) and
c) a picture from SEM-EDS for monazite (Mnz) and REEs in a
polished section from magnetite-apatite sample (Parsi Kankav
Consultant Engineers Co., 2015).

3. Data and methods

3.1. Concentration-Distance to Fault fractal model

Distance to fault fractal model is an effective tool to recognise geochemical anomalies and
mineralised zones as the faults can play an important role. This method can also differentiate
faults effectively involved in mineralisation. The Concentration-Distance to Fault (C-DF) fractal
model, proposed by Nouri et al. (2013), has the following formula:

DF(2 p) o= Fp™® (1)
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where p is elemental concentration, DF(2p) is the cumulative distance from the faults of sampled
sites with concentration values equal, or greater than, p, F is a constant, and D is the scaling
exponent or fractal dimension of the distribution of elemental grades (Adib et al., 2021).

The faults data used in this model were drawn from two sources: the 1:500 Gazestan deposit
surface geology map (named as ‘surface faults’, SF), and magnetic survey data (named as ‘major
magnetic faults’, MBF). The distances to these faults are hence named DSF and DMBF, and the
related REE mineralisation was classified accordingly.

The C-DMBF (Concentration-Distance to Major Magnetic Faults) and the C-DSF (Concentration-
Distance to Surface Faults) were determined based on the REE concentrations in the exploration
boreholes and the 2D and 3D structural model of the ore deposit. The 3D fault model was
consequently generated using the C-DMBF fractal model, to determine the relationship between
mineralisation and faults. The workflow of this process is illustrated in Fig. 7.
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lincaments extraction by
Ohasis montage software
v
Modeling off
bascivenl magnetic
fault lincaments by
Rockwork software
—
i mag p mag cli modeling
fault lincaments in Fault lineaments in horeholes in 3
2 Dimentionn 3 Dimentionn Dimentionn
(2D) (3D) 2m 30y

!

Concentration-Distance to main fault fractal
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Fig. 7 - The procedure of this research.

3.2. Magnetic data

In order to plot the magnetic faults, two sets of airborne and ground survey magnetic data
were used. The airborne magnetic data have a nominal flight altitude of 120 m and a flight line
spacing of 500 m with N452 azimuth. These data were collected by the Iranian Atomic Energy
Organization between 1974 and 1979. The airborne magnetic data were corrected for the diurnal
variations, International Geomagnetic Reference Field (IGRF) model of 1975 removal, and were
levelled using timeline data, as shown in Fig. 8. The ground magnetic data were collected by
the Geological Survey of Iran (GSI) in 2003, using a proton magnetometer. The studied area was
surveyed by 49 profiles with N-S direction and 25-m spacing. There are 53 survey points on each
profile with 10-m sample interval.

504



Determination of relationship between REEs and basement Bull. Geoph. Ocean., 63, 495-518

]
IS 3000

Cobsur kegend bar (NT}

]
34 %5000

3503000

3
3
£
]

:

T T T T
A0 R 0 DO 401200 4014600 401500

Fig. 8 - Regional (a) and ground magnetic (b) maps of the Gazestan deposit. High-density anomalies are shown by the
polygons a, b, ¢ and polygon on the map of the Gazestan deposit.

3.3. Exploratory boreholes

The subsurface data were obtained from 34 exploratory boreholes, drilled by GSI in 1998
and Parsi Kankav Consulting Engineers Co. (2015). The total length of these drill holes is 6133.3
m and the maximum depth of boreholes is 350 m. All the samples were analysed by induced
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coupled plasma-mass spectrometry method in the lIranian Mineral Processing Centre. All
interpreted faults and the borehole REE geochemical data were mapped and used to determine
the relationship between the major fault and the REE mineralisation.

3.4. Magnetic data analysis
3.4.]1. Reduction to the pole

Reduction to the pole (RTP) filter enhances the magnetic data by removing the dependency
of the magnetic data on the magnetic inclination and by transforming the data to a magnetic
pole, where the magnetic field is vertical. This filter simplifies the interpretation of the data for
sub-vertical prisms or sub-vertical contacts (including faults) and transforms their asymmetric
responses to simple symmetric and asymmetric forms. The symmetric highs are directly centred
on the target body, while the maximum gradient of the asymmetric dipolar anomalies coincides
exactly with the body edges (Almasi et al., 2014). This transformation is usually necessary for
magnetic data at low latitudes. The RTP was performed on the digitised aeromagnetic data of
the study area via Fast Fourier Filtering programs to remove the dipolar nature of the magnetic
field. The regional and deposit-scale RTP magnetic maps of the study area are illustrated in Fig.
8. Fig. 8a shows the magnetic anomaly map of the Gazestan deposit, where the high magnetic
anomalies are related to iron ores and mafic rocks.

3.4.2. Major magnetic faults extraction

The upward continuation method is a mathematical technique to adjust the altitude of magnetic
intensity data to a datum as an aid to the magnetic data interpretation, reducing short-wavelength
noise by continuing the field upwards, and increasing the horizontal resolution of anomalies and
their sources by continuing the field downwards. The outcome of this technique is smoothing the
short-wavelength features on moving away from the anomaly. As a result, this process can enhance
large-scale features such as large and deep faults and enhance anomalies caused by deep sources
at the expense of anomalies caused by shallow sources (Mekonnen, 2004; Ravat, 2007).

Therefore, to calculate the field at a higher level using the knowledge of the field at a lower
level, we need to use numerical integration of the surface data, i.e. the computations are made
by replacing the surface integral with a weighted sum of values taken on a regular grid (Ganiyu
etal., 2013).

The First Vertical Derivative (FVD) filter was applied on the upward continuation results. The
range of the magnetic field intensity gradient in different directions tends to sharpen the edges
of anomalies and detect surface anomalies (Feumoe et al., 2012). The vertical derivative map is
much more responsive to local influences than to broad or regional effects and, therefore, tends
to offer a sharper picture compared to the map of the total field intensity. As a result, the smaller
anomalies will be clearer in areas of strong regional disturbances. The FVD is used to delineate
high-frequency features more precisely, where they are shadowed by large-amplitude, low-
frequency anomalies. The enhancement of magnetic anomalies associated with faults and other
structural discontinuities was outlined by the application of the FVD to the residual map in Figs.
9 and 10 (Dobrin and Savit, 1988). The reprocessed magnetic data set is significantly enhanced in
high frequencies and is much better suited to detailed regional shallow (near-surface) mapping
and analysis of major magnetic boundaries.

In the case of the Gazestan deposit, the ground magnetic data were used and the combination
of the RTP upward continuation (Ganiyu et al., 2013) and FVD (Telford et al., 1990) filters were
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Fig. 9 - The FVD of upward continuations of 50 m (a), 100 m (b), 150 m (c), and 300 m (d) in the Gazestan deposit.
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applied to delineate structures at the depths of 50, 100, 150, 300, and 500 m beneath the surface
(Fig. 9). Then, the result was incorporated with the colour-shaded grid image using the Oasis
Montaj software. The results of this method are used to build a structural model for a deeper
understanding of the subsurface structure in the studied area. The Gazestan major structures
are extracted by horizontal or vertical displacements and sudden changes in the direction of
magnetic anomalies in 2D and 3D models (Figs. 10 to 13). Based on magnetic anomaly maps,
there are two types of structures recognised: the primary (main structures) and the secondary
structures. With increasing depth, the magnetic traces of the secondary structures become less
apparent (Figs. 9 and 10). The Gazestan main structures are recognised as suitable features for
further fractal REE distribution modelling.

3.5. Application of the C-DMF fractal model

In this research, the C-DMF fractal model was adopted to investigate the relationship between
REE distribution and the major magnetic fault extracted from 1:500 Gazestan geological and
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Fig. 11 - The C-DSF and C-DMF fractal diagrams of exploratory boreholes for REEs in the horizons of surface (a), 50 m
(b), 100 m (c), 150 m (d), 300 m (e), and combination (f) of all horizons (surface, 50, 100, 150, and 300 m) of the entire
depth of the Gazestan deposit.
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Fig. 12 - C-DMF fractal map for REEs in the surface of the Gazestan deposit.

magnetic map. The faults extracted from the geology map were confirmed by the processed
magnetic anomaly map. The REE concentrations at the depths of 0, 50, 100, 150, and 300 m and
their distance to closest major magnetic faults in both horizontal and vertical directions were
used to generate C-DSF and C-DMF results for each borehole. These results are summarised in
Table 2.

As Fig. 11 shows, the REE concentration in the boreholes increases with proximity to faults.
The fractal model of the REE grades for the depth of 0, 50, 100, 150, and 300 m and the ‘distances
to the nearest major fault’ using C-DSF and C-DMF model are presented in Figs. 12 to 14.

4. Discussion and results

The major high-magnetic anomalies namely a, b, cand d are shown in Fig. 8b. The comparison
of magnetic and geological maps shows that the major part of a magnetic anomaly in the deposit
area is related to medium- to high-grade magnetite and apatite mineralisation, which occurred
in green to dark-green metasomatised basalt of Cambrian age (€_, unit).

Anomaly b does not have any outcrop on geology units. It can be correlated with metasomatised
basalt and grey to red fine-grained to porphyry andesite to andesite basalt (Cambrian units) with
strong iron-oxide alteration.

The large part of anomaly ¢ corresponds with medium- to high-grade magnetite and apatite
mineralisation, which occurred in Emb unit. Most of the anomaly d is located on Quaternary
units (Q_), but it seems that is related to € , units.

The REE concentrations of 0, 50, 100, 150, and 300 m depth horizons (Figs. 12 and 13) were
used for individual boreholes and each horizon was mapped with a logarithmic diagram model
of C-DMF to the major faults.

Based on Fig. 11, the C-DSF and C-DMF log-log plots represent a multifractal nature. The high
REE values have distances of 6 m < DSF < 220 m from the nearest surface fault (Table 2 and Fig.
11). Based on the C-DMF model, the high REE concentrations of 1474-2879 ppm, 1187-2870 ppm,
1419-1628 ppm, and 1295-1597 ppm are located in a cumulative distance of 50-409, 66.8-146,
5-121, and 7-38 m to the Gazestan main fault at the horizons of 50, 100, 150, and 300 m depth,
respectively. According to the C-DSF model, the cumulative distance of high concentrations of
REE mineralisation (1251-3091 ppm) is less than 220 m to the closest surface fault. The C-DMBF
modelling for the 3D environment from the surface to the depth of 500 m shows two major
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Table 2 - The components of C-DMF model in the Gazestan deposit.

C-DMF Component for REE
BH-ID Surface 50 m Depth 100 m Depth 150 m Depth 300 m Depth
REE(ppm) | Distance | Nearest |population| REE(ppm) | Distance |population| REE(ppm) | Distance |population| REE(ppm) | Distance |population| REE(ppm) | Distance | population
tofault | Fault | line color to Gazestan| line color to Gazestan| line color to Gazestan| line color to Gazestan| line color
major fault major fault major fault major fault
GA-WBH-04 | 309096 | 670 | Gazestan | Black 193127 Black | 67253 | 76.00 Blue
major fault
GA-MBH-18 | 294331 | 1730 | Gazestan | Black | 2,87864 | 6680 Black 7325 19 Green
major fault
GAWBH-17| 163497 | 4860 | Gazestan | Black | 6602 | 10640 | Blue
major fault
GAWBH-08 | 147456 | 6450 | GFI6 | Black | 147456 | 798 | Red | 41342 Orange
GA-WBH-14 | 1,256.57 | 30.00 F26 Black | 1,256.57 | 0.0 Red 39491 Orange
GA-MBH-39 | 125083 | 5330 | Gazestan | Red | 143980 | 000 | Red | 190845 Black | 98734 | 1890 | Red | 129544 | 31 Red
major fault
GA-MBH-57 | 123359 | 2280 | GF17 | Red 118733 Red | 126147 | 1370 | Green
GA-MBH-46 | 1,078.23 | 4490 | Central Red | 107823 | 920 Red 681,37 Orange
major fault
GA-MBH-34 | 1,047.66 | 24.20 GF9 Red 86124 | 8530 | Green 154398 | 8350 Black | 57203 62 Blue
GA-WBH-01 | 765.08 | 10260 |Northwest| Orange
majort fault
GA-WBH-18 |  746.57 880 | Gazestan | Orange 970.72 Red
major fault
GA-WBH-13 | 7404 1200 | Gazestan | Orange
major fault
GA-MBH-52 | 73268 | 1030 GF16 | Orange 21736 Bue | 91931 | 2250 Blue | 159767 | 73 Black
GA-WBH-11 | 654.03 8.10 F26 Orange | 82471 49,60 Green | 561.48 Green | 141904 | 3200 Blue
GA-WBH-05 | 5183 | 27.30 F26 Green | 53064 | 8130 Blue
GA-WBH-10 | 4566 | 88.60 GFl6 | Green | 4566 | 75.80 Blue | 2870.09 Black | 1,62880 | 590 Blue
GA-WBH-12| 4566 | 3690 F26 Green 950.16 Red
GA-WBH-02 | 45043 | 3600 | Gazestan | Green
major fault
GA-WBH-09 | 45043 | 12580 | Gazestan | Green 1233.95 Black | 950.16 | 25720 | Green
major fault
GA-MBH-45 | 4391 | 26,00 F26 Blue 131267 Black
GA-WBH-03 | 43193 830 GF9 Blue 567.65 21.00 Blue
GA-MBH-44 | 42353 | 1400 F26 Blue 989.21 | 76.00 Green | 87326 Orange | 908.83 | 65.00 Green
GA-WBH-16 | 38874 | 2.0 F26 Blue 390.18 Blue
GA-WBH-07 | 3764 1430 GF16 Blue
GA-MBH-40| 37082 | 830 | Central | Blue | 37082 | 4300 Blue 868.83 | 0.0 Red
major fault
GA-WBH-15| 33321 | 3280 F26 Blue 61084 | 6280 Blue
GA-MBH-47 | 24213 62.00 F26 Blue 35.72 3 Blue
GA-MBH-51 | 22597 9%.70 GF16 Blue
GA-MBH-17 | 20047 | 280 fm Blue | 51934 | 690 Blue | 33685 Blue | 3839 | 750 Black

phases for REE mineralisation. The main REE mineralisation occurred with 2870-3091 ppm at
6-90 m cumulative distance to the Gazestan main fault. The density of faults is higher in the
western part of the Gazestan deposit and, as a result, most of the high-grade REE ores are in the
western parts of the deposit, as shown in Fig. 14. As seen in the 3D plots of the C-DMBF model,
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Top

Fig. 14 - The C-DMF fractal for a 3D model based on a high grade of REEs as red voxels in combination with 3D faults
in the Gazestan deposit.

the cumulative distances of high values of REEs in the total horizons of 50, 100, 150, and 300 m
depth (2870-3091 ppm) are located lower than 90 m to the main faults. As observed in the 2D
map and 3D block model, the REEs are generally accumulated along the primary main fault and
secondary faults with W-SW trends at depths of more than 150 m (Figs. 13 and 14).

For the validation of the results, five samples were collected from high-grade REE zones and
studied by scanning electron microscope. These samples contain grades of REEs between 446
ppm and 0.45% within monazites and xenotimes. There are high values of Ce, La, and Nd (Parsi
Kankav Consultant Engineers Co., 2015).

5. Conclusions

The results of C-DSF and C-DMBF fractal models in the Gazestan Fe-Oxide-P-REE deposit
reveal a clear relationship between REE mineralisation and major magnetic faults. These
models show a direct relationship between increasing REE concentration in boreholes and the
proximity to the main faults. Furthermore, based on the C-DMF model, the cumulative distances
of high concentrations of 1474-2878.64, 1187-2870, 1419-1628, and 1295-1597 ppm of REE
mineralisation at 50, 100, 150, and 300 m depth horizons are lower than 409, 146, 121, and 38
m to the main faults. The 3D map of the C-DMBF model suggests that the distances of high-grade
REE ore to nearest faults in the total horizons of 50, 100, 150, and 300 m depth are less than 90
m to the main fault.

Based on the fractal modelling results, the high REE concentrations occurred close to the
Gazestan main fault, the main major magnetic reverse fault in the area, which is traceable from
the surface to the depth of 300 m.
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These proposed fractal models in the Gazestan deposit can be used as an effective exploration
tool in similar hydrothermal mineralisation scenarios to determine their relationship with fault
structures. This model has a particularly high value in Bafg-Saghand metallogenic block future
exploration. Although it may be easier to study geochemical anomalies with the C-A method,
the multifractal nature of C-D log-log plots could be of great help to geoscientists for interpreting
the stages of elemental enrichments. The developments in this fractal modelling and their usage
could provide a favourable field for the stochastic simulation of geochemical distributions, and
enhance their understanding.
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