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The Garijgan mineral deposit is a classic NW-SE trending, nonparallel
shear zone located 25 km south of Khousf city in South Khorasan
Province, eastern Iran. The distribution pattern of fractures and ore veins
was investigated by combining remote sensing, fractal modeling, and
3D modeling. In the fractal modeling, the study area was divided into a
19-cell grid. After mapping the structural elements, the fractal dimension
was determined using the box-counting method. The results indicate that
the highest fractal dimension (1.8378) occurs in the central part of the
area, suggesting greater tectonic activity in that part. This could
potentially be related to intrusive bodies at depth. Based on fault
structures (57 faults in 246 measurements) and 33 mineral veins
mapping in 19 cells, and the results from the analysis of the latest stress
phase (o1 = 3.05), potential slip zones along the 57 faults were mapped
with values ranging from 0 to 1. The fault surfaces were then converted
into 18,615 points, and the potential slip zones were spatially delineated.
This modeling yielded both the volume of open spaces resulted from
fracturing and the potential volume of fluid-filled spaces. The results
indicate that from the total open spaces (384,588,750 m?, equivalent to
46.11% of total volume), approximately 306,787 m* could have been
filled with fluids. In other words, 0.08% of the total open spaces had the
potential to be filled with fluids (underground water, ore-bearing fluids,
etc.). Therefore, this modeling, by determining both the open space
volumes and potential fluid-filled spaces, can serve as the first step in
mineral exploration planning. The results provide a basis for
determining drilling locations and other exploration activities in
exploration targets.
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EXTENDED ABSTRACT

Introduction

The Garijgan mining area is located 25 km south of
Khousf city in South Khorasan Province in the east
of Iran. Structurally situated in the eastern part of the
Lut Block, the area is bounded by Doroune Fault to
the north, Sistan Suture Zone and Nehbandan Fault
to the east, and Nayband Fault to the west. The
activity of the Nehbandan and Nayband strike-slip
faults, along with their subsidiary branches, has
resulted in numerous shear zones in the region
(Alinia et al., 2023). These tectonic features act as
structural weaknesses, and typically serve as suitable
pathways for the migration and deposition of ore-
forming fluids (Fabricio-Silva et al., 2018). The
study area contains a small, non-parallel shear zone
where mineralization has occurred along some of its
fractures (Khatib et al., 2019).

The aim of this study is to investigate the distribution
of mineralization up to a depth of 300 meters using
fractal and 3D modeling. The primary objectives of
these models are to estimate the volume of open
spaces resulted from fracturing and the proportion of
the spaces probably filled with fluids.

Materials and methods

This research combines field studies and remote
sensing analyses to statistically evaluate fractures.
Landsat 8 and ASTER satellite images were
processed to highlight lincaments. For a more
detailed structural analysis, the study area was
divided into a grid of 19 cells (each one 1 x 1 cubic
kilometers). Structural features were mapped, and
rose diagrams of lineaments were generated for each
cell. Then, using fractal modeling, the distribution
pattern of faults in the region was determined.

In the next step, using Win-Tensor software, the
principal stress direction (o1) was calculated for each
grid, and the focal mechanism resulting from fault
kinematics was plotted, leading to the reconstruction
of the paleostress pattern of the region.

Finally, to assess the distribution of open spaces
resulting from fracturing and the extent of fluid-filled
spaces, based on fault structures (57 faults through
246 measurements) and 33 ore veins mapping across
19 cells, 3D modeling were conducted up to 300
meters depth using Move, Oasis Montaj, and Geosoft
software.

Discussion

Fractal modeling in this study utilized surface and
subsurface litho-geochemical data, applying the box-
counting method for each cell. The results indicate
that Cell I, with a fractal dimension of 1.8378,
exhibits the highest value. Overall, the central part of
the area shows the greatest fractal dimension,
suggesting high tectonic activity in that region. This
may reflect lower tectonic maturity and higher
dynamic processes in that part.

Next, Move and Geosoft software were used to
identify areas prone to sliding on fault surfaces. The
results of the paleo-stress study (Alinia, 2023; Alinia
et al., 2023) indicate the occurrence of at least two
stress phases related to the Eocene period (in the
northeast-southwest direction) and the Quaternary
period (in the north-south direction). Based on the
direction of maximum stress, fault data (strike, dip,
rake, etc.) and mapped ore veins (strike and dip) were
put into Move software and extrapolated to a depth
of 300 meters.

To quantify open spaces along fault surfaces, 18’615
fault-related points (Alinia, 2023) up to 300 meters
deep were analyzed in Oasis Montaj, generation a
zoning map of areas prone to opening.

3D modeling and observational data revealed that
306’787 cubic meters of the total open spaces
(384°588°750 cubic meters; i.e. 11.46 percent, up to
300 meters depth) could have been filled by fluids,
representing 0.08 percents of the total open spaces in
the Garijgan area.

Results

Fractal modeling was applied to assess the
distribution pattern of fractures and ore veins in the
Garijgan area. The results indicate that the highest
fractal dimension is located in the central part of the
area, which coincides with high tectonic activity in
that region.

Additionally, 3D modeling of faults and ore veins (up
to a depth of 300 meters) was done using software in
order to investigate the open spaces resulted from
fracturing and the open spaces filled with the fluids.
The results indicate that 384°588°750 cubic meters
of open spaces created due to fracturing (equivalent
to 11.46% of the total volume within the area up to a
depth of 300 meters). Out of these open spaces,
306’787 cubic meters could have been filled with
fluids. In other words, 0.08% of the total open spaces
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could occupied by fluids (water, ore-bearing fluids, filled with fluids, can serve as the first step in the
2. exploratory program for mining areas, allowing the

Thus, this modeling, by determining the volume of  location of drillings and other exploration activities
open spaces and the volume of spaces potentially  to be determined.
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Fig. 1. Location of the Garijgan mining area. A: in Iran map, B: in South Khorasan province, and C: The satellite photo

map of the study area
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along fractures with a northwest- southeast trend.
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zone faults, and B: Copper vein mineralization
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Fig. 4. Structural map of the Garijgan area with the location of ore veins and their cyclographs at the stations measured.
The red rose diagram corresponds to faults and the black one is ore veins.
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Fig. 5. A: The position of the stress axes imposed on the Garijgan area during the Eocene, and B: The position of the

stress axes governing on the area during the Quaternary
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Fig. 6. The final image from the PCA processing shows the combination of PC4-, PC4+PC5- and PC5 in red, green and
blue colors, which were used to identify hydrothermal alteration zones. In this image, bright pixels indicate areas with
both hydroxyl and iron oxide alteration, while light to dark blue colors indicate areas with higher hydroxyl concentrations.
Iron oxide-rich areas appear in yellow and orange colors, and black lines indicate the location of lineaments.
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Fig. 7. Fault density map in the 19-cell grid created for the Garijgan area. As can be seen, cells I, O, and S have the highest
density of faults, indicating their higher tectonic activity.
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Fig. 8. Density map of ore veins in the 19-cell grid created for the Garijgan area. As observed, cells I and S exhibit the
highest concentration of ore veins, showing a good correlation with fault densities.
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Fig. 9. Fractal map of the fractures in the Garijgan mining area. As can be seen, cell I in the central part of the area (1.8378

value) has the highest fractal dimension.
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Fig. 10. Faults and ore veins modeling in the Garijgan area up to 300 meters depth (Red colors represent faults; white
colors represent ore veins)
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Table 1. Characteristics of the measured ore veins in the Garijgan area

THICKNESS LENGTH

VEINS XSTART YSTART XEND YEND (€M) o) STRIKE DIP
A% 681904 3614803 681929 3614259 20 487 89 65NE
V2 681939 3613926 682050 3613089 30 722 81 65NE
V3 682070 3612979 682102 3612758 10 198 85 63NE
V4 682154 3612609 682214 3612379 15 207 76 64NE
V5 682249 3612302 682268 3612236 10 61 65 84NE
V6 682268 3612216 682458 3611691 15 454 63 84NE
\'%/ 682441 3611520 682449 3611478 15 39 78 84NE
V8 682616 3611088 682694 3610955 15 105 40 89NE
V9 682768 3610806 682796 3610739 15 69 68 90NE
V10 | 682267 3611010 682470 3610736 15 289 55 85NE
Vi1 682008 3611306 682239 3611078 15 269 55 85NE
V12 | 681857 3612356 681972 3612286 20 105 214 7T4SW
V13 681668 3612166 681668 3612126 20 34 269 69SW
V14 | 681202 3611369 681234 3611330 15 39 50 85NE
V15 | 680760 3614569 681038 3614176 10 409 50 85NE
V16 | 680125 3613300 680183 3613245 15 71 43 SINE
V17 | 680253 3613210 680426 3612905 25 308 75 41NE
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Table 1 (Continued). Characteristics of the measured ore veins in the Garijgan area
VEINS XSTART YSTART XEND YEND THI(CCI;II\;ESS LEl(VN([;)TH STRIKE DIP
V18 680510 3612804 680608 3612657 15 141 245 74SW
V19 680678 3612522 680701 3612458 35 57 245 74SW
V20 680572 3612220 680607 3612110 20 101 85 76NE
V21 680126 3612716 680351 3612571 25 205 30 8INE
V22 679907 3612867 680070 3612744 25 156 30 8INE
V23 679504 3613119 679521 3613112 10 19 30 8INE
V24 679524 3613155 679566 3613122 25 47 35 80NE
V25 679376 3613203 679399 3613173 30 33 45 8INE
V26 679328 3613199 679423 3613154 15 96 30 8INE
V27 679210 3613343 679305 3613253 25 104 250 70SW
V28 679343 3613171 679372 3613062 15 98 250 70SW
V29 679425 3612888 679444 3612830 10 55 250 70SW
V30 679483 3612738 679520 3612650 15 82 250 70SW
V31 679898 3612315 679986 3612139 25 138 235 73SW
V32 679985 3611474 680102 3611319 10 129 239 71SW
V33 680180 3611175 680243 3611081 10 103 239 71SW
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Fig. 11. Areas prone to slip on the fault surfaces under the influence of applied stresses. In this diagram, the red (c1),
green (02), and blue (63) axes represent the principal stress directions, with the red areas indicating the highest slip

potential.
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Fig. 12. Open spaces zoning along with ore vein locations (black color) in Garijgan mining area
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Fig. 13. Potential zones containing open spaces in the Garijgan mining area
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Fig. 14. The positions of the possible open spaces along with faults (red planes) and veins (black planes) locations in the
Garijgan area
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Table 2. The open spaces obtained from the 3D modeling in the Garijgan area

Cell Open spaces volume (m®)  Cell Open spaces volume (m?)
A 8435656 K 6334781
B 0 L 11093906
C 0 M 58470781
D 30259031 N 35446906
E 14234500 0] 30945031
F 300125 P 5048531
G 0 Q 7535281
H 74163031 R 0
I 49552781 S 52768406
J 0 Total 384588750
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Table 3. 3D modeling final results in the Garijgan area

Item value
total volume (up to 300 meters depth) 3356888523 m®
open spaces (resulted from fracturing up to 300 meters depth) 384588750 m*
open spaces (resulted from fracturing) 11.46 %
open spaces filled with fluids (up to 300 meters depth) 306787 m?
open spaces filled with fluids relative to total open spaces 0.08 %
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