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Abstract
The system of water flow into the Sangan mineral pit, located in NE Iran, has a direct relationship with the deformations, 
fractures, and faults. This study aims to investigates, identifies, and analyze the tectonic structures in the Sangan Dardvey 
deposit, and to determine the regional structural model, deposit structural patterns, and finally provide the deposit’s 
3D formation model for water entry. The Sangan mining region is located at the end of one of the large-scale branch-
ing terminals of the Dorouneh fault, this block is considered a part of a tectonic escape in terms of regional tectonics, 
and most of the groundwater in the region can be attributed to its activity. The fault density map has been prepared by 
investigating the faults existing in the deposit area and analyzing the spatial density of faults. The map shows that three 
faults zones in the Dardvey deposit area are in the E–W, NE–SW, and NW–SE strikes with a dip angle (70°–80°). These 
fault areas can create paths for the entrance of groundwater into the mineral deposit. Moreover, the structural studies 
have shown that in the Sangan Dardvey deposits, the fractures play a crucial role in the fault zones, to which the exist-
ing anomalies are directly related. The estimation of water entry in the Dardvey deposits has been mainly controlled by 
tectonic structures.
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1 Introduction

Like many large open-pit deposits of the world, the San-
gan mineral deposit deals with the issues concerning rock 
engineering, the stability of walls [27], and exploration 
during mining [30, 36]. Slope stability issues, like geologi-
cal and tectonic features [8, 9], are intrinsically complex 
and variable [25]. Evaluation of structural characteristics 
by mine designers for proper planning of mining requires 
accurate information on the stability state of the walls and 
the ore grade. Furthermore, the presence of water in min-
ing sites can cause problems in mining operations and 
mine stability [4, 14, 18]. Water can enter a mine through 

leakage [7] of surface water resources [26], as well as pen-
etration of rainwater or groundwater. The volume of water 
penetration through such means depends on the type and 
size of fractures in the rock mass [19], hydraulic head, and 
depth of the aquifer [21]. Therefore, precise information 
about rock mass properties [10], tectonic properties of 
mine as the necessary data (Feng et al., [10, 11], and vol-
ume of water penetration are required to achieve an ideal 
and proper model. In open-pit mines, it is crucial to deter-
mine the structural condition and geological engineering 
properties of host rock masses, partition them along the 
slopes and stabilize them (in a tectonized and stable form) 
[35].
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Brems et al. [5] evaluated the metallogeny of south-
ern Nkana copper-cobalt deposits in Zambia. They found 
that the geological structures of the studied deposits were 
related to the grade distribution. Torremans et al. [33] 
investigated the effect of tectonic properties and struc-
tural control on the ore grade distribution in the Konkola 
copper–cobalt deposit located in Zambia. The evaluations 
and distribution maps of copper and cobalt indicated that 
there was a close relationship between the structural prop-
erties and ore grade distribution in this mine. Gongwen 
et al. [13] carried out a quantitative evaluation of mineral 
resources by integrating the geostatistical and fractal 
methods in the copper deposit of Tongshan in China. The 
results demonstrated that the Hurst exponent function 
was useful in identifying the continuity of vertical miner-
alization (within the range of 0–1200 m). The 3D geologi-
cal and trend model could be integrated to determine the 
subsurface targets in the Tongshan deposit. Huang et al. 
[17] conducted 3D modeling of the Cangshang gold mine 
using Surpac software. The model helped them in the cal-
culations of the deposit and designing the mine in the 
production phase. They also used a manual method and 
compared their results with those of the software, which 
showed that the results were of high accuracy. Vollgger 
et al. [34] introduced a new approach to analyze and assess 
the structural framework of deposits by integrating the 
3D modeling of environments with sufficient information 
with field observations. In their study, the Navachab gold 
deposit in the Damara orogenic belt, located in Namibia, 
was investigated. High-grade mineralization trends were 
identified, which were directly related to the structures 
observed in the field. Liu et al. [20] conducted the 3D mod-
eling of the porphyry-related Dawangding gold deposit in 
south China. They employed knowledge-driven methods 
to build 3D geometric models of the deposit and intru-
sions using FLAC3D software. In Iran, Rezaei et al. [29] 
built a 3D fracture model through ground-penetrating 
radar and resostivity methods and assessed the unstable 
tectonic areas in the C-North deposit using the variations 
of geophysical parameters of geological structures. In 
other studies, the Dardevey iron ore deposit in Sangan 
Iron Skarn Complex, NE Iran, was investigated. Shahbeik 
et al. [32] investigated the comparison between ordinary 
kriging (OK) and inverse distance weighted (IDW) based 
on the estimation error. Their results indicate that the 
error estimation of OK method is less than IDW method 
and that the results of OK method are reliable. Afzal et al., 
[1] identified the effect of ordinary and straightforward 
multi-Gaussian kriging (oMK, sMK) estimation meth-
ods for the delineation of iron mineralized zones based 
on subsurface data using Concentration–Volume (C–V) 
fractal modeling. Spatial data analyses (variograms and 
anisotropic ellipsoid) were initially calculated for the Fe 

distribution. The C–V log–log plots based on the estima-
tion methods represent the various mineralized zones via 
threshold values. The comparison and interpretation of 
the mineralized zones based on the C–V fractal modeling 
show that the methods are similar, but the enriched and 
highly zones resulted by the oMK have variances lower 
than the sMK method. Furthermore, the weakly and mod-
erately mineralized zones have lower variances based on 
the sMK method.

The objectives of their study were to evaluate and iden-
tify the tectonic structures in the mine and analyze those 
using proper methods to achieve a 3D tectonic model for 
a safe and economical design of slope. For this purpose, 
in the first step of this study, by using satellite images of 
LandSat8 and ASTER, the required filters were applied, and 
lineaments in the Sangan Dardvey mine were extracted. 
The structural surveying stations were defined based on 
the results of remote sensing, geological maps, and field 
observations. The Dardvey deposit of the central anomaly 
was selected for this study. In the second step, the struc-
tural surveys (faults and fractures) in different walls were 
conducted based on the diffenence in the lithology. Then, 
the statistical analysis of each wall was performed sepa-
rately using Dips.5.1 software, which included the pole 
plot, contour plot, rose diagram, and the major plane 
plots of the fractures and faults. In the third step, the 3D 
modeling of fractures and faults was conducted for the 
Dardvey deposits using Surpac 6.6.2 software.

2  Description of the study area

2.1  Geographical situation

Of the main deposits related to the Tertiary volcanic–plu-
tonic magmatism in NE Iran is the iron skarn complex 
of Sangan. The study area is located at the southeast of 
the Khorasan-e-Razavi Province, which is approximately 
280 km away from the city of Mashhad. This area has a 
regional E–W trend (it lies between longitudes 60° 10′ 
00″–60° 50′ 00″ E and the latitudes 34° 20′ 00″–34° 40′ 
00″ N) and is situated at the end part of the Khaf-Kash-
mar-Bardskan Tertiary magmatic belt of the Central Iran 
block and close to the eastern segment of the large-scale 
Doruneh fault (Fig. 1a). Being located at the NE of the Lut 
block, the Sangan Magmatic Complex (SMC) constitutes 
thick piles of volcanic rocks with younger granitoid intru-
sions [31]. SMC contains several ore bodies with a prevail-
ing east–west direction. This mining region is divided into 
different parts based on the characteristics of these ore 
deposits: the western [including A, A′, B, CS (C-South), CN 
(C-North), and central (including Baghak (BA) and Dard-
vey (D)] (Fig. 1a) and eastern (including Senjedak 1, 2, 3, 



Vol.:(0123456789)

SN Applied Sciences (2020) 2:2098 | https://doi.org/10.1007/s42452-020-03893-7 Research Article

Madanjoo, Som–Ahanai, and Ferezneh) anomalies. The 
Sangan iron skarn deposits are scattered over an area 
along the contact zones of the Jurassic clastic/Cretaceous 
carbonates and Eocene igneous rocks (Fig. 1b) [12, 22].

2.2  Geological setting

There are a lot of varieties of geological formations in the 
area under study. Because there are hydrogeological and 
geological investigations in the study area, it is possible 
to classify the main geological formations which contain 
groundwater as 1. Jurassic and Cretaceous limestone; 2. 
Paleocene and Eocene intrusive and volcanic rocks; 3. 
Neocene sedimentary rocks. Tuff and rhyolite, which were 
weathered and crashed, are mainly main volcanic rocks. 
The Sangan ore deposit, which is detected as a skarn iron-
type, is elongated from east to west of Taleb mountain. 
There are various rock types for detecting in the Sangan 
mine, including Sarnosar granite, siltstone, sandstone and 
quartzite complex, north skarn unit, shale and siltstone, 
south skarn unit and volcanic complex, carbonate rocks 
and marn and quaternary sediments. It is possible to clas-
sify the iron ores in Sangan into the high-grade massive 
iron zone, low-grade dispersive iron zone, oxidized zone, 
and sulfide zone. Western, central and eastern zones are 
considered as the three minable zones of the Sangan iron 
deposit. Approximately the western section is prepared 
enough to extract. This area covering an area about 6 km2 
consists of five anomalies, A, A′, B, south C  (Cs), and north 

C  (Cn). The current study was carried out on one mass of 
Dardvay in the central zone (Fig. 2).

3  Discussion

3.1  Enhancement of geological structures using 
remote sensing

A high-pass directed kernel filter was used on the ASTER 
image bands to extract the lineaments along with visual 
interpretation. These structures could be observed using 
this filter. Directed (edge detection) filters are used to 
detect features, such as roads, streams, and faults for a 
particular purpose. The kernel directed filter was used. 
After applying the Laplacian filter in different directions, 
the area’s structures, including lineaments and faults, were 
determined. The directed kernels were used to the PC1 
image in four directions to extract the structural informa-
tion. After the extraction of structures with the filtering 
technique, the obtained result was combined with that 
obtained from the visual interpretation of ASTER images 
to prepare the final map of facilities. The filters were used 
in the NE–SW, E–W, N–S, and NW–SE directions to increase 
the contrast frequency in the images (Fig. S1).

After the extraction of structures with the filtering 
technique, the obtained result was combined with that 
obtained from the visual interpretation of LandSat images 
to prepare the final map of facilities. Figure 3 shows the 
application of the Laplacian filter (Fig. 3a) and extraction 

Fig. 1  a The Iran map together with the geological map of the 
Sangan region. The locations of the Sangan deposits, as well as the 
Eocene volcanic and plutonic rocks, are shown (they are derived 
from the geological maps of Taybad with the scale of 1:250,000) 

[3]. The simplified geological map of the western [including A, A′, B, 
C-South (Cs), and C-North (Cn)] and also central (including BA and 
D) anomalies has also been added to the map; b the stratigraphic 
columns of the Sangan region [23]
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of the lineaments (Fig. 3b) on the LandSat8 satellite image 
in the study area.

3.2  Evaluation of the structural pattern

The most evident structure of the Sangan area is the Dard-
vey fault, which can be observed as broad lineaments in 
the satellite images. This fault, with an approximate N30°W 
trend, continues as a long line outside the mine area, too. 
As it is evident in the filtered image (for extraction of the 
lineaments) (Fig. S2), the Dardvey fault has emerged evi-
dently by displacing the two anomalies of Dardvey and 
Baghak. Given the location of Dardvey mass relative to 
Baghak, a left-slip separation is interpreted for the fault.

The area’s faults are affected by a left-lateral shear zone. 
The structural pattern of the Dardvey deposit is shown as 
Fig. S3, based on a model suggested by Davis et al. [6]. The 
Dardvey left-slip fault can be considered the major surface, 
while the left-lateral strike-slip faults in the N, NW–S, SE 
directions are considered the Riedels (R) of this surface, 
and the right-lateral strike-slip ones in an E–S strike are 
regarded as Antiriedels (R′) of the surface. This model was 
built based on the directions of the stress field around the 
Dardvey fault with the maximum and minimum stress 
directions of NW–SE and NE–SW, respectively. Hybrid frac-
tures were formed by the combination of compressional 
and extensional stresses at acute angles with the principal 
compressional stress.

Seven major faults were determined on the walls of the 
deposit. Table 1 presents the properties of the faults of 
the Dardvey deposit, and Fig. S4 shows the locations of 
structural surveying stations on the geological map. In this 

deposit, the faults F4 and F6, are vertical (slope of fault 
plane more than 80°), and the other faults are high-angle 
(slope of fault plane between 30° and 80°).

3.2.1  Faults F1 and F2

The outcrops of these faults are revealed on the south-
ern wall of the Dardvey deposit by different trends in the 
section containing magnetite mass with the angles of 43° 
toward the southwest and 70° toward the south, respec-
tively. It seems both faults continue in the magnetite mass. 
The two faults intersect, which should be considered in the 
slope stability. The performance of these faults has caused 
numerous fractures in different directions in this part of 
the wall, which has resulted in the crushing of this zone 
(Fig. 4).

3.2.2  Fault F3

The outcrop of this fault is typically observed on the east-
ern wall of the Dardvey deposit with an NW–SE trend. The 
fault is visible between the magnetite mass and the gran-
ites around the mine with a direction of 40° toward the 
northeast. Most of the changes in the southern and east-
ern walls of the deposit are caused by the activity of this 
fault, which has led to severe alterations in the rocks exist-
ing in this part and the crushing of the granites (Fig. 4).

3.2.3  Fault F4

The outcrop of this fault is observed on the northern wall 
of the Dardvey deposit with an approximate E–W trend. 

Fig. 2  Geological and structural map of Sangan iron ore mine
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The fault slope is 88° toward the northeast. In other words, 
this fault is vertical. The penetration of hydrothermal solu-
tions has caused severe alterations in the rocks of this part, 
including hematitation and limonitation. In this part of the 
deposit, the zone has been crushed, and the performance 
of the fault has caused several fractures in different direc-
tions, which should be taken into account in the slope 
stability (Fig. 4).

3.2.4  Fault F5

The outcrop of this fault has emerged on the northern wall 
of the Dardvey deposit with a NE–SW trend of 42° toward 

Fig. 3  a Application of the 
Laplacian filter to extract the 
lineaments and b extraction of 
the lineaments in the Sangan 
area

Table 1  Orientations of the 
faults of the Dardvey deposit 
area

Fault no. Fault dip 
direction

Fault dip

F1 N200° 43°
F2 N180° 70°
F3 N40° 40°
F4 N10° 88°
F5 N100° 42°
F6 N160° 88°
F7 N215° 52°
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the southeast. This fault is also typically evident in the 
northern wall of the deposit. It seems this fault has caused 
many changes in the northern wall of the deposit, lead-
ing to a high level of crushing in this part of the deposit 
(Fig. 4).

3.2.5  Fault F6

The outcrop of this fault is observed in the northern wall of 
the Dardvey deposit with an approximate E–W trend. The 
fault slope is 88° toward the southeast. This fault is located 
at a distance of 30 m from the F5 fault. It seems severe 
crushing has occurred in this part of the deposit (Fig. 4).

3.2.6  Fault F7

The outcrop of this fault is visible on the northern wall of 
the Dardvey deposit with an approximate NW–SE trend, 
leading to the F3 fault. The fault has a slope of 52° toward 

the southwest. This fault is located at a distance of 15 m 
from the F6 fault. The fault passes through the granite unit 
around the deposit and seemingly continues to the center 
of the deposit (Fig. 4).

3.3  Statistical analysis of the faults

The statistical distribution of the faults existing in the 
Dardvey deposit is shown in Fig. 5. The main structure of 
the region is controlled by the folds and fractures formed 
due to the changes caused by penetration of large grani-
toid masses of Sarnowsar and Bermani in the north and 
south of the area, respectively. The pressures caused by 
their penetration have resulted in the creation of critical 
tectonic structures in the area. The statistical evaluations 
showed that the Dardvey fault systems are NW–SE and 
W–E. It should be noted that some auxiliary faults have a 
NE–SW trend.

Fig. 4  A view of the location of 
F1 and F2 faults on the south-
ern wall (southward view), 
F3 fault on the eastern wall 
(eastward view), F4 fault on the 
northern wall (westward view), 
F5 fault on the northern wall 
(northwestward view), F6 fault 
on the northern wall (north-
ward view), and F7 fault on the 
northern wall (northeastward 
view) in the Sangan Dardvey 
deposit
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The Dardvey fault with an NW–SE strike is one of the 
most important structural features in the Dardvey mining 
area. This fault plays a significant role in the distribution 
of mineral deposits in the Sangan area, so that most faults 
of the area are expected to be affected by the movement 
of this fault. Most faults of the area are strike-slip. The left-
lateral strike-slip faults, with N, NW–S, SE strikes, can be 
introduced as Riedel fractures of this fault. On the other 
hand, right-lateral strike-slip faults, mostly having E–W 
strikes, can be regarded as Antireidels of the fault. The nor-
mal faults have mainly an NW–SE strike and are distributed 
in the mining area.

Based on the structural analysis and surveys conducted 
in the Dardvey deposit, the fault systems in this mineral 
deposit are divided into three sets (according to Fig. 5):

1. Fault system with a W–E strike.

These faults of the deposit are older than the others. 
The faults in the south of the area have moved the 

igneous rocks closer to the carbonate rocks. Further-
more, the outcrop of these rocks conforms to this 
fault system.

2. Fault system with a NE–SW strike.

These faults are younger than those of the first set. 
In most areas, some rightward displacements can be 
observed in the fractures of the region.

3. Fault system with an NW–SE strike.

These faults have a trend toward the east of the area, 
which has caused the displacements based on the 
trend of the faults in the south. Generally, the mineral 
deposit has moved with the structure of the area. It 
should be noted that faults with an N–S trend are 
observed in the Dardvey deposit. As the movement 
direction of the Doruneh fault has changed from 
right-slip to left-slip, the order of significant stress 
has become reversed, leading to a destructive phase 
in the region. The younger faults have displaced and 

Fig. 5  The statistical analysis 
of the faults in the Sangan 
Dardvey deposit, a pole plot, 
b contour plot, c rose diagram, 
and d plane plot of the faults
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cut the mineralization direction [24]. The properties 
of the structural surveying stations for the Dardvey 
faults present in Table 2.

3.4  3D modeling of the faults using geostatistical 
methods

The lineaments and faults of the Saveh region in the mid-
dle part of the Urumieh–Dokhtar Magmatic Belt (UDMB), 
Central Iran, were mapped using precise local data, includ-
ing remote sensing (Landsat ETM+), digital elevation 
models (DEM), airborne geomagnetic images, geological 
maps, and field observations. The results of the C-A fractal 
modeling and Fry analysis indicate that the vein-style Cu 
mineralization is associated with major NW–SE-trending 
faults, especially the Khalkhab and Koshk-e-Nosrat faults. 
Manto-style Cu mineralization in the Saveh region is asso-
ciated with minor NE–SW-trending faults [2].

The stability and reliability analyses of the slope of the 
walls in surface mines, especially the slope of the jointed 
rocks, are one of the most critical issues concerning the 
design of surface mines, which can be achieved with geo-
technical modeling. In the structural investigations of 
the Dardvey deposit, we were calculated the fault den-
sity using the three parameters of fault length, intersec-
tion, and thickness. The size of the cells was considered 
50 m × 50 m in calculating the fault density. The fault den-
sity map was produced using two geostatistical interpola-
tion methods, including inverse distance weight [28] and 
local polynomial [15].

The fault map was prepared using the fault density (FD) 
equation [16]:

 where a is the number of linear structures in the selected 
cell size, A represents the average number of all lineaments 
in the map, b is the length of the linear structures in the 
selected cell size, B is the average length of all the faults in 
the map, c is the number of the intersections of the faults 
in the selected cell size, and C is the average number of 

FD = (a∕A) + (b∕B) + (c∕C)

complete intersections in the map. The region was divided 
into separate cells with appropriate dimensions (50 m in 
this work) to create the map. The final FD map of the study 
area was produced after computing the numerical quanti-
ties of the proposed cells (Fig. 6). The derived relative ages 
of various fault sets are in the following.

The fault density maps indicate three main faults with 
NW–SE, W–E, and NE–SW trends in the Sangan Dardvey 
deposit. Moreover, the results of structural geological 
evaluations agree with the fault density map.

Based on the geostatistical analyses carried out on the 
faults of the Sangan Dardvey deposit, a 25-m buffer was 
chosen in this section (Fig. S5a). Figure S5b shows the fault 
density map, obtained from inverse distance weight and 
the 25-m buffer of the fault, combined with the structural 
geological results in the Sangan Dardvey deposit. The 
products of the integration of structural geological evalu-
ations completely conform to the buffer map, which indi-
cates the presence of extensive and useful fault zones in 
the Dardvey deposit.

According to previous observations, faults with an 
N–S trend exist in the Dardvey deposit. As the movement 
direction of the Doruneh fault has changed from right-
slip to left-slip, the order of significant stress has become 
reversed, leading to a destructive phase in the region. The 
younger faults have displaced and cut the mineralization 
direction.

Furthermore, the faults play an influential role in placing 
the stratigraphic units beside each other in the Dardvey 
deposit so that the lower Cretaceous lime is beside Eocene 
volcano sediments, and the Precambrian contact schists 
are located in the form of fault beside the lime. In addi-
tion to the layering of the levels, the symptoms of faulting, 
fracture, brecciation, slickenside, as well as variations of 
the dip and strike within small distances and the uplift and 
depression structures, all indicate the severe performance 
of the faults in the area, which have a significant role in 
the geometry and distribution of the mineral masses. The 
major faults of the Dardvey deposit area are shown in this 
section (Fig. S6).

Table 2  The properties of the 
structural surveying stations 
for the faults on the walls of 
the Sangan Dardvey deposit

Station Wall X (UTM) Y (UTM) Lithology Dip direction Strike 
(azimuth)

Dip angle (°)

1 Southern 267,660 3,819,120 Magnetite N200° 290 43
2 Southern 267,660 3,819,130 Magnetite N180° 90 70
3 Eastern 267,941 3,819,166 Skarn N40° 310 40
4 Northern 267,618 3,819,335 Magnetite N10° 280 88
5 Northern 267,697 3,819,314 Skarn N100° 10 42
6 Northern 267,729 3,819,299 Skarn N160° 70 88
7 Northern 267,739 3,819,291 Skarn N215° 305 52
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Most of the faults with a NE–SW trend have a stand-
ard mechanism, while most of the faults with an NW–SE 
direction have a left-lateral strike-slip tool. There are also 
significant faults with an E–W trend, which are longer 
than the mentioned faults and play an essential role in 
the location of the mineral mass. In general, most faults of 
the area are faulted joints; thus, the compressional-shear 
stress system has had a significant role in the formation of 
the area’s faults.

The variations of stress patterns in the Dardvey fault 
area demonstrate the crucial importance of this fault in 
the structures and fractures of the area. The left-lateral 
strike-slip movements of the Dardvey fault have formed 

new designs in the study area, affecting the older fractures 
and resulting in renewed displacements and new slips on 
the fracture surfaces. Therefore, given the variations of the 
stress field around the Dardvey fault, the stresses that have 
formed the left-lateral strike-slip faults have a younger age 
in comparison with the N-S extensional strains.

A sample of the geological section is shown in Fig. S7, 
along with the location of the faults and mineral masses 
in the Sangan Dardvey deposit.

Moreover, the 3D modeling of the faults in the Sangan 
Dardvey deposit based on the representative planes is 
shown in Fig. 7. The obtained structural map indicates a 
complex faulting mechanism in the study area.

Fig. 6  The created fault density (FD) map by the a inverse distance weight (IDW) and b local polynomial (LP) methods for the Sangan area

Fig. 7  The 3D modeling of the 
faults based on the representa-
tive planes in the Sangan Dard-
vey deposit (northward view)
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4  Conclusions

The wall height, geological conditions (especially struc-
tures), rock strength, and state of groundwater in mines 
are some of the factors affecting the stability of the 
mine slope and walls. A practical solution can be pro-
vided for this issue considering the geological data and 
geomechanical information, observing the conditions 
of groundwater, and making an accurate engineering 
judgment. Thus, the tectonic investigation of mines to 
determine the tectonic structure of the area and identify 
the faults and fractures can be of great importance in the 
stability of the walls, geotechnical studies, and explora-
tion and extraction of minerals.

Based on the structural study in the Dardvey deposit, 
the fault systems in this mineral deposit are divided into 
three sets:

1. Fault system with a W–E strike. These faults of the 
deposit are older than the others. The faults in the 
south of the area have moved the igneous rocks closer 
to the carbonate rocks. Furthermore, the outcrop of 
these rocks conforms to this fault system.

2. Fault system with a NE–SW strike. These faults are 
younger than those of the first set. In most areas, some 
rightward displacements can be observed in the frac-
tures of the region (normal faults).

3. Fault system with an NW–SE strike. These faults have 
a trend toward the east of the area, which has caused 
the displacements based on the trend of the faults in 
the south and west of the area.

The mineral deposit has generally moved with the 
structure of the area. It should be noted that faults with 
an N-S trend are observed in the Dardvey deposit. As the 
movement direction of the Doruneh fault has changed 
from right-slip to left-slip, the direction of significant 
stress has become reversed, leading to the formation 
of a destructive phase in the region. The younger faults 
have displaced and cut the mineralization direction. Fur-
thermore, the faults play an influential role in placing 
the stratigraphic units beside each other in the Dard-
vey deposit so that the lower Cretaceous lime is beside 
Eocene volcano sediments, and the Precambrian contact 
schists are located in the form of fault beside the lime. 
In addition to the layering of the levels, the symptoms 
of faulting, fracture, brecciation, slickenside, as well as 
variations of the dip and strike within small distances 
and the uplift and depression structures, all indicate the 
severe performance of the faults in the area, which have 
a significant role in the geometry and distribution of the 
mineral masses.

The Dardvey fault with an NW–SE strike is one of the 
most important structural features in the Dardvey mining 
area. This fault plays a significant role in the distribution of 
mineral deposits in the Sangan area so that according to 
the structural evaluations, the movement of this fault has 
affected most faults of the area. Most faults of the area are 
strike-slip. The left-lateral strike-slip faults, with N, NW–S, 
SE strikes, can be introduced as Riedel fractures of this 
fault. On the other hand, right-lateral strike-slip faults, 
mostly having E–W strikes, can be regarded as Antireidels 
of the fault. The normal faults have mainly a NE–SW strike 
and are distributed in the mining area.

In this study, the geostatistical analyses were employed 
to investigate the spatial distribution of the fault density in 
the deposit, and the results were presented as variograms 
and geostatistical contour maps for the faults and frac-
tures. Based on the geostatistical analyses of the Sangan 
Dardvey deposit, the radius of influence of the faults was 
estimated at 25 m.

According to the model proposed by Davis and Ren-
olds [20], the structural model and pattern of the Dardvey 
deposit can be explained as the following: In this model, 
the Dardvey left-slip fault was considered the primary sur-
face, while the left-lateral strike-slip faults in the N, NW–S, 
SE directions were considered the Riedels (R) of this sur-
face, and the right-lateral strike-slip ones in an E–W strike 
were regarded as Antiriedels (R′) of the surface. The model 
was built based on the directions of the stress field around 
the Dardvey fault with the maximum and minimum stress 
directions of NW–SE and NE–SW, respectively.

The structural studies showed that in the Sangan Dard-
vey deposits, the fractures play a crucial role in the fault 
zones, to which the existing anomalies are directly related.

The conducted investigations indicated that the tec-
tonic structures mainly control the iron mineralization 
in the Dardvey deposits. Moreover, the extensional and 
compressional activities have played a dominant role in 
the formation processes of the Sangan mineral deposit.

In the Sangan area, the faults with a NE–SW trend and 
their movement, as well as renewed activity of the older 
(E–W) faults, have created fracture systems to form the 
deposit, and mineralization has occurred. These activities 
have continued and consequently resulted in the min-
eralization. In the next steps, the action of the younger 
faults has allowed for the displacement of the deposits. 
Two sets of faults with E–W and NE–SW strikes have facili-
tated the formation of the deposit. The E–W fractures are 
old and associated with the basement faults, while the 
newer faults are related to the shear zones caused by the 
Dardvey strike-slip fault. By increasing the regional com-
pressional stress in the shear zones, most of the hydro-
thermal solution moves laterally along the major fault, and 
the best places to trap the solution are the intersection 
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points of the major fault with the auxiliary ones. Therefore, 
the movements of the Dorouneh fault (older right-slip and 
younger left-slip movements) have a considerable effect 
on the deposits of the Sangan mining area over different 
periods.

According to the mentioned information, the fault 
zones existing in the study area have a NE–SW strike and 
a high dip angle (70°–80°) under the surface.
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