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Abstract

:

The Lut Block is a potential porphyry-style mineralized region in Iran including the well-explored Shadan porphyry gold-copper deposit, which has an extensive zone of gold- and copper-bearing stockwork-like sheeted veins. The structural setting of this deposit is a key to understanding the genesis of the mineralization. Our field studies show that the mineralization occurs as steeply dipping ore bodies along NW–SE transpressional faults. The zones with a high frequency of veins and volume of veins have a NW–SE trend, which is closely related to transpressional faults. We propose that such a compressional regime inhibits focused ore-forming fluid flow to higher levels in the crust. After a local change in stress field, fluid depressurization and channeling along transpressional faults generated the sheeted veins. This indicates an important role of these transpressional faults in focusing and controlling mineralization within this porphyry deposit, which has important implications for the exploration of porphyry deposits on a regional scale. The spatial distribution of sheeted veins is used to examine gold anomalies from lithogeochemical data extracted by fractal models. The results show that a combination of high vein density and high vein volume areas with gold anomalies could result in identifying areas with greater potential at the deposit to regional scale.
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1. Introduction


Mineral exploration targeting is an important tool particularly in cases where exposed ore deposits are rare. Mineral potential mapping (hereafter MPM) methods are more effective when using conceptual mineral deposit models and data available to support exploration targeting. Building on the research work on mineral systems, ref. [1] presented a new exploration information system to help explore the complex natural phenomena that can play a key role in exploration targeting. However, conceptual models should be carefully used in translating key criteria into effective exploration targeting maps. For example, high density lineaments are generally considered as promising zones that utilize potential targeting elements in MPM studies for prioritizing drill hole positioning for finding and evaluation various porphyry-type deposits [1,2,3,4]. Lineament density can be mapped from geological data, geophysical data, or remote sensing studies through three methods, namely visual, semi-automatic, and automatic. Apart from the advantages of these methods, there are still several shortcomings in using lineament density as an element in MPM. Fault data are almost never attributed in terms of fault type and age. Furthermore, all faults do not act as permeable pathways for the transportation and localization of hydrothermal fluids (e.g., post-mineralization faults). In this context, there is a need to emphasize fracture generation and distribution to highlight its role in facilitating the transport of ore-forming fluids within a porphyry deposit setting.



Porphyry deposits are characterized by numerous generations of fractures from pre-mineralization to syn-mineralization, and to many post-mineralization sets. Fractures can be distinguished by mineral infill and alteration assemblages (e.g., [5,6]). Inside mineralized intrusions and their surroundings, the formation of brittle fractures and veins is controlled by magma emplacement dynamics coupled with crystallization, the fluctuation of pressurized fluids, changing physiochemical conditions, and the tectonic evolution of the local and regional stress fields [7,8,9]. The distribution of alteration and mineralization is controlled by fractures, as well as macroscopic cracks and fractures that developed after ore formation [5].



Fracture formation in a porphyry deposit is controlled by numerous factors including the inherited host rock structure (e.g., mechanical anisotropy), major changes in ambient stress field, episodic magma intrusion and cooling, and fluctuation in the hydraulic pressure of the system [10]. Fracture orientations result either during the formation of the host rock or during the mineralization. The two major processes associated with formation of veins associated with porphyries are hydraulic processes and the local tensional stresses of the host rock [7]. The local stretching of the host rock could be a function of deformation and strain [11,12,13].



The well-established conceptual models visualize a local extension within a far-field regional stress regime governed by the overall regional-scale compression in which porphyry copper–gold deposits are generally emplaced. This facilitates the transition of magma from the MASH zone (i.e., melting, assimilation, storage, homogenization) en-route to the surface (e.g., [14,15,16,17]). In such structurally dynamic conditions, porphyry deposits are characterized by stockwork and hydrothermal breccia mineralization. Combinations such as those described above are considered most prevalent in pull-apart basins that have been released by strike-slip faults [18,19,20]. Strike-slip faults are used as a key exploration feature in locating porphyry deposits.



The Urumieh-Dokhtar magmatic arc (UDMA) in the Alpine–Himalayan (Tethyan) orogenic belt is an important host of porphyry deposits including the Sarcheshmeh, Sungun, and Meiduk deposits (Figure 1). Analysis of the fault kinematics data in the UDMA reveal an association between porphyry deposits and the extensional fault duplex pattern [21,22,23]. These extensional fault duplex patterns imply that dilatational zones, which are followed by NW–SE trending dilatational normal faults, are optimal for the porphyry deposit emplacement [23].



The Lut Block as part of the central Iran micro-continent is an important host of porphyry deposits and prospects, especially the Shadan [24,25] and Maher Abad [26] deposit systems (Figure 1). The Shadan Au–Cu deposit is a suite of sheeted vein mineralization that cannot satisfactorily be explained by the model attributed to the UDMA. Sheeted veins, as dilatant structures, act to transfer ore-forming fluids from a deeper level but hypabyssal magmatic source to shallower crustal levels, where mineralization occurs either inside intrusive stocks (endocontact) or in direct contact with host rock (exocontact).



In this study, we mapped and analyzed sheeted veins to decipher the spatial distribution of fracture mesh related to porphyry deposit, which helps lead to insights for vein formation and a revised structural model to enhance our understanding of the fundamental controls on mineralization. Advancing a structural model is important in formulating the criteria for porphyry deposit targeting in this region. Furthermore, an integration of the spatial distribution of fracture mesh and lithogeochemical data helps in identifying the potential areas for exploratory drilling.




2. Geological Setting


2.1. Regional Geology


The Shadan porphyry Au–Cu deposit is located in the volcano-plutonic suites of the Lut Block, a segment in the central part of the Alpine–Himalayan Belt (Figure 1; [27,28,29,30]). The Lut Block is exposed over an area of ca. 900 × 200 km, extending N–S and trending from the Doruneh Fault to the Jazmorian basin [31]. The Lut Block spans a wide spectrum of rocks composed of a pre-Jurassic metamorphic-sedimentary basement, Jurassic volcano-sedimentary rocks, and Meso-Cenozoic igneous rocks (Figure 2) [32,33]. Previous studies in this region suggest initiation of magmatic activity during Jurassic [34]. Discontinuous subduction along the Lut Block during upper Cretaceous (ca. 75 Ma) and Eocene (ca. 47–30 Ma) is considered to have generated alkaline, including shoshonitic magmatism [34].



Considerable debate surrounds the tectono-magmatic setting of the Lut Block. The influence of active tectonic forces along with subduction in an extensional tectonic setting has been rejected by many authors (e.g., [35,36,37,38,39,40,41,42,43]). Paleogene magmatism of eastern Iran is a frame of overwhelming magmatic flare-up as a result of NE-ward subduction of the Neo-Tethys Ocean beneath central Iran [35]. By contrast, ref. [36] attributed the subducted oceanic lithosphere beneath the Afghan Block as the trigger of magmatism and the related mineralization in ophiolitic complex between the Lut and the Afghan continental blocks, eastern Iran. Several studies support a continental arc tectonic setting, as their conclusions were inferred from westward subduction of the Sistan Ocean beneath the Lut Block (e.g., [37,38,39,40,41,42,43]).




2.2. Deposit Geology


The Shadan deposit contains 27 Mt and 0.55 g/t Au [44] and has been classified as an Au–Cu porphyry deposit due to the low content of Cu mineralization, i.e., a low Cu/Au ratio of ~0.27 (    w t %   g / t    ) (Figure 3). The geological features of the Shadan deposit were studied by [24]. The mineralization occurs as a few hundred-meter ore body that is associated with pipe-like intrusions, which extend vertically over several hundred meters (Figure 4). The Shadan gold–copper deposit is hosted by calc-alkaline intrusions with an adakitic signature with the porphyritic intrusions emplaced into volcanic and volcaniclastic rocks at 37.26 ± 0.30 Ma, based on Ar-Ar biotite geochronology [24]. Monzonite to monzodiorite, diorite, microdiorite, and monzodiorite dykes intruded into the Eocene Oligocene intermediate to acidic lava flows as andesite, rhyolite, and rhyolitic tuff (Figure 5). Andesite and tuff are the primary country rocks. Andesite varies from dark green to black and is porphyritic, containing between 20% and 50% phenocrysts including plagioclase, biotite, and amphibole. Phenocrysts of biotite and amphibole are mostly replaced by hydrothermal biotite and magnetite. The monzonite to monzodioritic porphyry shows phenocrysts (up to 40–50 vol. %) of plagioclase, quartz, and alkali feldspar. The phenocrysts are set in a fine-grained groundmass. The plagioclase phenocrysts are predominantly euhedral–subhedral with complex compositional zoning.



The diorite is characterized by the presence of phenocrysts of medium-sized plagioclase, biotite, and hornblende with a medium-grained groundmass. Magmatic biotite and hornblende phenocrysts have generally been replaced by biotite and commonly associated with hydrothermal magnetite.





3. Hydrothermal Alteration and Mineralization


Mineralogically and spatially, different alteration types have affected the volcano-plutonic rocks in the Shadan deposit consisting of potassic, phyllic, propylitic, argillic, and quartz-carbonate alteration (Figure 6). Initially, potassic alteration occurred within subvolcanic intrusions, indicated by local secondary orthoclase, magnetite, and biotite assemblages. Magnetite occurs as veinlet and massive replacements in potassic and phyllic alteration. Orthoclase formed along the margins of magnetite veinlets. Magnetite patches occur in andesitic host rock due to the replacement of biotite phenocrysts by magnetite [48,49].



Propylitic alteration is widely observed at the surface outcrops. The mineral assemblages within the propylitic alteration zone are typically characterized by the replacement of ferromagnesian phenocrysts and groundmass with chlorite and local epidote or calcite. The replacement of plagioclase by calcite is quite common in this zone. The phyllic alteration is widely observed at the center of the area, and variably overprints earlier formed potassic and propylitic alteration. Phyllic alteration is determined by quartz, sericite, and sometimes pyrite. Copper mineralization occurs as sulfide, such as chalcopyrite and minor bornite. Finally, argillic alteration with a white to bright grey cream color was observed at the surface. This alteration is determined by clay minerals, especially montmorillonite and kaolinite. Additionally, tourmalinization occurs in a restricted area around the silicification in the Shadan porphyry system.



Gold and copper mineralization in the Shadan deposit is closely related to the multiple-stage porphyry intrusion. Monzonite to monzodiorite are the main host rocks for gold and copper mineralization. Gold and Cu-Fe sulfides are hosted by quartz ± anhydrite sheeted veins. Mineralization occurs as a steeply dipping ore body that is controlled along NW–SE faults, with an extensive zone of sheeted veins.




4. Methods


The structural setting of mineralization in porphyry deposits can be investigated by systematic mapping of fracture and vein characteristics, as well as various sets of faults [10,11]. Measuring vein sets in comparison to single veins permitted us to achieve a statistically representative dataset. The character of each vein set, including dip, dip direction, vein spacing, and vein thickness, was recorded using compass and ruler for a meter window along a traverse.



For vein spacing and vein thickness, total vein density (V.D) per meter, and the total vein volume (V.V) per meter, calculate as follows [10]:


   Total   vein   density    =  1   vein   spacing   ( m )     



(1)






Total vein volume ≈ Σn[mean vein thickness × total vein density per meter]



(2)







The lithogeochemical data were collected from surface geological and geochemical surveying on a NW–SE regular grid by 90 m × 90 m distancing conducted as an exploration program by Rio Tinto. The 360 lithogeochemical samples were digested by a HF-multi acid method and analyzed by fire assay for Au.



Fractal models, presented by Mandelbrot (1983), have been used in many different cases to explain geological and mineralization processes. Considering spatial information of mineral deposit data, it can be noted that fractal models are useful tools which reveal the relationships among geological, geochemical, and mineralogical settings [50,51,52,53,54]. Famous fractal models include number–size (N–S: [55,56]), concentration–area (C–A: [57]), spectrum–area (S–A: [58]), concentration–distance (C–D: [59]), concentration–volume (C–V: [60] Afzal et al. 2011), concentration–number (C–N: [61]), and simulated size–number (SS–N: [62]).



Concentration–number (C–N) fractal model is one of the fractal models [55] which is used to separate geochemical background and anomaly in a geochemical dataset. The model is defined as (1):


N(≥ρ) ∞ ρ-ᵦ (1)



(3)




where N (≥ρ) denotes the sample number with concentration values greater than ρ value, ρ is the concentration of an element, and β is the fractal dimension. The main advantage of this method is the classification of geochemical populations before their estimation [56,63].




5. Results


5.1. Quartz Vein Morphology


Quartz sheeted veins at Shadan are thin and composed of crystalline quartz veinlets to thicker (up to 5 cm) quartz veins with distinct rhombohedral crystals. Contacts between quartz veins and the wall rock are sharp (Figure 7). They are mostly sub-vertical sheeted vein sets with a NW–SE trend. Shallowly dipping veins were commonly developed early in the vein paragenesis.




5.2. Fault Orientation and Distribution


The Shadan faults typically show a high dip angle (60–80°) with northwest and east–west trends (Figure 8a). Some are curvilinear extending over 100 m. Subordinate, smaller (>50 m) faults also trend north–northwest and west with a moderate dip angle (40–60°). The deposit is dominated by northwest-trending transpressional faults. Such a fault system indicates a compressional regime where σ1 is along NE–SW. NE–SW faults can be interpreted as misoriented faults. The term “misoriented fault” refers to the faults that have an orientation not optimal for the aperture with respect to the stress field. These orientations are perpendicular to the maximum stress axis (σ1) and parallel to the minimum stress axis (σ3) [64].




5.3. Quartz Vein Orientation, Density, and Volume


A total of 714 vein sets were documented at the Shadan deposit. Quartz veins are typically dominated by sub-vertical and sub-horizontal sheeted vein sets; however, no systematic radial distribution is evident. The sheeted veins with a preferred orientation of 315° to 345° are the dominant veins across the studied area (Figure 8b). Vein widths and orientation relationship has been investigated using a weighted width-azimuth plot. The plot can show the direction with maximum cumulative vein thickness. The weighted width-azimuth plot shows a preferred maximum cumulative thickness for orientations at ~340° to 360° (Figure 8c). Thin veins (commonly referred to as stockwork) have a lower cumulative width in comparison to sheeted veins. An equal-area stereographic projection plot shows that the veins are mostly sub-vertical (Figure 8d), whereas a small number of veins are shallow dipping, sub-horizontal veins.



Contoured plots were used to analyze the total quartz vein frequency (Figure 9a) and total vein volume (Figure 9b). High total vein frequency was distinguished as NW–SE trending zones along porphyry intrusions (Figure 9a). As total vein frequencies, total vein volume shows a NW–SE trend (Figure 9b). Both vein frequency and vein volume are consistent across the deposit, decreasing into low-grade mineralization. Notably, the vein frequency shows a positive correlation with vein volume. Thus, the zone of high vein volume is defined by thick sheeted veins (up to 30 mm). The zone of thin stockwork (less than 5 mm) veins has a lesser vein volume and vein frequency than those of sheeted zones. Gold–copper grade correlates with both vein frequency and vein volume, indicating same mineralizing potential of both stockwork and sheeted veins. The other interesting point is demonstrating a positive association between Au mineralization and increasing the number of veins in the investigated region. The high vein frequency and vein volume zones are closely related to transpressional faults.




5.4. Lithogeochemistry


A total of 360 rock samples were collected for lithogeochemical analysis and were crushed, powdered, and analyzed by fire assay. Figure 10a depicts the histograms for Au that demonstrate that the concentration distributions of Au are positively skewed and exhibit a range of magnitudes. Statistical results show that Au mean and median values are 0.16 and 0.07 ppm, respectively. The concentration-number fractal model was adopted because it has a wide application in earth sciences [65,66,67,68]. Au concentrations were divided into three populations using a C–N fractal model, with grades ranging from below 0.15 ppm to between 0.15 and 0.35 ppm and greater than 0.35 ppm, respectively (Figure 10b). The geochemical map of Au was generated with the IDS (Inverse Distance Squared) method. The geochemical spatial distribution mapped by inverse distance weighted (IDW) in ArcGIS 10.8 exhibits the NW–SE trending Au mineralization and two separate anomalies (Figure 10c).





6. Discussion


6.1. Vein Emplacement Controller


The results in our study provide important information on the development of fractures in the Shadan deposit and a direct insight into the evolution of the mechanical states of hydrothermal systems. The sharp boundary between sheeted veins and their host rocks are evidence of the episodic release of magmatic fluids, after the emplacement of the porphyritic intrusions. Sheeted fractures as dilatant fractures cooperate in the transportation of ore-forming fluids from the deep magmatic source to the higher crustal levels. According to studies, sub-horizontal sheeted veins are formed prior to sub-vertical sheeted veins. Sub-horizontal sheeted veins point out a vertical extension component (dilatancy) during mineralization. A local change in deformation geometry or a change in fluid pressures could have generated vertical extension [69]. Textural evidence suggests a change in fluid pressure found in intrusions [70] and hydrothermal veins [71,72]. Consequently, some sub-horizontal fractures were formed, followed by sub-vertical fractures as result of hydraulic-driven extension superimposed onto them. In this case, early fractures formed as compressional shear fractures. Transpressional faults could intermittently prevent the expulsion of hydrothermal fluids, favoring the accumulation of volatiles in the magma chamber [64,73,74,75,76]. Subsequently, volatiles were released and channeled by transpressional faults, related to local or regional stress reversals.




6.2. Implications for Mineral Exploration Targeting


In the Shadan district, lithogeochemical anomalies were combined with vein density and vein volume maps to determine favorable areas for pioneer boreholes. In this manner, a concentration–area (C–A) fractal model was used to determine the threshold values of vein density and vein volume classes. The C–A fractal model on was calculated a log–log plot using power-law correlations, where inflection points showed various statistical populations. Straight-line parts were fitted in conformity with inflection points to prepare a set of cut-off values for subdividing the concentration scale into discrete classes [77]. On the basis of the inflection points of the area diagram versus the value, three classes of low, moderate, and high V.D and V.V were obtained (Figure 11). On the basis of the C–A fractal model on a log–log plot, three classes of low, moderate, and high V.D and V.V were obtained. High areas were reclassified as high potential zones and were compared with a high gold grade map. The overlapping of high-grade gold and high V.D/high V.V maps indicated favorable zones for drilling exploratory pioneer boreholes (Figure 12).



To evaluate high grade Au anomalies and high V.D/high V.V maps, the term “productivity” was applied to a more precise definition of good and poor boreholes. The following formula is used to define the productivity of each borehole [78]:


Productivity = Mean (%) × Thickness (m)











The threshold value (cut-off = 0.3 ppm) corresponds to the economic cut-off value for Au grade in ore reservoir modeling. As indicated in Table 1, low productivity boreholes are located on only Au anomalies (e.g., BH16, BH56, and BH62). In contrast, high productivity boreholes (e.g., BH05 and BH14) are located on the overlapping of Au anomalies and high V.D/high V.V areas. However, it should be noted that BH56 has same productivity with BH14, but gold mineralization of BH56 is a result of some scatter gold (nugget effect gold based on mineralogical studies), which in this case may not be mineable (Figure 13) due to the low thickness of the gold mineralization in contrast to the wall height in open pit mines [79,80].





7. Conclusions


Deep-seated misoriented faults provided the most favorable structural control for porphyry deposit within the Lut Block. The structural control is the same with that of the Cenozoic porphyry deposits of northern and central Chile [64]. These faults, under compression, inhibited ore-forming fluids from escaping, leading to volatile magma chamber accumulation to the point where rupturing results. Transpressional faults could be a key exploration criterion for PCDs targeting at the regional scale. The results highlight the important role of fault, vein, and fracture studies in porphyry exploration. Vein morphology, frequency, distribution, and orientations combined with other findings of geology, alteration, and deposit data (e.g., lithogeochemical data) are useful tools in exploration, especially in potential mineral mapping at the deposit scale.
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Figure 1. Location of key porphyry deposits on lithologic structural map of Iran. 
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Figure 2. Geology of the Lut Block, eastern Iran, modified from [24]. 
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Figure 3. Location of the Shadan porphyry (red circle) compared with Kerman porphyry copper deposits (open circles) [45] on Cu vs. Au diagram on which the porphyry Cu–Au deposits are plotted above the diagonal line of [46] and the horizontal line of [47]. 
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Figure 4. (a) Local geological map of Shadan porphyry gold–copper deposit. Zone of sheeted vein indicated by cross-hatching. (b) Aerial view of the Shadan porphyry, NW–SE mineralization zone indicated by light-colored intrusive rocks, surrounded by propylitically altered volcanic rocks. 
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Figure 5. Photomicrographs of selected rocks from Shadan in cross polarized transmitted light. (a,b) Mineral assemblages of plagioclase and secondary biotite (originally phenocrysts in a microcrystalline groundmass) in andesite. (c) Mineral assemblages of phenocrysts of plagioclase, hornblende, and quartz with a minor groundmass component in quartz diorite. (d) Phenocryst assemblages of medium-grained plagioclase, quartz, and secondary biotite in diorite. (e) Medium-grained monzonite with quartz, plagioclase, and alkali feldspar phenocrysts-rich assemblage. (f) Phenocrysts of plagioclase, alkali feldspar, and quartz in monzodiorite. Abbreviations: Pl = plagioclase; S-Bt = secondary biotite; Bt = biotite; Amph = amphibole. 
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Figure 6. Photographs of (a) drill core sample of orthoclase veinlet in monzodiorite as potassic alteration, quartz veinlet crosscut by pyrite veinlet; (b) magnetite- and chalcopyrite-bearing quartz veinlet; (c) quartz veinlet crosscut by anhydrite veinlet in potassically altered andesite host rock. Abbreviations: Mal = malachite; Or = orthoclase; Py = pyrite; Mag = magnetite; Cpy = chalcopyrite; Qtz = quartz. 
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Figure 7. Photographs of veins from drill core with porphyry hosts; (a) flat dipping barren quartz sheeted vein; (b) steep dipping quartz-pyrite sheeted vein with discontinuous bleached halo; (c) steep dipping quartz-pyrite sheeted vein with halo (earthy brown) crosscut by steep dipping anhydrite sheeted vein. 
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Figure 8. (a) Orientation of faults at Shadan on a rose diagram; (b) orientation of quartz veins and vein sets at the Shadan deposits on a rose diagram; (c) width-azimuth rose diagram plot of all quartz illustrating a strong preferred orientation. This plot is constructed in order to reduce the data scatter caused by the thin networked veins; (d) orientation data extrapolated from vein sets measured are plotted on a stereonet. Note the presence of a general northwest vein trend as shown on the equal area stereographic projection of contoured poles to quartz veins. This plot shows that the majority of veins are near vertical. 
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Figure 9. (a) Contour plot of the total vein frequency per meter of quartz veins at Shadan; (b) contour plot of the total vein volume per cubic meter of quartz veins. The crosshatching is the zone with mineralized veins. 
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Figure 10. (a) Histograms of Au assay data, (b) C–N curve of Au assay data, (c) contoured Au geochemical assay population distribution (surface) map. 
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Figure 11. Log–log plots (C–A method) for vein density and vein volume. 
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Figure 12. Lithogeochemical gold anomalies map and location of boreholes located on anomalies. 
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Figure 13. Gold grade (g/t) variation in boreholes drilled in potential zones. Dashed lines indicated economic cut-off value (Au = 0.3 g/t) for gold in the Shadan deposit. 
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Table 1. Borehole productivity.
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	BH Name
	Mean

(Cut Off = 0.3 g/t)
	Thickness

(Cut Off = 0.3 g/t)
	Mean × Thickness

(Cut Off = 0.3 g/t)





	BH05
	0.81
	143
	115.83



	BH14
	0.52
	39
	20.28



	BH16
	0.43
	10
	4.30



	BH56
	0.44
	48
	21.12



	BH62
	0.92
	15
	13.80
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
20mm






media/file4.png
58° 60°

N

®
Torbat-e-
Jam

P —

f =

[

V2 ® Town

' =

S Faul

| g ault
<

-~
’

Mesozoic-Cenozoic igneous rocks

i
!

-

~

Pliocene-Quaternery mafic alkalic volcanic rocks

~

\\\\\\\\
rrrrrr

- ¥ Ncogene calc-alkaline volcanic rocks
! w X
L X_ X % X . . .
¥4 £ [ Paleogene calc-alkaline volcanic/plutonic rocks
LS K
s B0 . . g
= Mesozoic ophiolite complexes (Neo-Tethys)
‘\
A

/////
\\\\\\\

TN

Sedimentary + volcanic rocks

T S
\\\\\\

Mesozoic

2° )
5 Paleozoic

J(ney pueq

\\\\\\
X

\\\\\\

Mahoor

50 100 km

n<






media/file18.png
32°21'15"N

58°58'15"E 58°58'30"E 58°58'45"E 58°59'0"E
EY 7 o : G R |
r /," N N \ r . iLegend N

N W E
' Vein Density (n/m)
‘— High:24.7

- Low:0

Z ‘/;;///' / . 7 Z \ \

7
7

27 // o\ >\

—— Sinistral Fault
—— Dextral Fault

+——— Reverse Fault

N
}
32°21'30"N

— Fault with Unknown Mechanism

32°21'30"N

-+——a Aprox. Reverse Fault

----- Aprox. Fault

0 100 0
1 Meters \
58°58'15"E 58°58'30"E 58°58'45"E 58°59'0"E
58°58'15"E 58°58'30"E 58°58'45"E 58°59'0"E
b ,‘l-/ = N ~ ./ =
B R Legend '
/ ~d 5 w@ra
Vein Volume(n/m3)

High : 2.99975 S

B 0w :3.92692x107

——— Sinistral Fault

—— Dextral Fault

- Reverse Fault

32°21'30"N

—— Fault with Unknown Mechanism

32°21'30"N

—+——+ Aprox. Reverse Fault

- N X 2 / Z 555/ % | - Aprox. Fault

32°21'15"N
32921'15"N

100 200 _ - _ =
1 Meters 4 \

B -~
P~—""""
) e~

58°58'15"E 58°58'30"E 58°58'45"E 58°59'0"E






media/file21.jpg
Vein density-area

low

o

0 01 02 03 04 05 06 07 08 09 1 LI 12 13 14 15 L6
Vein volume-area

LN

E

4

3

2

1

0 >

0 01 02 03 04 05 06 07 08 09 1 L1 12 13 14 15 16





media/file26.png
50

100

150

200

250

300 .

350

400

450

500

Au(ppm)-BH56

0 02 04 06 08 1

-

0 .

50

100

150

200

250 |

300

350

Au(ppm)-BHO5

0O 02 04 06 08 1

|

- ] —————

40

80

120

160

200

Au(ppm)-BH62

0 02 04 06 08

AW

ui

,

Au(ppm)-BH16

0 02 04 06 08

0 03— —

50 —

300

0

50

100

150

200

250

300

350

Au(ppm)-BH14

0O 02 04 06 08 1






media/file3.jpg





media/file22.png
Vein density-area

6 A
. _ Jow %
0
4 %"a
‘e

3

g.

%
y
1

v v r
0 >
0 01 02 03 04 05 06 07 08 09 1 1.1 12 13 14 15 16
Vein volume-area
6 A
= | I . IO.W 11
20
4 .QIG]'
"N

3

%
2 3
1
0 y >

0 01 02 03 04 05 06 07 08 09 1 1.1 12 13 14 15 16





media/file19.jpg





media/file7.jpg
Quartz-Carbonate
e Alieration






media/file10.png





media/file14.png





media/file11.jpg





media/file6.png
Au (g/t)

1.6

1.4 -
12 - Copper Canyon
| Galore Creek o)
e &
1.0 - Dizone ®  Grasberg ¢
Cerro Corona® : Qc\
%\
0.8 - &
eCadia ,&& ad
| Skouriesg /oy eAnon -
e Kingking e & : all
04 | Shadan - gBatu Hijau Endeavor  gilitoe (1979)
. | e Ao
02 - Sar K[{)lirreh At Sar Cheshmeh Miami ®Escondida
' Sara Dar Alu Meiduk / Santa Rita .
Ra El Teniente
0 Serldu ] y s
0 1.0 1.5

Cu (wt%)

2.0





media/file15.jpg





nav.xhtml


  minerals-13-00471


  
    		
      minerals-13-00471
    


  




  





media/file16.png
Sia .IL .. 180
| |
,/\.v ~
X o,

X
/ N\,

\,@Nv






media/file2.png
30° N 35°N

25° N

me'o i'\.& “\
= .

1 Caspian Sea |

» NG U e e e o<

Legend Structural block

AR\

©  Shadan Porphyry deposit - Western Alborz Zone

- Lut Block
Mesozoic-Cenozoic rocks

E Zagros Structural Zone
- Igneous Rocks -

Sistan Structural Zone






media/file20.png
ézoo [ b Gold grade-number
K 3
150 , /ow 2.5
[
g oA 2
> («I
g 100 l‘(?,a
& 1.5
7P
7,
50 <% :
0.5
0 " —— - erVYYVVYYVWYY —r—T—r —» 0
0.0 04 08 1.2 1.6 2.0 24 ,: = ' '< ) i ; . J o
Au(ppm) -2.5 -2 -1 -1 -0.5 0 0 1
- 58°58'15"E 58°58'30"E 58°58'45"E
W Legend

Au(ppm)

0.15-0.35

B o3s5-25
——— Sinistral Fault

- e

—— Dextral Fault

+—+—— Reverse Fault

32°21'30"N

Fault with Unknown Mechanism

+——+ Aprox. Reverse Fault

----- Aprox. Fault

1'30"N

32°21'15"N

o
0

o
on

58°58'15"E 58°58'30"E 58°58'45"E 58°59'0"E





media/file23.jpg
=%
R O
. i
S
o
o
Cones
o
oue
% S
H
one
s






media/file5.jpg
Au (gt

1.6

14
12 OFSE  CopperCanyon
’ Galore Creek
10 Dizone'®
Cerro Coronae
08
Cadia
1 Skouries,
067 Kingkinge
0.4 Shadan /QBatu tjaw __ ®Endeavor e (1979)
7 oAio
i D“*" AT Sar Cheshmeh Miami wEsBR
- dhsarg alAl Meiduk / Santa Rita .
Smd“ m Ry Bl Teninte
0
10 15

Cu (Wt%)

20





media/file24.png
32°21'30"N

32°21'15"N

32°21'30"N

32°21'15"N

58°58'15"E 58°58'30"E 58°58'45"E 58°59'0"E
Legend N
W@E
R \ Au>0.35 ppm S
BH16
@ VD13m)
@ &
BH56 _8
‘ P
&~
M
@ BHO2
Z
0
Fr
o~
m
100 0
| Meters
58°58'15"F 58°58'30"F 58°58'45"F 58°59'0"F
58°58'15"E 58°58'30"F 58°58'45"E 58°59'0"E
Legend 7 N
. Borehole “I®F
L Auw035ppm S
. @BHI6 7 wewmy)
® Biise &
\ | &
E
~
M
@ BH62
Z
0
E-
&~
m
100 0
| Meters
58°58'15"E 58°58'30"F 58°58'45"F 58°59'0"F





media/file1.jpg
30°N

PN

Legend Structural block
SthadanPorphyr deposit IR Westem Albrs Zone

I 1 Block

Mesozole-Cenozole rocks ¢ S——

T oncous Rocks
I SeoondejSian Zone
I Ovtiotic complex

Central Iran Zone
I Sison Stcuctu Zone





media/file25.jpg
Aulppm} 8H56

Aulppm)-aH0S.

=

Aulpom) B2

Aulopm) 816

Aulppm)-BH1d.






media/file12.png
- —
-
i~
-~

-
-~
~

-
~
LS






media/file9.jpg





media/file0.png





media/file8.png
58°58'30"E 58°58'45"E 58°59'0"E
‘ Legend
Q. Recent alluvial channel
Q’, Scree
Q" Young terraces and fans
Q", Old terraces and fans
‘ =y, Brown to gray lithic tuff’
- E',, Gray to green vitric tuff’
- E*,, Alternation of andesite to andesitic basal
- di, Diorite
- mzd, Monzodioritic dyke
- mz, Monzonite to monzodioritic

32°21'30"N

2
"
o™
[}

o
on

58°58'15"E 58°58'30"E 58°58'45"E 58°59'0"E

Propylitic

- -
- - -
S~
-~
-~
-~
~e

o e, RN (ol St . Quartz-Carbonate
- -‘-~~ y e i Laibe | . ) ? TR S % L, > 1
. e N P

N ... Alteration
Propylitic A

._______--?---‘----3:

g\ ,>,

L )






media/file17.jpg





