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1. Introduction

The Lut block in the east of the CIM (Central Iran Microcontinent)
is distinguished by widespread Paleogene volcanic and plutonic
rocks, and a variety of ore deposits (Fig. 1-A). Following a detailed
regional stream sediment geochemical exploration program in

the Basiran quadrangle in southern Lut block during 2000-2006,

ABSTRACT

The Hired gold deposit in the Lut block, East Iran, is closely associated with an intermediate-mafic
intrusive complex consisting of granodiorite to diorite, hornblende quartz-monzonite, and gabbro-
diorite intruded into Eocene volcanic rocks. The intrusions are distinguished by high contents of CaO,
FeO, and MgO, and rather low K ,O+Na,O implying they crystallized from weakly differentiated
magmas. This, and the relatively high Mg# (36.36 to 52.32) imply the involvement of a mantle source
in the production of the parent magma. The intrusions are metaluminous, calc-alkaline to high-K
calc-alkaline, and distinguished by the occurrence of ilmenite as an accessory mineral. Mineralization
occurs in veins and veinlets disseminations in the granodiorite intrusion and the volcanic rocks,
closely associated with tourmaline, silicic, and carbonate alterations, and is distinguished by abundant
pyrrhotite, arsenopyrite, pyrite, and minor chalcopyrite, galena and sphalerite. Gold occurs mostly as
submicroscopic grains in the pyrite and arsenopyrite. The mineralogical and geochemical attributes
of the intrusive complex, and the ore mineralogy, allow the Hired to be classified as a gold deposit
related to reduced I-type granitoids. The reducing nature of the parent magma can be explained by
introduction of reduced crustal materials into the source area, and/or assimilation of carbonaceous

metasedimentary rocks.

several areas including Hired, ~150 km south of the Birjand in the
castern edge of the Lut block (Fig. 1-B) were identified as prime
targets for further exploration. The area has been under detailed
exploration by diamond drilling since 2019 in two closely spaced

zones known as targets 1 and 3.
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In this paper, we present data on the ore geology and geochemistry
of the Hired intrusive bodies as an example of a gold deposit related

to reduced, ilmenite series, [-type granitoids.

2. Research methodology

In this study, we investigated the geology of the Hired deposit,
focusing on the nature of the intrusive bodies, and the ore and
hydrothermal alteration characteristics. Field works and sampling
were carried out during 3 field seasons in 2018, 2019, and 2020,
when exploration was in progress by “Iran Minerals Production
and Procurement Company (IMPASCO). Samples were collected
from natural exposures as well as drill cores for petrography,
ore microscopy, characterization of the various rock units and
hydrothermal alteration-mineralization.

Seven samples (4 from outcrops and 3 from drill cores) from
intrusive rocks with least alteration were selected for XRF and
ICP-MS analyses. Pulps <200 mesh were analyzed for major oxides
by wavelength-dispersive x-ray fluorescence (WD XRF) on fused
beads with S4 Explorer from Bruker AXS in the Laboratory for
Environmental and Raw Materials Analysis (LERA) at the Institute
of Applied Geosciences (AGW) at Karlsruhe Institute of Technology
(KIT), Karlsruhe, Germany. Certain minor and trace elements
were measured with energy-dispersive XRF using pressed pellets
from the pulps. In addition, the total C and S concentrations were
measured by carbon and sulfur analyzer (CSA) (Eltra, CS-2000)
at LERA.

The samples were further analyzed for a variety of trace
elements using ICP-MS (X-Series 2, Thermo Fisher) at LERA. The

preparation procedure was adopted from https://lura.agw.kit.edu.

3. Results
The oldest rock units in the target 1 are Cretaceous marl, marly
limestone, sandstone (K,") and limestone and sandy limestone
(K zh) (Behrouzi and Khan-Nazer, 1992, Sahandi et al.,1992;
Askari and Safari, 2003; Zarei and Velayati, 2018). The rocks,
well exposed in the south, southeast and southwest of target 1, are
covered by Eocene dark gray lava flows and pyroclastic materials
(Behrouzi and Khan-Nazer, 1992). The volcanic-volcanoclastic
rocks are intruded by an intrusive complex with exposures in the
west, northeast and central part of target 1, consisting mainly of
granodiorite, diorite and gabbro-diorite (Figs. 2 and 3). The target
3 is covered by Eocene andesitic and andesitic-basaltic lava flows
and pyroclastic rocks, as well as a hornblende-quartz monzonite
(Askari and Safari, 2003; Zarei and Velayati, 2018) (Figs. 5 and 6).
Four major types of hydrothermal alterations occur in Hired,
including sericite + quartz, silicic, tourmaline + quartz, and
carbonate (dominated by calcite). The alterations appear to be

structurally controlled and closely associated with fractures and ore

veins/veinlets. A propylitic alteration has variably affected all rock
types and appears to be predating the main hydrothermal alteration-
mineralization in the area (Fig. 7).

Mineralization in target 1 occurs in sheeted veins and veinlets,
as well as disseminations, hosted by the granodiorite. In target 3,
mineralization mostly occurs across a fault in the Eocene volcanic
rocks. The ore minerals include arsenopyrite, pyrite, chalcopyrite,
pyrrhotite, and subordinate sphalerite and galena (Figs. 8 and 9).
The nonmetallic minerals are quartz, tourmaline, sericite and
calcite. From field observation, inspection of surface exposures,
drill cores, and microscopic studies, three stages of mineralization
were distinguished (Fig. 10).

The intrusive bodies are distinguished by moderate- to low
SiO, contents (54.9-60.8 wt% ), and low- to medium total alkalis
(K,0+Na,0=3.91- 5.82 wt%), but relatively high contents of CaO
(4.40-8.31 wt%), FeO, (4.70-9.10 wt%), and MgO (2.46-5.04 wt%)
(Table 1) implying they crystallized from weakly fractionated
magmas. They are metaluminous, and display calc-alkaline to
high-K calc-alkaline affinities (Fig. 11-B). This, and variations
of oxides/elements in Harker diagrams (Fig. 12) suggest that the
intrusive bodies are comagmatic and developed from a common
parent magma. In the 1000*Ga/Al vs. Na,0+K O diagram, they
plot in the I-type granitoids domain (Figs. 13-A and B).

4. Discussion

The intrusions are marked by low SiO, and K,0+Na,O, and
rather high contents of Ca0O, FeO,, and MgO implying that they
crystallized from weakly differentiated magmas. The intrusive
bodies are metaluminous, calc-alkaline to high-K calc-alkaline,
and possess geochemical attributes comparable to the I-type
granitoid series. The Hired intrusive bodies are distinguished by the
occurrence of magmatic ilmenite as an accessory mineral, implying
areduced nature for the parent magma (c.f. Ishihara, 1977; Ishihara
etal., 2002).

Many ilmenite series granitoids are known to be peraluminous,
two mica S-type intrusions (e.g., Chappell and White, 1992).
Reduced granitoids with mineralogical and geochemical
characteristics of metaluminous I-type granitoids are not
uncommon (Belvin and Chappell, 1992; Ishihara, 2008; Maulana
etal., 2013).

The Hired intrusive bodies display relatively high Mg#
(100*MgO/ [MgO+FeO] molar ratio) ranging from 36.36 to 52.32,
implying the involvement of a mantle source in the production of the
parent magma (c.f., Rapp and Watson, 1995). This is supported by
distinct enrichments in Ni and Cr in the less differentiated gabbro-
diorite fraction. Enrichments in LILE, Th and Ba and distinct peaks
on Pb in the Hired complex can be explained by contamination

with crustal materials (Fig. 15). The features are not uncommon in
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intrusive bodies developed in volcanic arc (Zheng, 2019) as well as
in post-collisional settings (Pearce et al., 1984; Zhang et al., 2014).

Mineralization in Hired occurs in veins, vein and veinlets, as
well as disseminations mostly associated with the more fractionated
granodiorite intrusive body. The ore mineralogy is dominated by
pyrrhotite and arsenopyrite that are indicative of precipitation from
reduced hydrothermal fluids, consistent with the reduced nature of
the associated intrusive bodies. Hydrothermal alteration in Hired
is structurally controlled and consist of silicic, tourmaline, sericite,

carbonate and propylitic.
5. Conclusion

The Hired gold deposit is spatially associated with a reduced

intrusive complex ranging in composition from gabbro-diorite
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to granodiorite. Hydrothermal alteration, dominated by silicic,
tourmaline, and sericite, as well as gold mineralization, are
structurally controlled, and more closely associated with the more
fractionated granodiorite intrusion. The rather high Mg# for the
Hired intrusive bodies suggest the involvement of a mantle source
for the parent magma. The distinct enrichments in LILE, Th and Ba,
and Pb, however, can be explained by contamination of the magma
with carbonaceous crustal materials.

The ore mineralogy, and the mineralogical and geochemical
attributes of the intrusive bodies, allow the Hired gold deposit
to be classified as an ore system related to ilmenite-series I-type
granitoids. The key features in the Hired deposit are comparable
to those from many other gold deposits associated with reduced

granitoids worldwide.
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Figure 2. Field photos showing various rock units and their spatial relations. A) Panoramic photo of rock units in the central part of the target 1 (view to

NE and NW); B) The west part of the target 1 showing the Upper Cretaceous gray- to yellowish marl, marly limestone, and sandstone K", the Eocene

tuff and agglomerate (E*), and the Eocene tuff (E') (view to NW); C) East part of the target | showing the granodiorite intrusive body (gd), the andesitic

lava flow and tuff (E™), and the Eocene tuff and agglomerate (E*); (view to NE) and D) Panoramic photo from the contact of the gabbro and E¥ (view to

S). The yellow dotted line is fault.
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Figure 3. Geological map of the target 1 area in Hired (modified after Askari and Safari, 2003; Zarei and Velayati, 2018).
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Figure 4. Microphotographs of intrusive rocks from outcrops (A-B-C) and drill cores (D-E-F) in transmitted cross-polarized light.
A) Plagioclase, alkali feldspar, and mafic minerals (altered to chlorite and epidote) in diorite; B) Plagioclase, clinopyroxene and minor alkali
feldspar in sub-ophitic gabbro; C) Plagioclase, alkali feldspar, biotite, and hornblende in granular granodiorite; D) Plagioclase weakly alters to

sericite and biotite altered to chlorite in granular to porphyritic granodiorite (sample from borehole MS18);
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Continued from Figure 4. Microphotographs of intrusive rocks from outcrops (A-B-C) and drill cores (D-E-F) in transmitted cross-polarized
light. E) Plagioclase, alkali feldspar, quartz, and biotite (altered to chlorite) in granular granodiorite; sample from borehole MS17; F) Plagioclase,
hornblende and biotite (weakly altered to clay minerals, chlorite and epidote) with fine quartz in the matrix in granular to porphyritic hornblende-
quartz diorite; sample from MS16 borehole.

Pl: plagioclase, Bt: biotite, Qz: quartz, Kfs: alkali feldspar, Op: opaque, Hbl: hornblende, Tur: tourmaline, Ep: epidote, Px: pyroxene, Ser:
sericite, and Chl: chlorite. (Abbreviations after Whitney and Evans, 2010).
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Figure 5. Geological map of the target 3 area in Hired (modified after Askari and Safari, 2003; Zarei and Velayati, 2018).
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Figure 6- A) A view of the target 3 showing the hornblende-quartz monzonite (hqmo), the host volcanic rocks and an ore zone (view to N). B) Hand specimen and

C) transmitted cross-polarized light microphotograph of the hqmo with plagioclase, alkali feldspar, quartz and altered hornblende. Abbreviations same as Fig. 4.
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Figure 7. Photograph (A) and microphotographs
(B-E) showing hydrothermal alteration in Hired.
A) Dirill core showing quartz-tourmaline-sulfide
in highly silicified granodiorite; B) Tourmaline ——
with radial texture associated with Qz and metallic
(opaque) minerals; C) Carbonate-quartz- metallic
minerals in highly sericitized-carbonatized-silicic
gray tuff; D) A veinlet of quartz-calcite-metallic
minerals in granodiorite; E) sericite-tourmaline-
quartz-carbonate  alterations in  granodiorite;
F) Replacement of chlorite and epidote in mafic

minerals in diorite. All microphotographs in XPL.
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Figure 8. Drill core specimen (A) and reflected-light microphotographs (B-G) from Hired. (A) tourmaline and pyrite-arsenopyrite veins in highly silicified
granodiorite; core sample from borehole- MS18; B) arsenopyrite crystals in quartz matrix (dark grey); C) pyrite associated with arsenopyrite and galena;
D) arsenopyrite, and sphalerite containing microscopic inclusions of chalcopyrite; E) pyrrhotite replaced at rims by marcasite, associated with minor chalcopyrite;

F) ilmenite occurring as inclusion in hornblende in granodiorite body; sample HD-1-38; and G) partial replacement of chalcopyrite by covellite, chalcocite and

minor bornite. All microphotographs in plane-polarized light.

Apy: arsenopyrite, Py: pyrite, Gn: galena, Ilm: ilmenite; Po: pyrrhotite, Mrc: marcasite, Hbl: hornblende; Ccp: chalcopyrite, Bn: bornite; Cv: covellite.

(Abbreviations after Whitney and Evans,2010).
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Figure 9. Photograph and microphotographs of ore specimens in the target 3. A) A drill core from borehole MS38

(depth: 126.50 m) showing scattered patches of pyrite grains in silicified quartz-monzonite; B) Pyrite aggregate

with cataclastic texture; C) fine arsenopyrite crystals and subrounded pyrite grains in silicified quartz monzonite.

Microphotographs in reflected plain polarize light (PPL).
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Figure 10. Mineral paragenesis and paragenetic sequences in the Hired deposit.
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Table 1. Whole-rock geochemical analysis of representative samples from intrusive rocks of the Hired.

Sample no. HD-1-01 HD-1-32 HD-1-69 HD-3-01 HD-1-08 HD-1-38 HD-1-40
Rock type Gabbro Diorite Granodiorite Monzonite Granodiorite  Granodiorite Diorite
Si0, (wt%) 54.9 58.4 60.8 60.0 62.8 59.2 58.2
Tio, 0.73 0.58 0.53 0.62 0.36 0.54 0.55
ALO, 15.6 16.4 16.3 15.3 14.4 15.8 15.5
Fe,0, 9.10 7.05 4.70 6.06 5.27 5.94 6.78
MnO 0.16 0.13 0.06 0.11 0.03 0.12 0.10
MgO 5.04 2.86 2.46 2.74 1.52 221 2.37
CaO 8.31 5.44 6.27 4.40 4.12 4.75 5.50
Na,O 2.22 3.57 2.70 2.58 2.49 2.24 3.05
K,0 1.69 1.81 3.12 3.24 2.15 3.70 2.95
PO, 0.18 0.14 0.13 0.14 0.10 0.12 0.12
Total Carbon 0.15 0.21 0.11 0.061 0.34 0.43 0.18
Total Sulfur 0.052 0.025 0.026 0.050 1.37 0.69 0.51
LOI* 1.27 2.96 2.00 2.46 2.78 3.00 2.24
Sum 99.45 99.51 99.24 97.84 97.67 98.68 98.75
K,0+Na,0 3.91 5.38 5.82 5.82 4.66 5.94 6.00
Mgt= 52.32 44.56 50.91 47.25 36.36 42.43 40.92
Ba (ppm) 777 486 699 567 367 514 532
Rb 58.0 45.7 109 134 96.8 145 97.6
Sr 286 276 329 423 313 259 348
Zr 26.9 62.2 16.9 26.5 37.2 17.7 25.9
Nb 6.21 3.20 6.91 10.00 6.30 7.47 6.84
Ni 28.8 5.76 8.56 12.4 4.03 7.10 8.71
Ga 16.8 16.4 16.9 17.7 15.9 17.1 16.3
Pb 20.3 13.1 39.7 29.5 11.9 52.5 29.0
Co 28.6 16.5 10.3 15.0 8.54 14.3 17.0
Cu 93.1 25.2 15.2 32.7 1074 81.8 418
Cr 101 313 435 49.9 84.4 53.7 64.2
v 229 159 118 142 66 120 125
Cs 4.82 1.74 5.48 6.98 7.68 23.0 7.68
Ta 0.53 0.28 0.50 0.82 0.64 0.79 0.58
Hf 0.93 1.87 0.70 1.12 1.32 0.84 1.02
Th 5.70 3.92 15.7 153 0.20 0.29 0.25
U 1.29 1.12 2.63 3.47 2.89 5.11 3.18
Y 20.1 18.5 15.7 22.4 12.4 18.3 16.9
Yb 1.96 1.95 1.50 2.14 1.28 1.88 1.65
La 14.6 11.3 21.0 24.7 20.3 18.6 16.1
Ce 30.0 222 39.9 52.0 36.1 37.7 31.7
Pr 3.53 2.58 4.32 5.61 3.69 4.22 3.57
Nd 14.1 10.5 15.9 20.8 12.7 15.5 13.3
Sm 3.24 2.48 3.09 4.25 2.37 3.20 2.86
Eu 0.84 0.80 0.79 0.86 0.71 0.76 0.73
Dy 3.39 2.98 2.67 3.78 0.42 0.63 0.57
Lu 0.30 0.30 0.23 0.32 0.20 0.29 0.25
*Loss on Ignition ** Mg/[Mg+Fe] x 100
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Table 2. A comparison of the key features in the Hired gold deposit with several other reduced intrusion-related gold deposits.
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Figure 11. Plots of the Hired intrusive rocks in: A) TAS diagram (Cox et al., 1979); B) SiO, vs. K,O diagram (Peccerillo and Taylor, 1976).
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Figure 12. Harker diagrams showing variations of major oxides vs SiO, for the Hired intrusive rocks.
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Figure 16. Chronostratigraphic chart for the Hired (simplified after Dehsa
1992) geological maps, and Arjmandzadeh et al. (2022). The chronology

Arjmandzadeh and Santos (2014) :(4)

Im 1:250000 (Sahandi et al., 1992) and Basirian 1:100000 (Behrouzi and Khannazer,
data on granitoids are from: (1): Tarkian et al. (1983); (2): Mahmoudi et al. (2010);

(3): Karimpour et al. (2021); (4): Karimpour et al. (2021); (5): Richards et al. (2012); (6): Samiee et al. (2016); (7): Miri-Beydokhti et al. (2015); (8): Arjmandzadeh

et al. (2011); (9): Arjmandzadeh and Santos (2014).
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Figure 17. Binary diagrams of incompatible element ratios the mantle source feature for the Hired and

Koudakan granitoid rocks. A) Nb/Yb vs. Ta/Yb and B) Zr/Yb vs. Ta/Yb that showing enrichment MORB for

Hired and Koudakan intrusions; N-MORB, E-MORB and OIB value are after Sun and McDonough (1989).

Koudakan data after Omidianfar et al. (2019).
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