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ARTICLE INFO ABSTRACT

Keywords: The middle Eocene intrusion-related Baghu gold deposit is located in the Torud-Chahshirin segment of the
Intrusion-related gold systems Neotethyan magmatic arc of north-central Iran, Semnan province, Iran. The wallrocks at the deposit include a
F%“id inclusions volcano-sedimentary sequence of calc-alkaline andesitic to dacitic lavas, marls, tuffs, and sandstones, which are
Zircon U-Pb age intruded by epizonal granodioritic stocks and mafic dikes. Zircon U-Pb secondary ion mass spectrometry dating

2;&2‘1:;2?} o of a number of the granodiorite and micro-granite bodies yields an age of ca. 43.4 + 1.3 Ma. Mineralization is in

Baghu the form of subparallel sheeted quartz veins that are up to ~1km long within extensional faults. The ore-

Torud-Chahshirin Arc forming process included early potassic alteration with quartz + adularia + biotite + pyrite + chalco-

Central Iran pyrite + native gold veins (average 0.25g/t), and late phyllic alteration with quartz + ser-
icite + pyrite + chalcopyrite + bornite + sphalerite + native gold veins (average 1.5 g/t). Supergene kaolini-
tization is also extensive in the Baghu area and has locally replaced up to 50 percent of the hypogene sulfide
minerals. Turquoise is a diagnostic supergene phase, and locally, the iron oxy-hydroxides replacing the sulfides
contain up to 57 g/t Au. The current hypogene and supergene resource estimate for the Baghu Au-Cu deposit is
approximately 3.5 million tonnes averaging 1.17 g/t Au.

Fluid inclusions in quartz from phyllic stage vein samples include monophase aqueous (I), monophase gas-
rich (II), aqueous liquid + vapor (III), mixed aqueous-carbonic (IV), and multi-solid (V) inclusion types. The
average homogenization temperatures and salinities of fluid inclusion assemblages from type III and IV inclu-
sions range from 180 to 382 °C, with a mode at about 330 °C, and 4.2-5.4 wt% NaCl equiv., respectively. The
type IV inclusions showed clathrate melting temperatures between +3.1 and + 8.5 °C, indicating salinities of
2.8-11.5wt% NaCl equiv. The type V inclusions also show a Tj, range from 310 to 478 °C (average 440 °C)
corresponding to high salinities of 33-45wt% NaCl equiv. The trapping pressure of the fluid inclusions was
estimated to be 94-132 MPa corresponding to depths of 2.5-3.9 km during late stage of mineralization. Sericite
from the stage II veins yields an “°Ar/>°Ar age of ca. 44 Ma, suggesting that the mineralization at Baghu overlap
granite emplacement. The 8'®0 of the ore-forming fluid also indicates no significant meteoric water input,
despite gold deposition in a relatively shallow epizonal environment (8'®0guq = +8.0 to +10.3 per mil). In
addition, §3*S values in stage II pyrite and chalcopyrite sulfide minerals range from +1.5 to + 3.1 per mil, which
is consistent with fluid saturation from a reduced magmatic source of sulfur. Historic gold production from
occurrences hosted by the Torud-Chahshirin volcano-plutonic complex has been minor compared to that from
orogenic gold deposits in Iran. However, identification of intrusion-related gold deposits in the complex in-
dicates that more thorough exploration in the Eocene arc of north-central Iran could be promising.

1. Introduction to high-K calc-alkaline igneous rocks (Sillitoe, 2008). Because of such
close igneous connection, examining of the ore forming processes re-

Magmatic-hydrothermal systems above active subduction zones are quires a special attention to the initial oxidation state of the causative
important sources of gold. These ore deposits are usually in close spatial magmas (Hart et al., 2004, 2005). Ishihara (1977, 1981, 2004) cate-
and temporal association with epizonal, intermediate to felsic, medium- gorized granitoids into magnetite (I-type; oxidized) and ilmenite (S-
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first-order tectonic elements of the Iranian Plateau (modified and simplified after Stocklin, 1968; Alavi, 1991; Sahandi and Sohili, 2014). The TMA is shown with
rectangle shape and location of some gold occurrences, prospects, and mines in this Cenozoic magmatic rocks: 1 = Kharvana, 2 = Mianeh, 3 = Agh Dareh,
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14 = Chahar Gonbad (all locations are from Lescuyer et al., 2003; Shamanian et al., 2004; Moritz et al., 2006 and Richards et al., 2012, except location 8 from
Ashrafpour et al., 2012). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

type; reduced) series and noted that each series had a specific me-
tallogenic association. Characteristically, magnetite-series granitoids,
or magmas with a high-oxidizing potential, form magnetite-bearing
plutons that generate sulfide-rich Cu, Au, Mo, Pb, and (or) Zn deposits,

while those with low-oxidizing potential are ilmenite-series and typi-
cally generate deposits rich in tungsten and tin (Thompson et al., 1999).

Most known precious and base metals-rich deposits and occurrences
in Iran are typically associated with subduction-related calc-alkaline

1029



S. Niroomand et al.

Ore Geology Reviews 95 (2018) 1028-1048

E Andesite-Dacite dome
“ Granite,Granodiorite,Monzonite,

Quartzmonzodiorote,Monzediirite

Metamirphic Rocks

E Quaternary Sediment Fault
_ — Covered Fault
QrL QP Plio-Pleistocene Conglomerate T Anticline
« M Marl, Congl! te, Sandst Saline mudst; i
o , Cong Syncline
————— Bedded Rock, Gypsum And Salt s X
o’ o Conglomerate ——  Dips| 129"
S 30%-59°
E Tuff,Tuffaceous Sandstone, Shale, Some Sandstone Well (chah)
ell (chal
£ | TuffBreccias and Clastic Rocks -¢_ 5
g * £, *] Tuff Breccias and Lava Breccia %  FossilLocality
g . . ° Elevation in metter
w Dacitic Volcanic Breccia 4 Mine
Andesite Lava Flows and Volcanic Breccia * Abadoned Mine
Nummulitic Limestone 000  Qanat (underground canal)
Limestone -=*" Road
Cu:Cupper
Limestone and detritic Rocks in General { Pb:Lead
Tq:Turquoise

4% Baghugold mine
S4°48°

5115

Fig. 2. Geological map of the TMA with location of mine and occurrences (modified after Houshmandzadeh et al., 1978).

Cenozoic magmatic rocks, such as at Kharvana, Mianeh, Agh Dareh,
Zarshuran, Sari Gunay, Gandy-Abolhassani, Baghu, Arghash, Hired,
Shadan, Qale Zari, Shalir, Sarcheshmeh, and Chahar Gonbad, (Fig. 1).
Cenozoic magmatic rocks in Iran are situated around the peri-Arabian
region, which is to the north of the Zagros-Bitlis suture zone. Timing of
the magmatism covers the entire Cenozoic; however, gaps in the Eo-
cene, Miocene, and Pliocene-Quaternary are conspicuous (Verdel et al.,
2011; Asiabanha et al., 2012).

The most important volcanic provinces of Iran are in central Iran.
The Torud-Chahshirin Tectono-Magmatic Arc (TMA) consists of Eocene
volcano-plutonic complexes, which is located near the northern border
of the Central Iran Magmatic Zone in Semnan province (Figs. 1 and 2).
The oldest unit in this area consists of metamorphosed Precambrian
basement that is overlain by Paleozoic-Mesozoic metamorphic and se-
dimentary = rocks and  Tertiary  volcanic-plutonic  rocks
(Houshmandzadeh et al., 1978; Rahmati-Ilkhchi et al., 2010). The TMA
hosts many vein-type mineral occurrences, some previously mined, that
include Baghu (Au), Darestan (Au-Cu), Gandy (Au-Ag-Pb-Zn), Abol-
hassani (Pb-Zn-Ag-Au), Cheshmeh Hafez (Pb-Zn), Chalu (Cu), Chah-
messi (Cu), Pousideh (Cu), Pb-Zn, Reshm (Pb-Zn), Khanjar (Pb-Zn), and
Anaru (Pb-Zn) (Fig. 2). The gold-bearing occurrences in the TMA can be
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classified as intrusion-related and epithermal, with the former also
commonly containing anomalous copper concentrations. The Baghu Au
( = Cu) deposit is an example of an oxidized intrusion-related gold
system (Moradi, 2010; Shaykhi, 2013) and is the subject of this study.

The Baghu deposit is located at the site of an abandoned historic
gold mine within the northern part of the TMA. It is located at
35°27’32.53”N and 54°39’40.43”E in Semnan province, ~400 km east
of Tehran and 100 km south of Damghan city in the Moaleman area.
Gold- and copper-bearing veins and associated gold placers have been
mined since ancient times at the Baghu deposit (Helmhacker, 1898;
Henncke, 1899; Houshmandzadeh et al., 1978; Rashidnejad Omran,
1992; Tajeddin, 1999; Fard et al., 2006). The present resource estimate
for the Baghu deposit is approximately 3.5million tonnes averaging
1.17 g/t Au (IMIDRO, 2005). Our investigations are focused on the
geological, structural, and geochemical controls of this intrusion-re-
lated gold mineralization in the Moaleman area. Although no world-
class intrusion-related gold deposits are recognized in Iran, the poten-
tial for such deposits exists within the TMA, and thus descriptions of
this historic gold system in the area should be of interest to many ex-
ploration geologists.



S. Niroomand et al.

Ore Geology Reviews 95 (2018) 1028-1048

54°0(
36°00/

54‘:3()’

30

w

55900/

fxxy
LEGEND

L,
Lineation "'
L3

ST

Average Dip of Foliation o

td
’
4

Foliation

Major Fault
Minor Fault o
359304 .
Fold Axk Late Cimmcrian/
old Axis
Tertiary S
r

Late Cimmerian

8
Tertiary to Rcccn(/ T

Road o
“‘.

Baghu Mine 4
[ ]

Stress

Village

35900%

36°00

- 35930/

N
ﬁ.o‘; “".‘T’lmxd
Cd

4

54

r 35900/
55°00 30

Fig. 3. TMA faults and Fractures by Houshmandzadeh et al. (1978), Ministry of Mines and Metals, Geological Survey of Iran, Scale 1: 2,500,000 with minor modified.

2. Geological setting

Iran is a part of the Alpine-Himalayan orogenic belt (Dercourt et al.,
1986, 1993; Stampfli and Borel, 2002; Agard et al., 2005; Ghasemi and
Talbot, 2006; Omrani, 2008). Three major structural units can be dis-
tinguished in Iran (e.g., Berberian and King, 1981) that include the
Zagros fold-and-thrust belt (southern unit), Cimmerian blocks (central
unit), and Kopet Dagh Mountains (northeastern unit) (Fig. 1). The
Cimmerian blocks or terranes in Iran consist of individual crustal seg-
ments that are represented by the Alborz zone, Sanandaj-Sirjan zone,
and Central Iranian domain (Stocklin, 1968; Rahmati-Ilkhchi et al.,
2010). The Central Iranian domain includes the Central-East-Iranian
Microcontinent (CEIM; Takin, 1972), which was surrounded by short-
lived branches of the Neotethys Ocean that closed during the Late
Cretaceous. Closure of the ocean basin between the northern part of the
CEIM and the southern part of the Alborz Mountains is represented by
the Sabzevar ophiolite (Shojaat et al., 2002) and is suggested to have
led to the calc-alkaline magmatism of the TMA (Rossetti et al., 2010).
Based on the work of Alavi (1991), the TMA is a part of Sabzevar
Structural Zone that extends from Torbat — Kashmar — Sabzevar in the
northeast to the Torud area in the southwest (Fig. 1). The TMA is
bordered to the north and south by the two major faults, the Anjillo and
Torud faults, respectively (Figs. 2 and 3).

The Torud-Chahshirin complex is 10-12 km wide and 100-110 km
long, strikes NE-SW from Torud to Chahshirin, and parallels the Torud,
Anjillo (Figs. 2 and 3), and Daruneh regional fault zones (Fig. 1). It is
continuous towards the northeast and there joins the Sabzevar — Qu-
chan - Kashmar magmatic arc (Ghasemi et al., 2014). The volcanic
rocks in the complex are mainly calc-alkaline in composition and show
potassium enrichment (Rashidnejad Omran, 1992; Tajeddin, 1999;
Shaykhi, 2013).

The TMA Tertiary igneous rocks have a basement of metamor-
phosed Precambrian rocks covered by Paleozoic epicontinental sedi-
mentary strata. Peak magmatic activity occurred in middle to late
Eocene and has been divided into three stages, from oldest to youngest
(Fig. 4A) as follows: (1) rhyolitic to rhyodacitic tuffs and locally an-
desite flows, with subordinate marls, tuffaceous marlstones, and sand-
stones; (2) andesite, trachyandesite, and basaltic andesite as lava flows
and pyroclastic deposits; and (3) subordinate dacite-rhyodacite and
hypabyssal intrusive rocks (Houshmandzadeh et al., 1978). Structural

1031

patterns are controlled by two northeast-trending strike-slip faults,
Anjillo in the north and Torud in the south (Fig. 3).

3. Sampling and analytical methods

About 70 selected samples were taken from several outcrops from
the ore-bearing hypabyssal plutons, volcanic rocks, dikes, and altered
wallrocks. Sample suites were chosen for mineralogical and petro-
graphical studies and for geochemical analyses. Whole rock trace ele-
ment concentrations were analyzed by inductively coupled plasma-
mass spectrometry (ICP-MS) in China (Table 1). These analyses were
carried out after sample digestion using an HF-HNO3; mixture in high-
pressure Teflon bombs. Pure Rh solution was used as an internal stan-
dard to monitor the drift, and reference materials were Chinese national
rock standards (BHVO-2, AGV-2, G2, G3 and GSR-3). Details of analy-
tical procedures can be found in Qi et al. (2000). The precision and
accuracy of the ICP-MS analyses are estimated to be better than ap-
proximately 5% for most trace elements.

Hydrothermally altered samples were analyzed by X-ray diffraction
techniques at the Geological Survey of Iran. Fourteen selected samples
from quartz veins in outcrops were used for microthermometric study
conducted at the Iranian Mineral Processing Research Center. Doubly
polished wafers were prepared using the procedure of Shepherd et al.
(1985). The thickness of the wafers varied between 80 and 200 pm,
depending upon the transparency of the quartz crystals. Microthermo-
metric studies were performed on a Linkam THMS600 heating-freezing
stage. Stage calibration was performed at —56.6 °C (freezing point of
pure CO»), 0.0 °C (freezing point of water), and 374.15 °C (critical point
of pure water) using synthetic fluid inclusion standards (Sterner and
Bodnar, 1984). Precision and accuracy were = 0.1 °C between —70 °C
and 40 °C, = 2°C below —70°C, and + 1 °C above 100 °C.

To establish the age of the host rocks for the Baghu gold deposit,
three samples were selected from the andesitic subvolcanic intrusions
for zircon U-Pb geochronology. Zircon separates were obtained from 6
to 7 kg of crushed rock samples by handpicking under a binocular mi-
croscope after sieving, and then applying conventional heavy liquid and
magnetic separation techniques at the Geological Survey of Iran. The
zircon U-Pb ages are based on U, Pb, and Th isotopic measurements
employing spot analyses using the Cameca IMS 1270 ion microprobe at
the University of California, Los Angeles. Analytical methods follow the
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procedures described by Quidelleur et al. (1997) and Schmitt et al. microprobe spot analyses utilized a primary ion beam focused to a
(2003a, b). Following mineral separation using conventional heavy li- ~ 30 um diameter spot and a secondary ion beam with a mass resolving
quids and magnetic techniques, zircon grains were hand-selected, power of 5000 and energy window of 50 eV. Following a pre-sputtering

mounted in epoxy, and coated with ~100A of gold. The ion- period of ~180s, each analysis collected data for 8-10 cycles. The
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Fig. 5. Geological map of Baghu deposit (modified after Tajeddin, 1999).

overlain by andesite and trachyandesite flows, and then an andesitic to
dacite andesitic unit comprising gray to green tuffs, volcanic breccias,
and intermediate lava flows. Zircon U-Pb SIMS dating of this latter unit
yields an age of ca. 47.5 = 2.4 Ma (Fig. 8A). Subvolcanic cryptodomes,
hypabyssal plutons, and several dikes intrude the volcanic sequence.
Zircon U-Pb SIMS dating of a number of these igneous bodies yielded
an age of ca. 43.4 = 1.3 Ma (Fig. 8B). In addition, zircon U-Pb SIMS
dating of a basic dike near the deposit yielded an age of 38.0 + 0.9 Ma
(Fig. 8C and Table 2).

The igneous rock units in the Baghu area are located between the
Torud fault in the south and Anjillo fault in the north. The units in the
area of the deposit are highly fractured within a broad zone of shearing
(Fig. 3) and this deformation zone served as the conduit for the hy-
drothermal fluid. However, pure tensional fractures are not the only
structural control on the gold-bearing veins. Open space for mineral
deposition seems to also have been controlled by Riedel (R) and anti-
Riedel (R’) conjugate shear fractures (e.g., Riedel, 1929; Moore, 1979;
Davis et al., 1999; Ahlgren, 2001; Katz et al., 2004).

The TMA contains many fracture and faults that formed during left-
lateral shear motion. Dikes and related fractures show tensional fea-
tures in the western and central parts of the TMA as confirmed by the
T-, R-, and D-type fractures. These R-, R’-, and D-type fractures also
localized the mineralized veins (Keynezhad et al., 2010). In the mapped
area, the Baghu fault is accompanied by minor faults and joints that
conform to the D-type of left-lateral shearing (Fig. 9). The fractures and
faults in the mapped area have been divided into four different groups
that trend NE-SW, NW-SE, N-S, and E-W. Those with 40-70°E strikes
and 60-70°SE dips were formed by movement on the NE-trending
Torud fault. Dikes in the Baghu deposit that are NW-trending are re-
lated to R-type fractures, but some that show an E-W trend are asso-
ciated with P-type fractures (Fig. 10).
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5. Mineralization and hydrothermal alteration

Hydrothermal alteration and mineralization at the Baghu gold de-
posit are centered on the hypabyssal granodiorites and microgranite
(Fig. 11A). The mineralization is structurally controlled by extensional
brittle faults and fractures, present as sheeted quartz veins sub-parallel
to the Anjillo and Baghu faults (Fig. 11B). A major quartz-tourmaline
vein occupies a normal dip-slip fault (Fig. 12A). This main vein
averages 10-70 cm in thickness and extends for ~1 km with a NE-SW
strike. Extensional veins, which trend N60E and dip 60-75°, are also
locally gold-rich (Fig. 10). Principal metallic minerals in the veins in-
clude native gold, pyrite, pyrrhotite, chalcopyrite, bornite, sphalerite,
magnetite, covellite, digenite, chalcocite, malachite, and Fe-hydroxide.
Anhedral to euhedral native gold ranges in size from 10 to 300 pum.
Open-space filling and brecciation are common (Figs. 11C, 12B and C,
14, 15). The Au grade in the main vein locally reaches 57 g/t, but
averages 2.6 g/t. The Au grade in sheeted quartz veins that are parallel
to the main quartz — tourmaline vein is also significant and is locally as
high as 0.8 g/t (Babakhani et al., 1996; Rastad et al., 1999).

Cross-cutting vein systems define a two-stage paragenetic sequence
(Fig. 12B and C). Stage I is identified by fine-grained quartz, less than
0.2mm in diameter, associated with minor pyrite, chalcopyrite, and
tourmaline. The grade of gold in this early stage averages only 0.25 g/t.
These pre-ore veins are located in the central parts of the subvolcanic
intrusions and show minor potassic alteration characterized by adu-
laria. Structural irregularities suggest that the veins formed at relatively
high temperatures, when the rock was relatively ductile, probably
shortly after the stock consolidated. They vary in width from 1 to more
than 5 cm.

Stage II veins include quartz, sericite, tourmaline (schorlite — dra-
vite), pyrite, pyrrhotite, magnetite, chalcopyrite, bornite, sphalerite,
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Fig. 6. (A) Panorama view of the main volcano-plutonic units at the Baghu gold deposit, looking SSW. Hydrothermal alteration is characterized by the supergene
bleaching. Lavas exposed in the green hill and subvolcanic intrusions show with creamy to brown on the photo. On the east- upper of photo show a post-Eocene
dioritic dyke that cut the Middle-Upper Eocene succession; (B) Epizonal subvolcanic intrusions (light Brown color), which include, granodiorite, and micro-granite;
and several dikes; (C) granodiorite subjected B; (D) The Baghu Turquoise mine in granodioritic rocks; (E) a close up photo of subjected rocks in D. The highly altered
and bleached plutonic rocks containing tourmaline, turquoise, pyrite, and quartz in the Baghu turquoise mine. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

and native gold (Fig. 13). The grade of gold mineralization in this stage
averages 1.5 g/t. Gold content in the ore correlates with sulfide mineral
abundance. The quartz veins that formed during this stage are coarse
grained and grains are 0.5 to 1.0 mm in diameter. Dating of hydro-
thermal sericite from a stage II vein by *°Ar/>°Ar methods indicates a
mineralization age of ca. 44 Ma (Fig. 14).

Hydrothermal tourmaline commonly occurs as disseminations, ag-
gregates, pods, and veins within the intrusive rocks, or as alteration
envelopes and veins along pluton contacts and in the Eocene volcanic
country rocks associated with the widespread phyllic alteration.
Petrography and electron probe microanalysis indicate that the
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tourmaline belongs to the schorlite-dravite solid solution with a ten-
dency toward schorl end-member (Ghorbani et al., 2006). The B-
bearing fluids were sourced from metapelites and metapsammites co-
existing with Al-saturated phases. It is probable that the tourmaline was
generated from hydrothermal fluids reacting with sericite in the phyllic
alteration zone (Taghipour and Mackizadeh, 2014). The peripheral
propylitic alteration at the Baghu deposit is characterized by formation
of montmorillonite, chlorite, epidote, calcite, quartz, and pyrite
(Fig. 11).

The supergene overprint is significant at the Baghu deposit. The
resulting bleaching has made the ore deposit distinctive from the dark-
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colored volcano-sedimentary host rocks. Kaolinite and iron oxy-hy-
droxides are widespread. Iron oxy-hydroxides have replaced up to 50
percent of the hypogene sulfide minerals, and locally, the grade of the
mineralization is as high as 57 g/t Au (Fig. 15A-H). Malachite, azurite,
covellite, digenite, and chalcocite are also present.

Turquoise is conspicuous in fractures in the Baghu area, particularly
in the highly altered plutonic rocks containing pyrite, quartz, and
tourmaline (e.g., in the Baghu turquoise mine; Fig. 6A-E). The tur-
quoise is associated with iron oxides (goethite-hematite) and quartz in
veinlets and coatings. Also, it occurs as disseminated, small, sub-
rounded nodules in sericitized to weakly kaolinitized volcanic rocks.
Spatial associations and stable isotope data (§*0 and 8D) for turquoise
indicate that it is part of the overprinting supergene mineral assemblage
(Taghipour and Mackizadeh, 2014).
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6. Fluid inclusion microthermometry
6.1. Samples and methods

The morphology and petrographic characteristics of fluid inclusions
in ore-related quartz were recorded at room temperature using the
criteria of Roedder (1984) and Shepherd et al. (1985). The inclusions
were classified on the basis of host mineral occurrence, their relation-
ship to each other, and the type of inclusions. With respect to their
relationship to the host mineral, they are classified as primary (isolated
inclusions, as well as those in growth zones), secondary (inclusions
occurring along fractures that intersect the crystallographic surfaces),
and pseudo-secondary (inclusions occurring along fractures that do not
intersect the crystallographic surfaces). Pseudo-secondary and necked
inclusions were avoided for study.
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Table 2
U-Pb ages for volcano- plutonic rock types of the Baghu gold deposit.

Sample ID UTM (WGS84)  Rock type Age (Ma) 1 sigma age error
(Ma)
B41 287181.00E Microgranodiorite  43.4 1.3
3925933.00N
TRU5 284757.77E Andesite 47.5 2.4
3924273.23N
TRU9 287526.00E Diorite 38.0 0.87

3926151.00N

Sample selection was biased to quartz that contained an abundance
of ore-related sulfide minerals and/or high gold grades, and which was
collected in the main adit and from surface outcrops. We could not
study fluid inclusions smaller than about 5 um in maximum dimension
and we avoided those that were necked. Data were mostly obtained
from inclusions ranging in diameter from 10 to 100 um. All abbrevia-
tions and terminology of fluid inclusions are as referred to in Diamond
(2003a).

6.2. Fluid inclusion petrography

Fluid inclusions in stage I quartz are very small and unsuitable for
microthermometric measurements. All microthermometric measure-
ments were therefore carried out on samples of stage II quartz
(Fig. 16A-H). Based on the number of phases at room temperature and
their microthermometric behavior, and using the criteria of Roedder
(1984), Shepherd et al. (1985), and Goldstein (2003), five fluid inclu-
sion types were recognized (Fig. 17): I. Monophase liquid liquid; II.
monophase gas; III. Two-phase liquid and gas (aqueous liquid + vapor);
IV. Two- or three-phase carbonic-aqueous (aqueous liquid + carbonic
phase [LCO5 or LCO,+ VCO,]); and V. multi-solid (liquid-vapor-solid)
inclusions. The type V inclusions are divided into three subtypes based
on solid phases: Vi. two-phase liquid and solid (aqueous liquid + ha-
lite), Vy;. three-phase liquid, solid, and gas (aqueous liquid + vapor +
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halite + sylvite), and Vy;. multi-phase, liquid, multi-solid, and gas
(aqueous liquid + vapor + halite = sylvite + mica * anhydrite? +
boric acid [H3BO3] + opaque minerals, such as pyrite, chalcopyrite,
and hematite). Types III and V are the most abundant inclusions and
account for 80 percent of the inclusion population.

Type [ inclusions contain one phase liquid at room temperature
(Fig. 17A). The inclusions are irregular, rounded, or rectangular in
shape. The size of the inclusions varies between 10 and 50 um. Type II
inclusions appear to contain solely a vapor phase (Fig. 17A) that opti-
cally occupies the entire volume of the inclusion, although as much as
5vol% liquid surrounding the vapor phase could go unnoticed in such
inclusions. Type II inclusions have a regular sub-rounded to rectangular
shape, and a size of 10-40 pm. Type III inclusions (Fig. 17B) can be
divided in two groups, with one set of inclusions being liquid-rich (IIIA)
and containing two phases at room temperature with the bubble oc-
cupying 40-50 percent of the total inclusion volume. The other set is
vapor-rich (IIIB) and inclusions contain two phases at room tempera-
ture with the bubble occupying 60-90 percent of the total inclusion
volume. Both groups of type III inclusions are faceted, rounded, and
subrounded, with sizes generally less than 45 um.

Type IV inclusions have two or three phases at room temperature.
The three-phase inclusions contain a vapor bubble at room temperature
filling 40-70 percent of the total inclusion volume. These inclusions are
faceted to subrounded and the largest has diameters up to 50 um
(Fig. 17C). This type of inclusion occurs in gold-bearing late stage II
quartz.

Sub-type V; inclusions contain two phases at room temperature. The
two-phase inclusions contain a liquid and solid at room temperature,
filling 40-60 percent of the total inclusion volume. The solid phase
consists of predominantly cubic halite; these inclusions are faceted to
subrounded and up to 60 um in size (Fig. 17D). Sub-type Vy and Vi
inclusions exhibit multiple phases at room temperature. The multiphase
inclusions contain a liquid, solid(s), and gas, with a vapor bubble at
room temperature filling 50-60 percent of the total inclusion volume.
These inclusions are faceted to subrounded, have negative crystal
shape, are highly saline, and up to 85um in size (Fig. 17E). The
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daughter phase is predominantly cubic halite, locally accompanied by
round sylvite; also other daughter minerals, such as mica, anhydrite,
and tourmaline can be distinguished. Solid phases, mainly sulfides, such
as pyrite and chalcopyrite, and rarer oxides, such as hematite and
unidentified opaque minerals, may constitute less than 1 percent vo-
lume of an inclusion (Fig. 17F). In these inclusions, the distribution and
volume of solid phases are inconsistent, suggesting that they represent
trapped solids rather than daughter minerals. The inclusions are iso-
lated or most commonly form trails and clusters in the veins.

6.3. Microthermometric results

Microthermometric measurements and volume fraction estimates of
the different phases were evaluated utilizing the FLUIDS (Bakker, 1999)
and CLATHRATES (Bakker, 1997) programs, so to utilize melting and
homogenization temperatures and optical volume fraction to estimate
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bulk compositions and densities. Salinities were estimated after Bodnar
(1993) from final ice melting (T, (Ice)) of aqueous inclusions and after
Bakker (1997) from clathrate melting (T;,(Cla)) for aqueous-carbonic
inclusions. The salinities of multiphase-bearing fluid inclusions were
calculated using the dissolution temperatures of daughter minerals
(Hall et al., 1988). Densities of H,O-, CO,-, and NaCl-bearing fluid in-
clusions are calculated from the equation of state by Zhang and Frantz
(1987), Holloway (1981), and Bowers and Helgeson (1983) for the
H>0-CO,-NaCl system.

For the isochore calculations, we used the program FLINCOR
(Brown 1989). In addition, for pressure estimates in two-phase aqueous
inclusions, we used the equation of state for H,O in a P-T projection
(Diamond, 2003a). Also for H,0-CO,-NaCl and H,O-Nacl fluid inclu-
sions systems, we used equations of state from Bowers and Helgeson
(1983), and Zhang and Frantz (1987), in MacFlinCor computer pro-
grams (Brown and Hagemann, 1994). Microthermometric
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Fig. 11. Photographs of the wall-rock granodiorite from the Baghu gold deposit (A) gold bearing quartz —tourmaline sheeted vein in the granodioritic rocks; (B)
Photomicrographs from micro granodiorite subjected Figs (A) and (C) A close up of the sheeted quartz -tourmaline gold vein Au-bearing sulfide ore.
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and (C) the main veined Au-Cu bearing polymetallic sulfide ore; subjected Fig

measurements for 291 primary fluid inclusions are summarized in
Table 3.

The average n total homogenization temperature (Ty), to a liquid or
vapor, of type Il and IV primary inclusions in quartz ranges from 180 to
382 °C, with a mode at 280 °C. The Ty,(Ice) of type III fluid inclusions
ranges from —15.0 to —0.5°C, indicating low to moderate salinities
between 0.5 and 15.7 wt% NaCl equiv, with a mode at about 4.2 wt%
NaCl equiv. The type IV aqueous-carbonic inclusions (H,O-
CO, + CHy = Ny) showed CO, melting (T,(CO,)) ranging from
—61.0 to —56.3 °C. This range continues to values significantly lower
than the melting temperature of pure CO, (triple-phase point is
—56.6 °C), suggesting minor amounts of dissolved CH4 and/or N; in
addition to CO, (Dreher et al., 2007; Volkov et al., 2011). The CO,
homogenization temperature (T,(CO5)), typically to a liquid, was in the
range from +23.8 to +30.4°C. Clathrate melting was determined in
the inclusions to be between +3.1°C and +8.5°C, indicating fluid
salinities of about 3.8-11.5 wt% NaCl equiv. (Fig. 18A-H).

The final homogenization temperatures for the type V; primary in-
clusions varied between 185° and 433 °C (average 300 °C), based on
halite dissolution. This corresponds to high salinities of 33-45wt%
NaCl equiv. These hypersaline fluid inclusions always homogenized to
liquid. Fluid inclusion types Vi and Vy; contain chalcopyrite, pyrite,
and other opaque minerals (accidental) that do not melt during heating
runs, whereas the halite daughter phases dissolved at 198-490 °C (T,
(Halite)), corresponding to high salinities of 40-52 wt% NaCl equiv.
These hypersaline fluid inclusions had final homogenizations to liquid
or to vapor at temperatures of 235-590 °C, with a 355 °C modal value.
Only a few inclusions were observed with a T}, above 500 °C
(Fig. 18A-H).

Quartz vein

A.
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Fig. 12. (A) Photographs of bleached micro- granodiorite hosted of mineralization and a drift in the main quartz vein gold bearing from the Baghu gold deposit. (B)

The homogenization temperatures for the type IV aqueous-carbonic
fluid inclusions were used here as an estimate of trapping temperatures;
all values were above 280 °C. The trapping pressures of the fluid in-
clusions were estimated to be from 94 to 132 MPa, which corresponds
to a depth of 2550-3883 m, assuming a pressure gradient of ~26.4 MPa
per km based on MacFlinCor computer programs (Brown and
Hagemann, 1994).

7. Stable isotope studies

Stable isotope studies were conducted to help determine ore fluid
source reservoirs. The 8'%0 values (relative to SMOW) for eleven ana-
lyzed quartz samples, collected from several sulfide-rich stage-II veins
with high gold grades, fall in a narrow range from 11.6 to 13.9 per mil,
with an average of 12.6 per mil (Table 4). Assuming a quartz deposition
temperature of 450 °C obtained from fluid inclusion study, calculated
values using Zheng (1993) for §'®0 fluid range between approximately
8.0 and 10.3 per mil with an average of 8.9 per mil. Although typically
the origin of the fluid is established by coupled analysis of both O and H
stable isotopes, these high and consistent §'®0 fluid values can be
nevertheless interpreted to suggest that the hydrothermal fluid is
magmatic in origin.

Sulfur isotope ratios were determined for pyrite and chalcopyrite
separated from gold-bearing veins. The eleven 8°*S measurements
(relative to CDT) range from +1.5 to +3.1 per mil with an average of
2.1 per mil (Table 5), which is also consistent with a reduced magmatic
source of sulfur (Ohmoto and Rye, 1979; Rye, 1993; Kouzmanov and
Ramboz, 2003; Moritz et al., 2003; Seal, 2006; Yilmaz et al., 2007,
2010).
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Fig. 13. Paragenetic sequence of ore and alteration minerals in gold — bearing veins of the Baghu gold deposit. I and II refer to stages I and II of the mineralization.

8. Discussion
8.1. Features of the vein system at the Baghu deposit

Formation of the quartz veins and coeval emplacement of intrusions
were the result of a structurally controlled event coincident with fluid
migration in the Baghu area. Although a full kinematic analysis has not
been done, an analogy to Riedel veins is noted. In this model, the
bounding veins parallel the original shear plane, occupying what were
initially areas of spaced fracture cleavage. The veins occur in steeply
dipping faults implying that the fluid flow was structurally controlled
by analogy to Riedel veins. Riedel shear fracturing during oblique
convergence in magmatic arcs can develop structures that may host
hydrothermal veins or sub-volcanic intrusions (Fedoseev, 2008). This
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mechanism had an important role in formation of the Baghu gold-
bearing quartz veins. These veins are subparallel and might have
formed during extension that was synchronous with pluton emplace-
ment. Formation of this ore deposit was facilitated by the development
of a Riedel fracture system in response to regional stresses, thus al-
lowing fluid circulation. These features are similar to those documented
in intrusion-related gold systems where vein formation is the result of
interplay between ambient stress and high fluid pressure related to I-
type granitoids (e.g., Marsh et al., 2003; Stephens et al., 2004; Hart,
2007). Notably, the presence of similar zones of spaced fracture clea-
vage that are 2-3 m in width, but are non-dilated and vein filled, are
still observed in coastal exposures in this area. Thus, locally over-
pressured fluids were focused within these structurally prepared areas
where extension facilitated vein formation.



S. Niroomand et al.

60
50
s |
Q
o b
<C Plateau age = 44.3+0.3 Ma
30 b (20, including J-error of .5%)
MSWD = 1.05, probability=0.39
L Includes 53% of the **Ar
20 1 1 1 1 1 1 1 i 1
0 20 40 60 80 100
Cumulative *ArPercent

Fig. 14. Parent *°Ar/>°Ar age spectra for hydrothermal sericite from the quartz-
tourmaline gold bearing vine hosted by micro granodiorite in the Baghu de-
posit.

The Baghu Eocene granitoids form small, shallow, I-type, subduc-
tion-related bodies that intrude Eocene volcano-sedimentary units. The
intrusions, as well as the volcanic rocks, have arc-like signatures with

Fe-O%}ie
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calc-alkaline to shoshonitic affinity, including Nb, Ta, and Ti depletion
and enrichment in Ba, Rb, U, Pb, and K. Zircon U-Pb SIMS dating of the
volcanic unit has yielded an age of 47.5 + 2.4 Ma (Fig. 8A). Also, a
number of subvolcanic cryptodomes and hypabyssal plutons and dikes
have yielded ages of 43.4 = 1.3 Ma and 38.0 + 0.87 Ma, respectively
(Fig. 8B). Fluid exsolution from the different intrusive bodies is re-
sponsible for the diversity of hydrothermal alteration assemblages in
the deposit area. The epizonal auriferous vein systems in the Baghu
deposit are hosted by small Middle Eocene granitic domes.

8.2. Hydrothermal alteration and ore-forming fluids

In the Baghu area, the hydrothermal alteration associated with the
stage II mineralization in the volcano-plutonic units includes argillic
assemblages, phyllic (QSP) assemblages, tourmaline-turquoise, sericite,
pyrite, chlorite, and quartz. Oxygen and hydrogen isotope ratios for
turquoise suggest mineral precipitation from connate waters
(Taghipour and Mackizadeh, 2014).

Several alternative fluid sources have been suggested for the for-
mation of IRGS. The dominant component is magmatic but meta-
morphic and meteoric fluids could also be important (Lang and Baker,
2001). Probability of involvement of metamorphic fluids increases in
settings where magmatic-hydrothermal activity and regional meta-
morphism are coeval (Moravek, 1995; Spiridinov, 1996). Magmatic
fluids in shallow-level IRGS are characterized by an early immiscible
brine and CO,-rich vapor (Sillitoe and Thompson, 1998, Sillitoe, 2008).
Late low-salinity, aqueous fluids are more likely to be dominated by
meteoric water. Estimates of trapping pressures for ore-forming fluids

Fig. 15. Reflected-light (RL) photomicrographs
(plane-polarized light: PPL) of the stage II ore and
gangue vein minerals from the Baghu deposit; (A)
chalcopyrite with rim of chalcocite and covellite; (B)
chalcopyrite overgrowths on pyrite; (C, D and E)
Gold grain in quartz (C), in Fe-oxide resulted from
decomposition of pyrite, (D) and Fe-oxide resulted
from decomposition of chalcopyrite (E); (F) chalco-
pyrite overgrowths on pyrite; (G) inclusions of chal-
copyrite in pyrite; (H) inclusions of sphalerite in
pyrite and along pyrite contact. Abbreviation:
Ccp = chalcopyrite, Py = pyrite, Cc = chalcocite,
Cy = covellite, Au = gold, Sph = sphalerite,
Dig = digenite.
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at the Baghu deposit were determined using type III and IV inclusions
and the methodology described by Touret and Dietvorst (1983).

Calculated values (using Zheng, 1993) for 8180 fluid range between
approximately 8.0 and 10.3 per mil, indicative of an isotopically heavy
crustal fluid and likely little involvement of meteoric water, even at
epizonal crustal levels. Our results suggest the involvement of a mag-
matic fluid in the hydrothermal system. However, it is impossible to
directly link the hydrothermal system in time with a specific magmatic
event.

Sulfur isotope ratios for pyrite and chalcopyrite from the gold-
bearing veins range from +1.5 to +3.1 per mil. The narrow distribu-
tion of these data suggest that sulfur was derived either directly from a
high temperature, reduced magmatic source, or through leaching of
volcanic and plutonic country rocks yielding H,S-bearing fluids.
According to Hofstra and Cline (2000) and Emsbo and Hofstra (2003),
§3%S values of about + 2.5 per mil are interpreted to indicate oxidation
of magmatic H,S during reducing conditions in hydrothermal fluids.
These results are consistent with fluid inclusions studies in the aur-
iferous vein systems at Baghu, where metal precipitation resulted from
a decrease in gold solubility during fluid immiscibility, and cooling and
crystallization of multiphase-bearing inclusions.

8.3. Ligands and redox conditions

High-salinity fluids show that chloride is a dominant ligand for
mobilizing numerous metals in aqueous solutions at the Baghu Au

1043

Ore Geology Reviews 95 (2018) 1028-1048

Fig. 16. Crossed polarized-light (XPL) photo-
micrographs of volcano-plutonic rocks and associated
alteration from the Baghu gold deposit (A) andesite
flow, with prominent brown hornblende and plagio-
clase phenocrysts, set in a slightly vesicular glassy
matrix containing abundant plagioclase crystallites;
(B) microgranodiorite porphyry, with hornblende,
biotite, quartz and plagioclase phenocrysts, set in
matrix with microlithic plagioclase crystallites; (C)
two types of quartz: stage I dense microcrystalline
quartz that occurs as pervasive alteration of host
rocks, and stage II coarse crystalline quartz that grew
perpendicular to the walls of the stage I, (D) ser-
ecitezation in the phyllic zone. Plagioclase relicts are
sericitized in a groundmass of mainly sericite and
quartz; (E) coarse quartz (Qz-II) in above and quartz,
sericite and pyrite (opaque) in the below; (F) radial
tourmaline growth in a groundmass of quartz; (G)
montmorillonite inside of coarse grain quartz (Qz-II)
in thin section. Montmorillonite is the dark colored
material replacing the feldspars; (H) epidotization
and chloritization of plagioclase in granodioritic
rocks in the propylitic alteration zone. Abbreviation:
Qz-I = quartz stage I, Qz-II = quartz stage II,
Ser = sericite, Chl = chlorite, Cal = calcite,
Mon = montmorillonite, Ep = epidote, Bt = biotite,
Hor = hornblende, Pl = plagioclase, Tour =
tourmaline, Py = pyrite.(For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)

deposit. According to Gammons and Williams-Jones (1997), magmatic
fluids that evolve from shallow intrusion bodies, such as those in the
Baghu area, tend to boil shortly after leaving the melt. At such a point,
most of the dissolved gold will partition along with chloride into the
brine phase, although Williams-Jones and Heinrich (2005) note that
under some conditions the opposite is possible.

The high salinities of the type V inclusions can be explained by
degassing or unmixing from a CO,-rich fluid (e.g., Cline and Bodnar,
1994; Dugdale and Hagemann, 2001; Baker, 2002; Hagemann and
Luders, 2003; Evans et al., 2008; Jaguin et al., 2014; Hao et al., 2015).
The CO, is documented in the Baghu fluid inclusions, and the wide
range n fluid inclusion homogenization temperatures is perhaps the
result of variation in the trapping pressures. Therefore, liquid-vapor
immiscibility preferentially partitions the anomalous copper in the
Baghu deposit into the high-salinity liquid phase (Candela and Holland,
1986). Higher CI concentrations in aqueous fluids can promote greater
cation solubilities, particularly for alkali species (Na, K, Rb) (e.g.,
Candela and Holland, 1986). Kesler et al. (2002) showed that gold is
mobile in highly oxidizing, Cl-rich waters typical of intrusion-related
gold-copper systems. However, at high fO, values, H,S is oxidized to
SO,, which clearly decreases gold mobility as a bisulfide complex. Thus,
strongly oxidizing conditions will favor transport of gold and base
metals as chloride complexes at all temperatures (Gammons and
Williams-Jones, 1997; Asadi et al., 2013a and b; Asadi et al., 2015).

The relationship between fluid CO, content and ore grade is un-
certain, and CO, appears to play no significant role in the Au
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Fig. 17. Fluid inclusion in quartz II. All measurements were on inclusions in the gold bearing quartz vein (A) type III - Two-phase aqueous and gaseous inclusions; (B)
type II — one-phase gaseous inclusions; (C) type IV — three-phase carbonic-aqueous inclusions; (D) type VI two-phase liquid and solid (halite) inclusions; (E) and (F)

type Vi and Vi — hypersaline liquid, multi-phase solid and gas (aqueous liquid + vapor + halite

mineral such as pyrite, chalcopyrite and hematite).

precipitation process (Hofstra and Cline, 2000). Cline et al. (2005) have
shown that ore-forming fluids were low- to moderate-temperature
(~180-350°C), moderate-salinity (~5-10wt% NaCl eqv) aqueous
fluids that contained CO,, and sufficient SO, (formed by oxidation of
H,S) to have precipitated gold and other metals in the veins. The main
stage of Au mineralization is related to the stage II quartz veins, where
inclusions show evidence of fluid immiscibility.

Also, salts of Cl~, SO,2, and CO32, such as KCl, CaSO.,, and Na,COs,
have significantly greater solubilities in aqueous fluids than do silicates,
and consequently greater amounts of these materials can be transported
by hydrothermal fluids. Thus carbonates, halides, and sulfates are

+

sylvite = mica * anhydrite? + boric acid [H3BO3] + opaque

commonly found in fluid inclusions. In this study, chloride is a domi-
nant ligand for mobilizing numerous metals in aqueous solutions
(Fig. 19).

8.4. Saline fluid flow and rock permeability

The interplay between saline fluid flow and rock permeability
controls the ore mineralization. Precipitation of halite from high-sali-
nity magmatic-hydrothermal fluids might restrict fluid flow (Sanchez
et al., 2015). This is because NaCl crystals may reduce permeability by
filling the pore spaces (e.g., Hesshaus et al., 2013) in the country rock

Table 3
Microthermometric data of primary fluid inclusions in the Baghu quartz veins (stage-II).
Inclusion Phase Number Tm (Halite) = Tm (s;) and Tm(CO,) Tm(Ice) (°C) Tm(Cla) Th(CO,) (°C) Th(°C) Salinity (wt% NaCl Pressure
types (s2) (°C) Q) Q) equiv.) (MPa)
111 L+V 136 —15.1 to 180-312 0.50-15.67
-0.5
v L1+L,+V 38 —61.0 to 3.1-8.5 23.8-30.4 220.3-382.2 3.80-11.20 98.1-132.4
-56.3
\4 L+V+S 118 198 to 490 235-590.3 33.49-52.47

Tm(Ice): final ice melting temperature; T,,(Cla): dissolution temperature of CO, clathrate; T,,(CO,): melting temperature of CO, phase; T;,(CO.): homogenization
temperature of CO, phase into the carbonic vapor phases; T,(Halite): dissolution temperature of halite (s;) and sylvite (s,); and Tj,: homogenization temperature.

Fluid inclusion terminology and symbols according to Diamond (2003b).
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Table 4

Oxygen isotope values (per mil) of gold-bearing quartz veins.

Sample Mineral 8" 0quartz 8'%0quia Locations UTM (WGS84)
B1 Quartz 11.6 8 0287549E
3926164N
B3 Quartz 11.6 8 0287549E
3926164N
B4 Quartz 11.7 8.1 0287565E
3926148N
B5 Quartz 11.7 8.1 0287631E
3926081 N
B7 Quartz 129 9.3 0287443E
3926254 N
B8 Quartz 129 9.3 0287518E
3926127 N
B9 Quartz 13.1 9.5 0287180E
3925924N
B11 Quartz 13.2 9.6 0287928E
3926544N
B6 Quartz 13.3 9.7 0287368E
3926223 N
Bl16 Quartz 139 10.3 0287162E
3925910N
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Table 5

Sulfur isotopic compositions of pyrite and chalcopyrite from the Baghu gold
deposit (per mil).

Sample Delta %S cpr UTM(WGS84)
Bl 1.5 0287549E
3926164N
B3 1.6 0287559E
3926191N
B4 1.6 0287565F.
3926148N
B5 1.6 0287631E
3926081 N
B6 1.7 0287368E
3926223N
B7 1.8 0287443F.
3926254N
B8 2.2 0287518E
3926127N
B9 2.6 0287180F.
3925924N
B10 2.6 0287181E
3925933N
B11 2.9 0287928E
3926544N
B13 3.1 0287162F.
3925910N




S. Niroomand et al.

TEMPERATURE-SALINITY FIELDS

1 = Orogenic lode Au

N 2 = Epithermal
v 600 5 3 = Massive sulphides
% i 4 =Tennant Creek
g A (Australia)
§ 400 46 5 = Porphyry Cu-Au
&
=

6 = Baghu Au-Cu Deposit

0.5 5 10 20

Wt % NaCl equivalent

A FIELD OF DOMINANT CHLORIDE COMPLEXING
B FIELD OF DOMINANT SULPHIDE COMPLEXING

Fig. 19. Temperature-salinity fields and mean gradient curve for a range of
hydrothermal ore systems: (1) Archaean orogenic Au; (2) Epithermal Au-Ag; (3)
volcanogenic massive sulfides; (4) Tennant Creek Au-Cu, Australia; (5)
Porphyry Cu-Au; (6) Bagho Au-Cu deposit. After Large et al. (1988).

on time scales of tens to thousands of years (Weis, 2015). Alternatively,
precipitation of halite, quartz, and other solid phases may lead to epi-
sodic fluid pressure increase and subsequent hydraulic fracturing (Weis,
2015). The resulting fracture-enhanced permeability controls fluid flow
and ore precipitation.

As a fluid traverses the phase boundary from liquid-vapor stability
toward vapor-halite stability, the mass fraction of liquid decreases
abruptly, and the capacity of the aqueous phase to carry copper is re-
duced. Salt saturation in the Baghu magmatic-hydrothermal system
may thus act as a direct precipitation mechanism of base metal-bearing
chlorides (Gruen et al., 2014). The coexisting vapor phase, which as-
cends rapidly, would transport sulfur and gold upward. This pre-
cipitation mechanism is limited by the availability of reduced sulfur,
which depends on behavior of SO, as the magmatic fluid ascends. At
relatively low pressure, disproportionation of SO, is likely to occur at
temperatures above or close to the conditions of halite saturation,
providing reduced sulfur for sulfide precipitation (Seal, 2006). Fluid
inclusion data from porphyry deposits worldwide (e.g., Candela and
Holland, 1986; Gammons and Williams-Jones, 1997; Jugo et al., 1999;
Ulrich et al., 2001; Kouzmanov and Ramboz, 2003), numerical simu-
lations, and thermodynamic considerations are all consistent with ha-
lite saturation and precipitation of solid salt in magmatic-hydrothermal
systems associated with upper crustal plutons.

8.5. Behavior of sulfur in the granitoid magma

The behavior of sulfur in granitoid magmas is very important in
understanding the metallogeny of intrusion-related gold (and copper)
ore deposits (Frank et al., 2011; Wallace and Edmonds, 2011). High
concentrations of Cu and Au within sulfur-rich calc-alkaline magmas
characterizes subduction zone intrusion-related ore deposits (Yang,
2012). Gold and associated metallic elements in the Baghu IRGD may
therefore be directly derived from a causative intrusion, although minor
amounts could be incorporated from country rocks by selective assim-
ilation and subsequent fractional crystallization. Jugo et al. (1999)
show that gold partition coefficients for an intermediate solid solution
(Iss) and pyrrhotite (Po) are, respectively, D**/™!(gold) = 5.7 x 10°
and D"™¢!(gold) = 140, indicating that fractional crystallization of
sulfide melt gradually deplete a granitic melt in chalcophile metals.
This result is consistent with observations from granitoid rocks at the
Baghu deposit. Furthermore, DY*/™(gold) may greatly increase with
increasing f(S;) and decreasing f(O;) within the pyrrhotite stability
field. Destabilization of both magmatic Iss and Po relative to magnetite
due to changes in f(O5) and f(S5). This could have led to the release of
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gold from sulfides to the melt and/or magmatic fluids and provided a
source of metals and sulfur to ore-forming fluids in the Baghu deposit.

9. Conclusions

The Baghu intrusion-related gold deposit is spatially related to
middle Eocene hypabyssal calc-alkaline microgranite and granodiorite
porphyry stocks that were emplaced during Neotethys subduction. The
high-level emplacement of the intrusions in the TMA was controlled by
the regional extensional regime that was later overprinted by an ENE-
striking, strike-slip fault system. An ion-probe U-Pb zircon age of
43.4 + 1.3Ma for the Baghu felsic subvolcanic rocks overlaps the
“OAr/3°Ar sericite age of 44.3 + 0.3 Ma for the gold-related magmatic-
hydrothermal event. The overlapping ages indicate a short life span for
the magmatic-hydrothermal system, which is consistent with the rela-
tively simple history and shallow depth of the intrusive system. The
presence of magnetite in the ore assemblage and the fluid inclusion data
suggest an “oxidized” affiliation of the gold deposit.

Fluid inclusion data exhibit a positive correlation between salinity
and homogenization temperature, with quartz veins forming at higher
temperature having more saline fluids. Based on the criteria of workers
such as Lowenstern (2001) and Asadi et al. (2013b, 2014, 2017), de-
gassing of CO, from a CO,-rich magma and a high ratio of CO»/H>0 in
fluids would result in a low NaCl activity in the initial ore-forming
fluids, causing paucity of halite-bearing inclusions as was observed in
our main stage hydrothermal quartz veins (cf. Baker, 2002). The CO,/
H,0 ratio typically decreased during progressive decompression or
crystallization-induced degassing. Such a process could occur during
fluid immiscibility due to the partitioning of acidic components (e.g.,
CO,, and SO,) into the vapor phases, thereby increasing the H,O/CO5
ratio, while decreasing HCO;~ and CO5~ contents, causing a drop in
Eh (and a rise in pH and ion concentration) that facilitated the pre-
cipitation of sulfide minerals (see Drummond and Ohmoto, 1985).
Therefore, the escape of CO, was an important factor in increasing the
activity of NaCl and $2~, and precipitation of halite in fluid inclusions
and ore minerals at shallow crustal levels at Baghu.

The S isotope values for the gold-related pyrite and chalcopyrite
suggest that sulfur was derived either directly from a magmatic source,
or through leaching of volcanic and plutonic country rocks. The cal-
culated 8'80 values of fluids in equilibrium with the vein quartz are
also consistent with a magmatic source. Based on the scenario, we
argue the ore-forming metals were derived from the lower crust with
also addition of mantle material. The evidence presented here suggests
that the Baghu deposit is related to magmatic-hydrothermal activity
associated with the intrusion of the microgranodioritic body.
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