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The Mazra’eh Shadi deposit is one of the most representative gold deposits in the Ahar-Arasbaran Belt. The main minerals
are galena, sphalerite, pyrite and chalcopyrite. Concentrations of Au-Ag occur mainly within quartz veins. Five textures
(crustiform, comb, microcrystalline, cockade, and mosaic) are distinguished by field reconnaissance and hand specimen ob-
servations. The 8**S values suggest an increasing role of meteoric water from the deepest levels to the shallow level and sur-
face. Fluid inclusion data show that the mineralisation at the Mazra’eh Shadi deposit can be classified as a
volcanic-rock-hosted intermediate-sulphidation epithermal deposit. Fluid inclusions in vein quartz can be distinctly divided
into three types according to interpretation of petrographic features: intense boiling, gentle boiling and non-boiling condi-
tions. The presence of intense and gentle boiling among different substages at the same level in the Mazra’eh Shadi deposit
indicates that the base of the boiling zone likely shifted upward and downward during vein formation. The concentrations of
Au-Ag occur mainly within quartz veins in the shallow level with gentle boiling (max. 813 ppb Au) and with intense boiling
(max. 2420 ppb Au), whereas lower Au-Ag concentrations are associated with base metal-rich (Pb-Zn) in the deepest levels

=

with non-boiling fluids (max. 52 ppb Au).

Key words: Mazra’eh Shadi, alteration, intense boiling, supersaturation.

INTRODUCTION

Epithermal gold, base metal and porphyry deposits in Iran
are mainly present in two magmatic belts related to the
geodynamic evolution of the Tethyan realm between the Ara-
bian and Eurasian plates during the Early Mesozoic—Late Ce-
nozoic: NW-trending Urumieh-Dokhtar magmatic belt (UDMB),
and the E-W-trending Alborz Belt (Yang et al., 2009). The Ce-
nozoic Ahar-Arasbaran Belt (AAB) of northwestern Iran is part
of the Alborz Magmatic Belt. The Mazra’eh Shadi deposit is lo-
cated in AAB, northern Iran, which is located ~130 km
north-east of Tabriz in the Alborz Magmatic Belt geostructural
zone (Fig. 1). Large Cu-Mo porphyry deposits, Cu-skarn occur-
rences, and Cu-Mo-Au epithermal-vein deposits in this area in-
dicate economic value and potential of mineralisation in this
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magmatic belt and hence requirement of more systematic stud-
ies of metallogenesis and earth resource exploration. Quartz
generally is a dominant gangue mineral associated with epither-
mal vein deposits and reflects different hydrothermal fluid con-
ditions. Therefore, quartz textures have been considered by
many researchers to correspond to the evolution of hydrother-
mal systems (Saunders, 1994; Bobis et al., 1995; Dong and
Zhou, 1996; Shimizu et al., 1998; Moncada et al., 2012). Acom-
mon trend detected in hand specimens of quartz is that its tex-
ture varies from typically coarsely crystalline at depth to fine-
-grained and microcrystalline at shallow levels of epithermal
vein systems (Dowling and Morrison, 1989; Hedenquist et al.,
2000; Simmons et al., 2005; Christie et al., 2007). Quartz tex-
tures in hand-scale sizes of ore samples were selected to show
the textural characteristics. The studies on the Mazra’eh Shadi
mineralisation have been limited providing little insight into the
origin of the deposit. In this paper, we describe the geological
setting and geochemical characteristics of the Mazra’eh Shadi
deposit, including fluid inclusions, quartz textures and sulphur
isotopic characteristics, and propose a genetic model for the
deposit and guidelines for future exploration in the AAB.
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Fig. 1. A simplified regional geotectonic map of Iran (Nabavi, 1976)

Location of studied area is marked by black rectangle. Location of the Ahar-Arasbaran Belt in
the Alborz Magmatic Belt (NW Iran) that is subdivided into the Ahar-Arasbaran Belt in the north
and Tarom-Hashtjin metallogenic province (THMP) in the south (Azizi and Jahangiri, 2008;

Azizi and Moinevaziri, 2009)

GEOLOGY

The Alborz Magmatic Belt in northern Iran is divided into the
western and eastern parts (Azizi and Jahangiri, 2008; Azizi and
Moinevaziri, 2009). The eastern zone consists of basic and fel-
sic tuffs and lavas with alkaline to shoshonitic affinities
(Blourian, 1994), whereas the western part consists of andesitic
to dacitic lavas and many calc-alkaline to shoshonitic granitoid
bodies. The western part is subdivided into two mineralized
provinces, the AAB in the north and the Tarom-Hashtjin metal-
logenic province in the south (Fig. 1).

The Cenozoic AAB hosts precious and base metal minerali-
sation (Daliran et al., 2007), including porphyry, skarn, and epi-
thermal copper, molybdenum, and gold deposits. According to
the distribution of the ore deposit types, three different metallo-
genic zones are distinguished within the AAB (Fig. 2). The three
zones are (Jamalia et al., 2010):

— Zone A contains Cu + Mo * Au porphyry and skarn and
stockwork Cu-Mo-Au mineralisation types (Daliran et al,,
2007). The Sungun, Anjerd and Mazra’eh mines from west
to east are located in this zone.

— Several epithermal gold occurrences (Mazra’eh Shadi,
Safikhanlu, Sarilar and Zaglic mines) are located in Zone B.
Prominent examples of this type of mineralisation are
hosted by the Eocene volcanic rocks (Daliran et al., 2007).

— Zone C deposits occur in the mountain range from the
Sabalan volcano in the south-east to the Jolfa region in the
north-west. The main examples include the Masjed Daghi
and Miveh Rud (Daliran et al., 2007).

Widespread, WNW-trending alteration zones that are paral-
lel to the regional faults occur mainly within the Eocene volcanic
rocks in Mazra’eh Shadi in Zone B. Considering the alteration
assemblages, vein minerals, and fluid inclusion data, Ebrahimi
etal. (2009) recognized different types of epithermal systems in
the AAB, as follows (Fig. 2):

— low-sulphidation (Safikhanlu and Zaglic);

— intermediate (e.g., Mazra’eh Shadi);

— high-sulphidation (e.g., Masjed Daghi).

Geologically, the study area consists of three rock suites
(Fig. 3; Radmard et al., 2017):

— eocene pyroclastic rocks, especially tuffs and andesitic
lavas;

— oligocene-Pliocene pyroclastic rocks, acidic domes, and
dykes of andesitic and dacitic compositions;

— quaternary volcanogenic conglomerate (agglomerate) and
alluvial units.

The oldest rocks in this area are Eocene pyroclastics, which
are covered by Oligocene and Pliocene volcanic rocks. They
comprise andesite and trachyandesite. Numerous dacite to
andesitic dykes and stocks intruded into the Upper Eocene vol-
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Fig. 2. Distribution of different metallogenic zones and mineralisation in the Cenozoic Ahar—Arasbaran Belt
exposed in northwestern Iran (Jamalia et al., 2010)

canic complex. The youngest formation in the area is Quater-
nary alluvial sediments. The Quaternary volcanogenic agglom-
erate (lahar) widely crops out in the vicinity of Mazra’eh Shadi in
the southeastern part of the study area (Fig. 3A). Subvolcanic
rocks, such as quartz monzodiorite — diorite porphyry (mdp), in-
truded into Eocene volcanic and volcano-sedimentary units and
caused mineralisation and alteration of these units.

Gold mineralisation in the Mazra’eh Shadi region is related
to Eocene volcanic and intrusive rocks. Outcrops of the sub-
volcanic rocks extend over about 1650 m and show a width of
about 300—450 m west of Hizehjan (Radmard et al., 2017). The
locations of samples are shown in Figure 3B.

The main structure in the Ahar-Arasbaran metallogeny re-
gion formed as result of the Alpine Orogeny, especially during
the Cretaceous Laramid phase (Radmard et al., 2017). The
evolution of this region has been a controversial issue. While
some authors consider this region as an integral part of the
UDMB, based on similarities in the geochemistry of the volca-
nic-plutonic rocks (Nogol-Sadat, 1993), others argue for a rift
setting (Riou, 1979) or a rift and collision-related setting (e.g.,
Moayyed et al., 2008). The UDMB is dominated by calc-alkaline
volcanic and plutonic rocks and is considered an Andean-type
magmatic belt generated by NW-dipping subduction of Neo-
-Tethyan oceanic crust beneath the Central Iranian micro-conti-
nent, and the collision of the African and Eurasian plates during
the Alpine Orogeny in the Paleogene (Berberian and King,
1982). The deposits, which are formed from the surface to ap-
proximately 400 m below the surface, are typified by veins,
stockworks and disseminations.

The hydrothermal activity and the presence of the faults and
highly fractured breccia zone caused a variety of alteration in
the Mazra’eh Shadi deposit. Field mapping, microscopic study
and XRD analysis resulted in recognition of five, zonally distrib-
uted hydrothermal alteration assemblages that consist of
propylitization, phyllic, argillic and advanced argillic alterations
associated with silicification and ore deposition. Generally, the
outcrops of the silicification can be divided into three main
forms; as stockwork in the northeastern part of the area; as dis-
tinct silica caps in outcrops of the central and southwestern part;
as silica veins with a 20°N-80°E trend in the southwestern part
(Radmard et al., 2017).

MATERIAL AND METHODS

More than 100 samples have been collected from surface
and drill core samples in the Mazra’eh Shadi region. Laboratory
works began with preparation of thin and polished sections from
95 samples which were studied by optical microscopy at Tabriz
University. For determination of the major rock-forming minerals
in the ores, 63 samples were selected for X-ray diffraction (XRD)
and analysed by a SIEMENS model D-5000 diffractometer with
CuKao radiation, voltage 40 kV, beam current 80 mA, continuous
scanning, scanning speed 8°/min, scan range 2—70°, slit DS —
SS — 1°, ambient temperature 18°C, and humidity 30% in the
Binalod laboratory (Iran). Rock samples were crushed to
200-mesh size particles in an agate mill. Unaltered igneous rocks
(16 samples, Appendix 1*) were selected for XRD from host

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/9q.1465
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rocks. The chemical analyses (inductively coupled plasma mass
spectrometry — ICP-MS) were performed in the Amdel laboratory
(Australia) and the ALS Chemex Canada for 51 samples. Gold
content was determined by inductively coupled plasma optical
emission spectrometry (ICP-OES). Detection limits for the ele-
ments are: Au — 1 ppb, Ag — 0.2 ppm, Pb, Zn and Cu — 0.5 ppm.
Over 500 Scanning Electron Microscopy with Energy Dispersive
Spectroscopy (SEM-EDS) analyses on a Field Emission micro-
scope were used in this study. The SEM-EDS analyses were
performed at the Department of Metallurgical and Materials En-
gineering, Lorestan University (Lorestan/Iran). Electron micro-
probe analyses (EPMA) of the polished and thin-polished sec-
tions were performed in the Imidro laboratory (Iran) by a Cameca
SX100 at IMPRC. Operating conditions were: 20 kV and 20 nA,
with a beam diameter 1-5 um.

Ten samples containing quartz veinlets from drill holes
(Hen-07 and Hen-08 boreholes) and surface samples were se-
lected for thermometric analyses. Microthermometric studies
were carried out at the Lorestan University Geological Depart-
ment—Fluid Inclusion Laboratory by a Linkam THMSG600
freezing-heating stage mounted on an Olympus microscope.
They were conducted on 100—150 um thick polished slabs pre-
pared from 10 quartz samples from the silicified and mineral-
ized zones. Most samples were from gold-rich and quartz-sul-
phide breccia veins. The precision of temperature measure-
ments is ~+0.1°C on cooling runs and +2°C on heating runs and
the temperature range varies from —196 to 600°C. Salinities of
liquid-rich fluid inclusions were calculated from the measured
ice-melting temperatures (Bodnar, 1993). Interpolation of data
was done by implementing the Kriging interpolation function
built in the Surfer software, version 9, Excel, computer aided
design (Auto CAD), Fluids (Bakker, 1999), Clathrates (Bakker,
1997), and Flincore (Brown, 1989). The basic statistics, mini-
mum, maximum, mean and standard deviation were calculated
by SPSS software, version 16.

The sulphur isotope compositions were examined in 11 py-
rite samples (from the Hen-07 borehole). Representative py-
rite-rich samples from the ore stage vein materials were ana-
lysed for sulphur isotope ratios at the G. G. Hatch Stable Iso-
tope Laboratories, University of Ottawa. The analytical preci-
sion is +0.2%e.

RESULTS

Igneous rocks in the Mazra’eh Shadi deposit include ande-
site, trachyandesite to andesitic basalts. These rocks contain
~21 to 30% phenocrysts of plagioclase (oligoclase-andesine)
and hornblende (Fig. 4).

The sulphur isotopic values of pyrite are in a range from
—0.2 to 0.7%o, but they are concentrated in the range of 0.2 to
0.7%o. The 8*S value of the fluid was calculated from 5*S value
of pyrite, and the mineral 5%S versus H,S fractionation factor
(Ohmoto and Rye, 1979) was estimated assuming H,S as the
main sulphur species in the fluid (Table 1).

Microthermometric studies were performed on primary inclu-
sions in quartz samples. The fluid inclusions are round and are
mostly liquid-rich two-phase ones. The inclusions have a wide
variation in size from 4 to 93 um with an average of 14 um. The
largest fluid inclusion of 93 um was observed in the outcrop sam-
ple (MSF-17). Homogenization temperatures of the inclusions in
quartz, which were commonly observed either as inclusions
along growth zones or isolated single inclusions in crystals, vary
between 160 and 324 in drill core samples and between 176 and
302°C in surface outcrops, with an average of 228°C for samples
from both drill core and surface outcrops (Radmard et al., 2017).
The ice melting temperatures vary from —0.1 to —3.2°C, which
correspond to a salinity range from 0.17 to 5.17 wt.% NaCl equiv-
alent with an average of 1.9 wt.%. The microthermometric data
(homogenization temperatures, ice melting temperatures and
size for fluid inclusions) and calculated parameters, such as sa-
linities and density, are summarized in Appendix 2.

Three main types of fluid inclusions were identified at room
temperature (25°C) in the samples from silicified and mineral-
ized zones. In order of abundance, they are as follows:

Type 1 - liquid-rich (LV). Inclusions of this type are filled by
liquid + vapour with the liquid phase volumetrically dominant and
lack of daughter crystals. These fluid inclusions are common in
all mineralized quartz veins. The diameters of these fluid inclu-
sions range from 4 to 93 um. Liquid-rich inclusions (75-80% fill-
ing degree) occur in almost all samples and make the largest
numbers of the studied inclusions. The last ice-melting tempera-
ture (Tm, ice) of these inclusions is between —0.1 and —3.2°C.
These inclusions yield homogenization temperatures from 160 to

Fig. 4. Photomicrographs of host-rock andesite (XPL)

A — plagioclase and hornblende are major constituents in porphyritic andesite;
B — porphyritic andesite with fresh plagioclase phenocrysts;
XPL — cross-polarized light, Pl — plagioclase, Hbl — hornblende
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Table 1

Sulphur isotope data of sulphides (pyrite in the main stage mineralisation)
from the Mazra’eh Shadi deposit

Sample Vein mineralogy T §*s V-CDT | §*SH,S Depth
No. [°C] [%] [%] [m]
1 MS Qtz-Mo-Ccp-Py-Sp-Gn 2437 0.6 -0.9 155
2 MS Qtz-Py 220.4 0.3 -1.3 55
3MS Qtz-Mo-Ccp-Py-Sp-Gn 2437 0.7 -0.8 155
4 MS Qtz-Py 219.0 -0.2 -1.9 surface
5MS Qtz-Py 219.0 0.1 -1.6 surface
6 MS Qtz-Py 219.0 0.1 -1.6 surface
7 MS Qtz-Mo-Ccp-Py-Sp-Gn 243.7 0.7 -0.8 155
8 MS Qtz-Py 220.4 0.4 -1.2 55
9 MS Qtz-Mo-Ccp-Py-Sp-Gn 243.7 0.7 -0.9 155
10 MS Qtz-Py 220.4 0.2 -1.4 55
11 MS Qtz-Py 219.0 0.3 1.4 surface

Ccp —chalcopyrite, Gn — galena, Mo — molybdenite, Py — pyrite, Qtz — quartz, Sp — sphalerite; T
is based on microthermometric measurements of fluid inclusions in quartz; 8**S H,S values
are calculated based on H,S-sulphide sulphur isotope fractionation equations of Ohmoto and

Rye (1979)

308°C and the salinities are 0.17-5.2 wt.% NaCl equivalent. This
type occurs widely in quartz with zonal texture.

Type 2 — two-phase vapour-rich (VL). Inclusions of this
type are common in the outcrop quartz vein samples. The di-
ameters of these fluid inclusions range from 6 to 31 um. Their
last ice-melting temperature (Tm, ice) is between —-0.1 and
—1.1°C. These inclusions homogenized into the gas phase. The
homogenization temperatures range from 173 to 324°C, which
is relatively the highest homogenization temperature range ob-
tained in the study area, and the related salinities are
0.16-1.8 wt.% NaCl equivalent. The gas bubble in (VL) inclu-
sions occasionally occupies >80% of the inclusion volume. This
type is common in quartz with comb texture and mosaic texture.

Type 3 — vapour monophase (V). Inclusions of this type
have diameters ranging from 10 to 30 um.

DISCUSSON

PETROGRAPHIC AND GEOCHEMICAL CHARACTERISTICS
OF HOST ROCKS

Unaltered igneous rocks associated with the Mazra’eh
Shadi deposit (16 out of 51 samples; Appendix 1) are distrib-
uted in the subalkaline field on the total alkalis versus silica dia-
gram (Le Maitre, 2002), spanning from dacite, andesite to ba-
saltic andesite (Fig. 5A). Igneous rocks typically associated with
epithermal deposits worldwide include andesitic components
(Arribas, 1995; Simmons et al., 2005) and show subalkaline af-
finity (Du Bray, 2014) comprising the basalt-rhyolite span (Fig.
5A). Igneous rocks associated with quartz-adularia epithermal
deposits have SiO, contents that range continuously to as low
as ~48 wt.% SiO,, and the SiO, contents of the principal igne-
ous rock population associated with quartz-alunite epithermal
deposits only increase to ~54 wt.%. Silica contents of igneous
rocks associated with quartz-adularia deposits,which range to
values about ~6% less than those of igneous rocks associated

with quartz alunite deposits, are distinct and constitute the prin-
cipal geochemical difference between igneous rocks associ-
ated with the two epithermal deposit types.

Many of the igneous rocks associated with epithermal de-
posits have Sr/Y greater than >20 (Fig. 5B) which is characteris-
tic of magmas with adakitic compositions; these compositions
are also consistent with greater magmatic water contents. In the
Sr/Y versus Y (ppm) diagram (Defant and Drummond, 1993),
more than half of the Mazra’eh Shadi samples associated with
epithermal deposits have adakitic compositions with Sr/Y >20
(Fig. 5B).

Hornblende preferentially incorporates Y and therefore horn-
blende crystallisation and fractionation result in progressively de-
pleted Y contents (Sisson, 1994). Greater magmatic Sr contents
result from suppressed crystallisation of plagioclase, which pref-
erentially incorporates Sr and, consequently, the greater Sr/Y in-
dicates crystallisation of hornblende and suppression of plagio-
clase crystallisation, both consistent with greater magmatic water
contents that are ultimately conducive to the magmatic volatile
exsolution required to generate the magmatic hydrothermal flu-
ids responsible in epithermal systems. In the Rb versus (Y + Nb)
tectono-magmatic discrimination diagrams (Pearce et al., 1984),
most of the igneous rocks associated with epithermal deposits
fall in the volcanic arc granites field. However, some of the igne-
ous rocks associated with the Midas quartz-adularia gold-silver
deposit (Nevada) suggest a within-plate affinity (John, 2001). In
this diagram, all Mazra’eh Shadi samples fall in the volcanic arc
granites field (VAG; Fig. 5C).

In the Na,O + K,O-CaO versus SiO, variation diagram
(quartz adularia or quartz alunite deposits) the Mazra’eh Shadi
samples are distributed (Fig. 6) in the calcic field (62.5%) to
calc-alkalic field (31.5%). Igneous rocks typically associated with
epithermal deposits containing 50 to ~65 wt.% SiO, are calcic to
calc-alkalic, whereas samples with >65 wt.% SiO, are generally
calc-alkalic to alkali-calcic (Frost et al., 2001). However, most of
the igneous rocks associated with epithermal deposits worldwide
are calc-alkaline in terms of IUGS classification.
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Comparison of the Mazra’eh Shadi Na,O + K,0-CaO ver-
sus SiO, and major oxides (TiO,/SiO,, Al,04/SiO,) values with
published data from some epithermal deposits (21 quartz adu-
laria deposits and 15 quartz alunite deposits; Du Bray, 2017)
shows similarity to the quartz-adularia epithermal mineral de-
posits (Figs. 6 and 7).

In low-SiO, igneous rocks associated with epithermal de-
posits, concentrations of TiO, and Al,O3 vary considerably, but
they decrease in a more siliceous variety (Fig. 7). The relation-
ship between TiO, and SiO; is interpreted as a function of
crystallisation and fractionation of clinopyroxene, hornblende,
biotite, and Fe-Ti oxide (Du Bray, 2017). Plots of TiO, or Al,O3
versus SiO, for Mazra’eh Shadi samples are consistent with the
quartz-adularia epithermal type worldwide (Du Bray, 2014). The
results of electron probe microanalyses of quartz are summa-
rized in Table 2.

MINERALISATION

The mineralisation is restricted to silica veins and locally to
the stockwork (Fig. 8A, B). The ore minerals occur as dissemi-
nations, massive accumulations, and the matrix of hydrother-
mally brecciated (Fig. 8C) and silicified volcanic rocks.

Mineralisation occurs exclusively along Hizehjan village in
the eastern part of the area. The main minerals are galena,
sphalerite, pyrite and chalcopyrite (Fig. 8D, E). Ore and gangue
minerals assemblages identified in the Mazra’eh Shadi depos-
its are typical of mineralisation of epithermal origin (Radmard et
al., 2017).

At the Mazra’eh Shadi deposit, Au concentrations occur
mainly within quartz veins (Fig. 8F) in a shallow level (65 m
b.s.l.), whereas lower Au contents are associated with base
metal-rich deeper levels (280—155 m). Pyrite is the most abun-
dant sulphide mineral (Fig. 8G- ).

Fig. 5. Comparison of petrological diagrams for Mazra’eh Shadi
deposit with epithermal deposits (quartz-adularia — red symbols
and quartz-alunite — blue symbols) epithermal mineral deposits
(Du Bray, 2017)

A — total alkali-silica diagram of igneous rocks associated with epither-
mal deposits; field boundaries from Le Maitre (2002); B — Sr/Y versus Y
(ppm) abundances in igneous rocks (Defant and Drummond, 1993); C
‘ — trace-element, tectonic—setting—discrimination variation diagram
showing the composition of igneous rocks; tectonic setting-composi-
tion boundaries from Pearce et al. (1984 ); VAG — volcanic arc granites,
WPG - within plate granites, ORG — ocean ridge granites, Syn-COLG —
syn-collision granites

According to the petrographic features and cross-cutting re-
lationships, it is possible to distinguish three main stages of
quartz mineralisation (Fig. 9). The intermediate stage appears
to be the most productive in noble metals. It is distributed in
three spatial domains differing with mean gold contents and de-
duced boiling conditions:

a — deepest levels (155 m with 52 ppb Au and no evi-
dence of boiling),

b — shallow levels (65 m with 813 ppb Au and gentle boil-
ing),

¢ — surface (with 2420 ppb Au and intense boiling).

ORE TEXTURES

Ore textures are highly variable. Ore minerals textures are
massive, disseminated, replacement, banded (open-space fill-
ing), and stockwork. The mineralisation includes mainly Au-Ag-
-bearing quartz veins within andesite and trachyandesite, which
is controlled by fault distribution (Radmard et al., 2017). The
quartz veins consist mainly of fine- to coarse-grained quartz or
quartz and base metal sulphides with minor chalcedony. Geo-
chemical analyses of altered andesite and trachyandesite in the
northern Mazra’eh Shadi show distinct anomalies of Au, Pb, Ag,
Cu and Zn (Radmard et al., 2017). Sulphide minerals consist
mainly of pyrite associated with gold, whereas free gold grains
occur rarely in silica veinlets. Gold at Mazra’eh Shadi is mostly
invisible and could be mainly traced by chemical analysis.

QUARTZ TEXTURE

In this study, the term “texture” is used for features observed
in hand specimens and in microscopic scale to document mor-
phological variations of vein quartz at the Mazra’eh Shadi de-
posit (e.g., Dowling and Morrison, 1989; Barton, 1991; Bobis,
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Table 2
Results of electron microprobe analyses of quartz [wt.%]
Pﬁigt- Location Na;O | K:O | MgO | CaO | MnO | FeO | AlbO; | SiO; | TiO; | P,Os | Total
1 MSF19 0.08 0.09 | 0.04 | 0.01 0 0.03 | 0.57 9899 | 0 0 99.83
3 MSF19 0 0 0.01 0 0.01 0.03 | 04 99.39 | 0.02 | O 99.86
4 MSF19 0.04 0.03 | 0.03 | 001 | O 0 0.14 99.12 | O 0.03 | 994
6 Hen-08-D143 0 0 0.05 | 0.01 0.02 | 0.02 0.12 99.85 | 0 0 100.1
9 Hen-08-D143 0 0.02 0 0 0.02 | 0 0.09 9894 | 0 0.03 | 99.1
15 Hen-08-D143 0 0 0 003 | O 0.04 0.08 99.37 | O 0.04 | 99.56
26 Hen-07-D176 0.02 |0 0 0 0 0.06 | 0.18 99.54 | 0.09 | 0.01 99.9
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500 pum

Fig. 8. Field photographs (A and B), hand specimen (C) and microphotographs of ore (D-I)

A — outcrop of a vein composed mostly of quartz and Fe-oxides—hydroxides in silicified wall rocks in Mazra’eh Shadi deposit; B — outcrop of
stockwork of copper-bearing mineralisation in quartz monzodiorite porphyry at Mazra’eh Shadi; C — breccia texture in drill core section; D —
paragenesis of sphalerite and chalcopyrite (reflected light) in main mineralisation stage; E — paragenesis of galena and sphalerite (reflected
light) in main mineralisation stage; F — native gold in quartz vein (microcrystalline); G — pyrite and Fe-oxides as fracture-fillings in quartz; H —
aggregate of spherical pyrite enclosed in quartz (pre-main mineralisation stage); | — paragenesis of pyrite, chalcopyrite and sphalerite in the
main mineralisation stage; F—I — (backscatter electron image); Au — gold, Py — pyrite, Ccp — chalcopyrite, Sp — sphalerite, Gn — galena, Qtz —
quartz

i
<

Fig. 9. Three main generations of quartz veins: Qtz1 — early
(pre-main mineralization, low in Au), Qtz2 — intermediate (main
ore assemblage) resulting from gentle boiling, with high Au,
Qtz3 — a late stage (post-main mineralization, Au poor), Qtz —
quartz, scale in centimetres
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1994; Dong et al., 1995; Craig, 2001; Chauvet et al., 2006;
Christie et al., 2007).

Mineral textures that can indicate a sequence of precipita-
tion include pseudomorphs, intergrowths, inclusions of different
origin (exsolution, relicts) and growth zonation, among others.
The degree of overstepping of equilibrium conditions is re-
corded by the different form of a mineral, as has been shown
experimentally (Okamoto et al., 2010). Different rates of mineral
growth and the variable balance between the rates of the multi-
ple steps in the reaction pathways on the atomic scale of grain
nucleation and growth is reflected by changing forms. Silica
minerals, in particular quartz, are characterized by specific
properties (e.g., crystal shape, colour, trace element and isoto-
pic composition) which are related to the geological history and
specific conditions existing at the time of formation of this hydro-
thermal ore deposit.

Many chemical and physical properties of quartz and other
silica polymorphs, such as trace element content, isotopic com-
position, etc., are determined by their structure (Gotze and
Zimmerle, 2000; Gotze, 2009). These different properties of
quartz and other silica minerals result in the existence of nu-
merous varieties, i.e. polymorphs. Numerous studies have
shown that quartz of different origin can be distinguished by dis-
tribution and shape of inclusions, temperature of homogeniza-
tion, and chemical composition of fluid inclusions.

Vein textures in the Mazra’eh Shadi deposit were examined
at various scales, from microscopic to mesoscopic (hand speci-
mens). Analysis over a broad size range is necessary to under-
stand thoroughly the information contained in the rock (Craig,
2001). Such studies provide an indication of textural changes in
a single sample, as well as textural differences between sam-
ples in different locations, on the scale of centimetres to hun-
dreds of metres. Such characteristics show the spatial diversity
of quartz textures, including those favouring gold mineralisa-
tion, at depths up to shallow levels or surface. Five textures
(crustiform, comb, microcrystalline, cockade, and mosaic) are
distinguished from field reconnaissance and hand specimen
observation at the Mazra’eh Shadi deposit. Samples have been
collected from surface and drill core samples (Hen-07 borehole
in an Au-Ag-bearing quartz vein). Examples of quartz textures
observed in the Mazra’eh Shadi deposit and their position in the
classification of Dong et al. (1995) are shown in Figure 10.

Primary textures observed in the studied quartz veins are
oscillatory zoned euhedral crystals, chalcedonic and spheroidal
textures, and mosaic quartz. The most common texture in the
hydrothermal quartz veins includes oscillatory euhedral growth
zones that vary in thickness and shape (Gotze et al., 1999;
Lehmann et al., 2009). Mosaics of fine-grained interlocking
crystals of quartz result from rapid quartz precipitation upon
pressure drop in hydrothermal systems (Rusk and Reed,
2002). This texture may be derived from recrystallisation or
mineral replacement.

FLUID INCLUSIONS

Homogenization temperatures (Th) of fluid inclusions in epi-
thermal deposits range from 100 to 350°C, with 90% of the data
between ~120 and 310°C (Bodnar et al., 2014). The micro-
thermometric data and calculated parameters, such as salini-
ties, homogenization temperatures, and ice-melting tempera-
tures, density and size for 106 liquid-rich and vapour-rich fluid
inclusions, are shown in Figure 11.

Both base and precious metal deposits show a mode in Th
at the ~240-250°C span (Bodnar et al., 2014). Salinities range
from 0.1 to <40 wt.% equivalent NaCl, clustering of the data be-

tween 0.1 and 17 wt.% NaCl equivalent, and placing majority of
the salinities <10 wt.% (Fig. 12). Both base and precious metal
deposits are dominated by fluids with salinity values less than a
few weight percent, although base metal-rich deposits (Fig. 12)
tend to have a higher proportion of fluid inclusions with salinities
>3-4 wt.%, if compared to the precious metal deposits (Fig. 12).
Projection of the fluid inclusion microthermometric data of
Mazra’eh Shadi on the Th versus salinity diagram (Fig. 12A, B)
indicates their characteristics typical of both base and precious
metal deposits, but still dominated by precious metal deposits.
Recognition of fluid inclusions trapped under conditions of boil-
ing or immiscibility is valuable for P-T estimations because the
homogenization temperatures equal the trapping temperatures
(Roedder, 1984).

Epithermal deposits are classified into high-sulphidation, in-
termediate-sulphidation, and low-sulphidation types according
to ore, mineral assemblages, and chemical composition of the
parent fluids (Sillitoe et al., 2003).

According to Bodnar et al. (2014), homogenization temper-
atures and salinities of fluid inclusions in high-sulphidation base
and precious metal deposits show a range from 100 to 345
+15°C and 0 to 23 wt.% NaCl equivalent, respectively. In inter-
mediate-sulphidation, the base and precious metal deposits
show the temperature range of 140-310°C and salinities of
0-12 wt.% NaCl, respectively. Low-sulphidation deposits are al-
most exclusively precious metal deposits and show a Th range
from 120 to 320°C and salinity from 0 to 14 wt.% NaCl, but still
most data dominated within the 200-300°C and <5 wt.% salinity
range. Plots of salinity versus homogenization temperatures for
Mazra’eh Shadi fluid inclusions in Figure 13 (for each sulphi-
dation state: high, intermediate, and low), indicate that the de-
posit is intermediate with respect to sulphidation.

The base metals to gold ratio increases at depth. Sulphide
minerals deposited from primary ore-forming fluids (with the av-
erage salinity of 1.34 wt.% NaCl equivalent and temperature of
219-281°C). The base-metal sulphide minerals: galena,
sphalerite and chalcopyrite, are common. Hydraulic fracturing
and a concomitant rapid pressure drop caused boiling that led
to outflow of early fluids to a shallower level and evolution to-
ward higher salinity (average 2.49 wt.% NaCl equivalent) and
lower temperature (Figs. 14 and 15). As this fluid boils and SO,
and CO, are partitioned into the vapour phase, the remaining
liquid carries a surplus of H+, which makes it very acidic (pH = 1;
Hedenquist et al., 2000). Boiling of an ore fluid in this case will
result in loss of H,S to the vapour phase, which causes
destabilization of the Au(HS)-2 complex and precipitation of Au.
This trend reflects the evolution of fluids and the decrease in
temperature with time.The presence of microcrystalline quartz
at the Mazra’eh Shadi deposit is consistent with the silica
supersaturation.

If Th data in fluid inclusion assemblages are consistent (i.e.
90% of the Th data concentrate within a 10—-15°C interval)
among inclusions of various sizes and shapes, then the homog-
enization temperatures of the fluid inclusions record original
conditions of entrapment (Goldstein and Reynolds, 1994).
Summary of microthermometric data and calculated parame-
ters for primary fluid inclusions (Appendix 2, Fig. 16A) indicate
that gradual evolution of hydrothermal fluids took part during
formation of the Mazra’eh Shadi deposit.

The effect of concentration of dissolved elements due to
losing of volatiles during fluid boiling could result in increased
salinities (Henley and McNabb, 1978; Wilkinson, 2001; Meinert
et al., 2003; Liao et al., 2014). The evolved fluid had higher sa-
linity (average 2.49 wt.% NaCl equivalent) and lower tempera-
ture (average 227°C), from which gold precipitated (Fig. 16).
Two populations: high-temperature low-salinity, and low-tem-
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A — examples of quartz and ore textures observed in Mazra'eh Shadi deposit

and classification of Dong et al. (1995)

B — description

Location-
level

Increasing average degree of oversaturation

5um

200 um

Zonal

1-5 mm

Alternating clear and milky zones
of quartz parallel to crystal growth
faces: mildly fluctuating near

equilibrium growth

Borehole Hen -07:
depth,170-155 m

Comb

~1mm

Euhedrally terminated, parallel
grown equal sized crystals as a
result of geometric selection

for growth perpendicular to surface

Borehole Hen -07:
depth, 55 m

Crustiform

~1mm

Bands of different minerals (quartz,
adularia etc.) or different textures:

strong fluctuation of growth conditions

surface

Colloform

Banded semi-spherical or reniform
aggregates: initial precipitation

as silica gel

Mosaic

<1 mm

Recrystallisation of massive
chalcedony or amorphous silica

surface

Fig. 10. Comparison of textures of quartz in different levels of Mazra’eh Shadi deposit (left) with classification of Dong et al. (1995) (right)
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with microthermometry data of Mazra’eh Shadi fluid inclusions

A — fluid inclusion data from epithermal base metal deposits;
B - fluid inclusion data from epithermal precious metal deposits;
n — number of analysed inclusion

perature high-salinity inclusions mark out. This temperature do-
main corresponds to a depth of 200 to 380 m below the water
table (palaeodepth in Fig. 15). Therefore, the boiling should be
considered as the main mechanism responsible for ore deposi-
tion at the Mazra’eh Shadi deposit (Fig. 16B).This finding is
consistent with coexistence of vapour-rich and liquid-rich inclu-
sions (Fig. 17).

STABLE ISOTOPES

Sulphur isotopic compositions have been widely used to in-
vestigate sulphide and sulphate deposition processes, and as
tracers of sulphur sources (e.g., volcanic rocks, magmatic
volatiles and sea water). Sulphur isotopic compositions of
sulphides of epithermal deposits generally yield §**S values
ranging from —15 to 5%o. depending on their geological settings:

(a) =6 and + 5% for low-sulphidation with most values
close to 0%0 (Ohmoto and Rye, 1979; Field and Fifarek,
1985);

(b) —15 to +8%o for alkaline-hosted epithermal deposits
(Richards, 1995);

(c) —10 to +8%o for high-sulphidation deposits (Arribas,
1995).
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Fig. 13. Comparison of fluid inclusion data for epithermal ore
deposits of high (A), intermediate (B), and low (C) sulphidation
(Bodnar et al., 2014) with microthermometry data on Mazra’eh
Shadi fluid inclusions

For each sulphidation state (high, intermediate, and low), the data
are also separated with symbol according to the metal budget in the
deposit (base metal-rich versus precious metal-rich); n — number of
analysed inclusions

The sulphur isotopic values of sulphide minerals (-0.2 to
0.7%o, Fig. 18A) imply that sulphur in the hydrothermal fluids
was derived from magmatic volatiles (Rollinson, 1993). Sulphur
isotope values for sulphides display a shift in 8%S from around
0.7%o in deepest levels (155 m) to —0.2%o surface samples (Ta-
ble 1 and Fig. 18B). This suggests an increasing role for mete-
oric water from the deepest levels to shallow level and surface.
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Fig. 14. Plots of homogenization temperatures versus depth
for fluid inclusions in borehole Hen-07

General trend from base metal sulphide-dominated (lead and
zinc) with high temperature fluid to gold — dominated with
low temperature

Several epithermal gold systems are located in AAB, such
as those of high sulphidation (Masjed Daghi), intermediate
sulphidation (Mazra’eh Shadi) and low sulphidation (Zaglic and
Safikhanloo). Sulphur isotope values for sulphides show a shift
from ~0%o (1.2 to —1.1%o) in Masjed Daghi to increasingly nega-
tive in Zaglic and Safikhanloo. The &**S values suggest a de-
creasing role for magmatic fluids from the Masjed Daghi to
Mazra’eh Shadi and Zaglic and Safikhanloo epithermal sys-
tems, i.e. in the NWW-SEE direction (Fig. 18C).

RELATIONSHIP BETWEEN QUARTZ AND ORE TEXTURES, BOILING,
AND METAL DEPOSITION

Boiling of fluids occurred repeatedly, leading to the solution
supersaturation by silica, which resulted in the formation of
banded veins with variable quartz textures. Intermittent boiling
in epithermal deposits caused repeated sequential precipitation
of precious metal minerals with base metal sulphides that are
associated with colloform and microcrystalline quartz (Shimizu,
2014). The previous studies at the Mazra’eh Shadi deposit
(Ebrahimi et al., 2009, 2011) did not discuss the variation in
boiling conditions revealed by the fluid inclusion study.

At Mazra’eh Shadi, quartz veins containing coexisting lig-
uid-rich and vapour-rich inclusions, as a strong evidence of boil-
ing during hydrothermal evolution, have relatively high Au
grades (up to 813 ppb). This type is common in quartz with
crustiform texture at shallow levels and surface.

Identification of degrees of boiling, as evidenced by the fluid
inclusion assemblages formed at different stages of the vein
quartz precipitation, is particularly important to distinguish be-
tween the nonboiling through gentle boiling to intense boiling at
the same sample location.

In effect of the detailed microscopic study of fluid inclusions
in vein quartz at the Mazra’eh Shadi epithermal deposit three
types of fluid inclusion are recognized: (1) type A fluid inclusion
assemblage along growth zones in quartz that are indicative of
nonboilling conditions; these fluid inclusions are oval; (2) type B
fluid inclusion assemblage consisting of coexisting liquid- and
vapour-rich inclusions that are indicative of gentle boiling; these
inclusions exhibit an oval to irregular shape; (3) type C fluid in-
clusion assemblage consisting entirely of vapour-rich inclu-
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Fig. 15. Plot of Ag, Au, salinity, 5**S and homogenization
temperatures against depth in the borehole Hen-07
in Au bearing quartz veins

Location of quartz in Figure 10

sions that are indicative of intense boiling, which exhibit an oval
to subrectangular plan shape. Fluid inclusion assemblages in
type C at the Mazra’eh Shadi deposit (Fig. 17C) are the result of
intense boiling.

The presence of both types of fluid inclusions (B and C) in
the Hen-07-D66 borehole at the 66 m mine level indicates that
the intensity of boiling fluctuated. The homogenization tempera-
tures of the inclusions recorded original conditions of entrap-
ment, if a fluid inclusion analysis yielded consistent Th data (i.e.
90% of the Th data within a 10-15°C interval) among inclusions
of various sizes and shapes (Goldstein and Reynolds, 1994).
Evidence for gentle boiling or nonboiling conditions is provided
by the primary fluid inclusions in zonal and comb quartz. The
presence of adularia, blade-shape calcite, and quartz pseudo-
morphs after this calcite are evidence of local boiling (Browne,
1978; Hedenquist et al., 2000; Simmons and Browne, 2000).

The close association of precious metal minerals and
microcrystalline quartz at the Mazra’eh Shadi deposit was likely
the result of concomitant precipitation of precious metals and
amorphous silica due to intense boiling. This theory is sup-
ported by the fact that large amounts of precious metals precipi-
tate with amorphous silica as a consequence of H,S loss due to
intense boiling in surface pipes where there are sharp pressure
decreases observed in some New Zealand geothermal wells
(Brown, 1986).

However, intense boiling is not the only cause for precious
metal mineralisation. Gentle boiling may be an indication of
lower-grade precious metal precipitation spread over a larger
vertical range above the base of the boiling zone, and the high-
est ore grades may occur at some distance above the base of
the boiling zone (Simmons and Browne, 2000; Moncada et al.,
2012). At the Mazra’eh Shadi deposit, concentrations of Au-Ag
occur mainly within quartz veins at a shallow level in the
Hen-07-D66 borehole with gentle boiling (max. 813 ppb Au) and
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Fig. 16. Plots of homogenization temperatures versus salinity
(wt.% NaCl equivalent) for fluid inclusions in borehole Hen-07

A — each box shows the median, quartiles, and extreme values within a category; two
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homogenization temperature versus salinity (wt.% NaCl equivalent) in fluid inclusion in
borehole Hen-07 (Radmard et al., 2017); arrow represent approximately boiling trend ac-
cording to model of Wilkinson (Wilkinson, 2001)

in the MSF 17 with intense boiling (max. 2420 ppb Au), whereas
lower Au-Ag contents are associated with the base metal-rich
deepest levels in the Hen-07-D155 borehole with a nonboiling
precipitation environment (max. 52 ppb Au).

The evidence of intense and gentle boiling in different
stages/substages, as well as the presence of comb and mosaic
textures at the same depth in the Mazra’eh Shadi deposit, indi-
cates that the base of the boiling zone likely shifted upward and
downward during vein formation. Christie et al. (2007) suggested
a relationship between palaeodepths and quartz textures of ma-

jor epithermal deposits in New Zealand. Crustiform texture is
common at shallow to deep levels and comb texture is character-
istic of deep levels, whereas microcrystalline textures are typical
atintermediate to deep levels of these epithermal systems. In the
Mazra’eh Shadi deposit, crustiform texture is common at shallow
levels (indicative of intense boiling), whereas comb textures are
typical at shallow and surface levels (indicative of gentle boiling).
The presence of mosaic quartz at the Mazra’eh Shadi deposit is
consistent with the silica supersaturation and classification of tex-
tural features by Dong et al. (1995) (Fig. 10).
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Fig. 17. Fluid inclusion types in quartz from Mazra’eh Shadi deposit

A —fluid inclusion assemblage in quartz, containing liquid-rich inclusions with consistent liquid to
vapour ratios that are indicative of nonboiling conditions (borehole Hen-07-D155); B — a fluid in-
clusion assemblage of coexisting liquid- and vapour-rich inclusions that are indicative of gentle
boiling (borehole Hen-07-D66); C — fluid inclusion assemblage of vapour-rich inclusions, which
are indicative of intense boiling or generally gas mineral-forming fluid (MSF17); L — liquid, V —

vapour
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Fig. 18. Distribution of 5*S isotope

A — histogram of sulphur isotope abundance in the Mazra’eh Shadi deposit; B — plots of 5**S values from Mazra'eh Shadi deposit
versus depth; C — comparison of 8**S values from Mazra’eh Shadi deposit with Zaglic and Safikhanloo (Ebrahimi et al., 2011),
Masjed Daghi (Ebrahimi et al., 2009), low-sulphidation epithermal deposits (Field and Fifarek, 1985), precious metal epithermal
deposits (Castor et al., 2003) and Sungun porphyry (Calagari, 2003); NWW-SEE - direction of map in Figure 2
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In the Mazra’eh Shadi deposit the degree of silica super-
saturation increases from deep to shallow levels. Distinct are
recrystallisation textures that develop inversion of one or more
metastable forms of silica to fairly stable quartz and hence re-
cords initial precipitation of silica as a metastable form
(Herrington and Wilkinson, 1993). Vugs and euhedral growth
into space are indicative of open “fissure” space in the veins or
may indicate recrystallisation at the period of mineral growth.
Pseudomorphic replacements of platy calcite by quartz indicate
a change of pH or other physical and chemical conditions in the
vein over the time of mineral precipitation, such that, in the first
step, calcite rapidly grew from solution as platy grains so the so-
lution became undersaturated with respect to calcite, and the
carbonate was replaced by quartz in the later step. Breccias
and veined textures evidence active faulting.

CONCLUSIONS

1. The Mazra’eh Shadi rock samples are distributed in the
subalkaline field of the TAS diagram from dacite to basaltic an-
desite and show volcanic arc signatures.

2. Microscopically observable features of fluid inclusions in
vein quartz reveal three types of parent solutions: intense boil-
ing (common in quartz with crustiform texture), gentle boiling

(common in quartz of comb and mosaic textures), and non-
boiling within the deposit area.

3. Sulphur isotope values for sulphides display a shift in §**S
from ~0.7%o in the deepest levels (155 m) to —0.2%. in surface
samples, which suggests an increasing role of meteoric water
towards the surface.

4. Projection of salinity versus homogenization temperatures
for Mazra’eh Shadi fluid inclusions (for each sulphidation state:
high, intermediate, and low) shows that the deposit can be classi-
fied as an intermediate epithermal deposit of precious metals.

5. The close association of precious metal carriers and
microcrystalline quartz (former amorphous silica) at the
Mazra’eh Shadi deposit was likely the result of their concomi-
tant precipitation due to intense boiling.

6. Concentrations of Au-Ag occur mainly within quartz veins
in a shallow level with gentle and intense boiling, whereas lower
contents of Au-Ag are associated with base metals in deep lev-
els where nonboiling conditions occurred.

7. The degree of silica supersaturation increases from deep
levels to shallow levels.
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