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ABSTRACT

The Angouran deposit (19.3 Mt at 23.4% 
Zn and 4% Pb) is the second-largest Zn-
Pb deposit in Iran. The deposit is hosted in 
a Neoproterozoic–Cambrian marble-schist 
sequence within a breccia pipe in a domal 
structure, with sulfide mineralization under 
low-temperature hydrothermal conditions 
(<200 °C). The features of the ore-hosting 
breccias are similar to known halokinetic dia-
pir breccias in the world but evaporite miner-
als are subtle. The common types of breccia 
clasts in the Angouran breccia pipe include a 
matrix-supported angular clast (float breccia) 
with highly variable sizes and orientations 
and exotic volcanic clasts. The volcanic clasts 
were derived from the underlying Miocene 
volcanic rocks, evidenced by the consistent 
petrography and zircon U-Pb ages dated at 
20–19 Ma. Abundant smithsonite pseudo-
morphs after anhydrite and anhydrite inclu-
sions within sphalerite and pre-ore marcasite 
in the breccia matrix indicate that the breccia 
pipe contains abundant anhydrite prior to 
the Zn-Pb mineralization. The enrichment of 
evaporite is also supported by the occurrence 
of considerable double-terminated quartz 
crystals that contain spherical and tabular 
carbonate inclusions and anomalously high 
Li, Na, and K concentrations, relatively high 
B concentration, and high δ18O values (up to 
28.3‰). These observations suggest the An-
gouran deposit formed in a former halokinetic 
diapir breccia pipe. The halokinetic diapirism 
was possibly triggered by thrust loading of 
the marble-schist sequence over the Miocene 
evaporite beds during the Arabia-Eurasia 
continental collision. Halokinetic structures 
elsewhere in the Angouran region warrant 
this consideration. Most of the evaporite min-

erals in the breccia pipe were dissolved and 
replaced before and/or during subsequent 
Zn-Pb sulfide and smithsonite mineralization 
events. This study provides a good example 
for the identification of vanished evaporites, 
halokinetic structure, and associated Missis-
sippi Valley-type mineralization.

INTRODUCTION

Evaporite diapirs and related halokinetic 
structures have been widely accepted as excellent 
exploration targets for oil and gas in salt basins 
(Hudec and Jackson, 2007; Warren, 2016; Jack-
son and Hudec, 2017). Numerous recent studies 
have highlighted the importance of halokinetic 
structures in controlling Mississippi Valley-type 
(MVT) Zn-Pb ores, which are one of the world’s 
most important sources of zinc and lead (Warren, 
2016; Bouhlel et al., 2016; Leach et al., 2017; 
Perona et al., 2018; Leach and Song, 2019; de 
Oliveira et al., 2019; Rddad et al., 2019; Song 
et al., 2020; Rosa et al., 2022). These halokinetic 
structures commonly contain abundant evaporite 
minerals and are thus relatively easily identified. 
However, direct evidence for the recognition of 
halokinetic structures can be problematic when 
evaporite minerals are removed from the rock 
records by dissolution and/or alteration to other 
minerals during burial or hydrothermal pro-
cesses (e.g., Ruan et al., 1991; Jackson et al., 
2003; Hitzman et al., 2012; Hearon et al., 2015; 
Warren, 2016; Leach and Song, 2019). In this 
case, the identification of halokinetic structure 
with minor or without evaporites is crucial for 
the establishment of its relationship with MVT 
Zn-Pb mineralization.

This study discusses the genesis of the ore-
hosting breccia pipe in the Angouran deposit of 
northwestern Iran, which may provide a good 
example for the recognition of vanished evapo-
rites, halokinetic structure, and associated MVT 
mineralization. The Angouran deposit contains 
4.7 Mt of sulfide ore with 27.7% Zn, 2.4% Pb, 
and 110 g/t Ag, and 14.6 Mt carbonate ore 

with 22% Zn and 4.6% Pb (Gilg et al., 2006). 
The high-grade sulfide ores are described as a 
product of low-temperature (<200 °C) miner-
alization systems (Gilg et al., 2006; Boni et al., 
2007; Daliran et al., 2013; Zhuang et al., 2019). 
A notable feature of the ores is their occurrence 
within a large discordant breccia pipe hosted 
in a sequence of metamorphic rocks that are 
thrusted onto Miocene evaporite-bearing volca-
nic and sedimentary sequences. Previous stud-
ies have not adequately addressed the nature of 
the breccia pipe that clearly sets it apart from 
other Zn-Pb deposits in the region. Gilg et al. 
(2006) proposed that the breccia pipe resulted 
from tectonic or hydraulic fracturing during ore 
deposition based on the presence of host rock 
clasts that are supported by sulfides. Daliran 
et al. (2013) noted the restriction of brecciation 
to the ores and the hanging wall marble and fur-
ther attributed the brecciation to overpressured 
ore fluids. The absence of a clear understanding 
of the breccia pipe and its role in the genesis of 
the Angouran ore system limits exploration for 
similar deposits in the region.

The salient feature of the Angouran breccia 
pipe is the presence of exotic clasts of volcanic 
rocks in addition to the wall-rock clasts (mar-
ble and schist). This observation is difficult to 
explain by tectonic or hydraulic fracturing or 
volcanism considering the lack of evidence for 
high-temperature hydrothermal alterations. 
However, this feature is commonly produced 
during the halokinetic migration of salt in a 
diapiric environment that can transport rock 
clasts upward in a diapiric zone (Ruan et al., 
1991; Stern et al., 2011; Thomas et al., 2015; 
Warren, 2016, and references therein). Con-
sidering the widespread occurrence of salt 
tectonic structures in the Angouran region 
(Fig. 1B; Arian, 2012; Ballato et al., 2017), the 
role of halokinesis for the Angouran breccia 
pipe warrants consideration.

To examine the assumption that the Angouran 
breccia pipe is a result of halokinetic diapirism, 
this study conducted petrological, geochemical, 
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and geochronological investigations of the ore-
hosting breccias. Petrography and geochronol-
ogy of the volcanic clasts from the sulfide ores 
within the breccia pipe are compared to those 
of the regional Miocene volcanic rocks, aim-
ing to reveal the source of the volcanic clasts; 
the breccia matrix is petrographically checked 
to identify the possible presence of (former) 
evaporite minerals; trace elements and oxygen 
isotope in quartz with double-terminated crys-

tals in the breccia matrix are analyzed in situ 
to check the relationship between the unusual 
quartz and evaporative environments; sulfur iso-
topes of sphalerite and marcasite are analyzed in 
situ to help the reconstruction of the paragenetic 
sequence for the brecciation and mineral history. 
All these observations and data, mostly focus-
ing on the identification of vanished evaporites, 
allow us to interpret the genesis of the breccia 
pipe and establish the relationship between halo-

kinetic diapirism and MVT Zn-Pb mineraliza-
tion in the Angouran deposit.

GEOLOGIC AND TECTONIC SETTING

The Angouran deposit is located in the north-
western part of the Sanandaj-Sirjan zone (SSZ), 
a tectonic belt that is over 1500 km long and 
150–200 km wide, within the Zagros orogen of 
Iran (Fig. 1A; Alavi, 1994). The SSZ is bounded 

B 
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 C 

Figure 1. (A) Geological framework of Iran showing the tectonic divisions and the widespread occurrences of evaporite diapirs in the Za-
gros fold and thrust belt and the Central Iran Block (modified from Alavi, 1994; Talbot et al., 2009; Agard et al., 2011). (B) Geological map 
of the Angouran-Zanjan area, northwestern Iran (modified from Stöcklin and Eftekharnezhad, 1969; Alavi and Amidi, 1976; Heidari et al., 
2015; Ballato et al., 2017). (C) Generalized stratigraphy columns of the Angouran-Zanjan area (modified from Daliran et al., 2013). LRF—
Lower Red Formation; Qm—Qom Formation; URF—Upper Red Formation; Pt1-Pt2—Paleoproterozoic–Mesoproterozoic; Ꞓ—Cambrian; 
K—Cretaceous; Plo—Pleistocene; Q—Quaternary.
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by the Main Zagros Thrust Fault to the southwest 
and the Urumieh-Dokahtar Magmatic Arc to the 
northeast (Fig. 1A). It was the active southwest 
margin of the Central Iran Block (CIB) during 
the northeastward subduction of the Neo-Tethyan 
oceanic plate in the Late Triassic to Late Creta-
ceous (Agard et al., 2005; Ghasemi and Talbot, 
2006; Chiu et al., 2013; Hassanzadeh and Wer-
nicke, 2016). The timing of the initial continental 
collision between the Arabian and Eurasian plates 
is controversial, but most studies have suggested 
that collision began at ca. 27–25 Ma (Fig. 1A; 
Mouthereau et  al., 2012; McQuarrie and van 
Hinsbergen, 2013; Hassanzadeh and Wernicke, 
2016; Koshnaw et  al., 2019). Foreland basins 
in the CIB and northwestern SSZ were formed 
since the Miocene (ca. 20 Ma) (Talbot and Aft-
abi, 2004; Ballato et al., 2008, 2011, 2017; Nad-
imi and Nadimi, 2008; Morley et al., 2009).

Angouran lies in the Zanjan area in the north-
western SSZ. The Precambrian Takab meta-
morphic complex is exposed at the western and 
southwestern margins of this area and forms 
the basement of the Cenozoic Great Pari Basin 
(Moazzen et al., 2009; Ballato et al., 2017). The 
metamorphic rocks are greenschist to amphibolite 
facies and include interlayered mafic granulite, 
granitic gneiss, amphibolite, migmatite, pelitic 
schist, meta-ultramafic rock, and calc-silicate 
rock (Figs. 1B and 1C). These rocks may repre-
sent remnants of the Proto-Tethys oceanic litho-
sphere and Cadomain magmatic arc (ca. 562–
505 Ma; Hassanzadeh et al., 2008; Saki, 2010; 
Moghadam et al., 2017; Honarmand et al., 2018) 
and have experienced intense rapid uplifting and 
exhumation during the early Miocene (ca. 20 Ma; 
Mehrabi et al., 1999; Stockli et al., 2004; Gilg 
et al., 2006; Ballato et al., 2017). Minor Cam-
brian–Eocene weak metamorphic sandstone and 
dolostone are locally present in the area (Fig. 1B). 
The early stage of the Cenozoic basin in this area 
was thought to be formed in an extensional inter-
arc setting (Stockli et al., 2004; Gilg et al., 2006; 
Alizadeh, 2017) and contains Eocene andesitic 
lava and conglomerate of the Karaj Formation, 
early Oligocene terrestrial siliciclastic, volcani-
clastic, and volcanic rocks of the Lower Red For-
mation (LRF), and late Oligocene to early Mio-
cene shallow marine limestones and fossiliferous 
marls of the Qom Formation (Figs. 1B and 1C; 
Rahimpour-Bonab and Kalantarzadeh, 2005; Ali-
reza et al., 2007). The late stage of the Cenozoic 
basin was thought of as an asymmetric foreland 
basin, filled with middle to late Miocene (<ca. 
20 Ma) terrestrial red beds and evaporites of the 
Upper Red Formation (URF) and coeval volcanic 
and volcaniclastic rocks (e.g., Rahimpour-Bonab 
and Kalantarzadeh, 2005; Reuter et al., 2009; Bal-
lato et al., 2017). Evaporite horizons, consisting 
mainly of potassic salts, halite, and gypsum/anhy-

drite with a thickness over 200 m, are exclusively 
present in the basal part of the URF (Fig. 1C; 
Rahimpour-Bonab and Kalantarzadeh, 2005; 
Alizadeh, 2017). The volcanic rocks within the 
LRF to the URF are andesitic to acidic, late Oli-
gocene–middle Miocene (ca. 25–15 Ma) in age, 
and mainly distributed at the western and northern 
margins of the Cenozoic basin.

Thrust and dextral transpressional faults and 
halokinetic features are the main structural styles 
in the Angouran-Zanjan area (Fig.  1B; Allen 
et al., 2011; Arian, 2012; Ballato et al., 2017). 
The NNW-trending Geynardjeh-Charhartagh 
fault is a dextral strike-slip fault that records 
>15 km of displacement (Allen et  al., 2011). 
The basement rocks are thrusted over Cenozoic 
volcanic and sedimentary rocks along NW-trend-
ing faults (Fig. 1B; Daliran et al., 2013; Ballato 
et al., 2017). Some of the evaporites within the 
basal URF have reached the surface as diapiric 
evaporite sheets alongside NW-SE–trending 
thrust faults in the Mahneshan-Halab area, sev-
eral tens of kilometers east of the Angouran mine 
(Fig. 1B; Rahimpour-Bonab and Kalantarzadeh, 
2005; Arian, 2012; Ballato et al., 2017), suggest-
ing that the evaporite halokinesis is associated 
with the oblique collision between the Arabian 
and Eurasian plates (Fig. 1B; Arian, 2012).

GENERAL FEATURES OF THE 
ANGOURAN DEPOSIT

The Angouran deposit is hosted within a dis-
cordant breccia pipe in a Neoproterozoic–Cam-
brian metamorphic sequence that comprises the 
upper unit of calcitic marble and the lower unit 
of quartz-sericite, muscovite, and biotite schists. 
The ore-hosting sequence with minor ultramafic 
rocks are thrusted over the Qom Formation 
limestones and marls and the URF volcanic and 
volcaniclastic rocks (Figs. 2A and 2C). The ore 
zone appears as a domal structure within the 
marble-schist sequence (Fig. 2A). Both Zn and 
Pb sulfide and carbonate mineralization occur in 
a discordant breccia pipe that is bound by high-
angle faults (Fig. 2D). The breccia zone extends 
from the marble-schist boundary to the interior 
of the marble unit, and has a diameter of 200–
400 m and a depth greater than 200 m (Fig. 2D).

Sulfide ores, mainly sphalerite with subordi-
nate galena, occur in the breccia matrix located 
in the bottom part of the breccia pipe, near the 
boundary between the marble and schist units 
(Fig. 2D). Anhydrite occurs in the sphalerite as 
mineral inclusions and trace amounts of marca-
site and pyrite are present in the breccia matrix. 
The middle and upper parts of the breccia pipe 
are dominated by carbonate ores, although sulfide 
ores occur locally. Mixed sulfide-carbonate ores 
occur between the zones of discrete sulfide and 

carbonate ores. Carbonate ores consist mainly of 
smithsonite, with minor sulfides, hemimorphite, 
cerussite, and Fe-Mn oxides in breccias or veins 
(Gilg et al., 2006; Boni et al., 2007; Daliran et al., 
2013; Zhuang et al., 2019). Double-terminated 
quartz is common in sulfide and carbonate ores.

SAMPLES AND METHODOLOGY

Petrography

Nearly 100 samples were collected from the 
Angouran open pit and underground. Most of 
them are breccias that contain sulfides and/or 
Zn carbonates. These samples were made into 
30 µm thick, polished thin sections for micro-
scopic observation. Back-scattered electron, 
cathodoluminescence (CL), and element map-
ping images were obtained using an FEI Nova 
Nanosem-450 scanning electron microscope 
equipped with a backscatter electron detector 
and energy-dispersive spectrometer under 20 kV 
accelerating voltage, 20 nA beam current with a 
working distance of ∼15 mm at the Institute of 
Geology, Chinese Academy of Geological Sci-
ence (CAGS), Beijing, China.

Laser Raman Probe Analyses

Laser Raman Probe analyses were conducted 
to identify minerals with a Renishaw 2000 laser 
Raman spectrometer at the Key Laboratory of 
Metallogeny and Mineral Assessment, Institute 
of Mineral Resources, CAGS. The Ar+ laser 
excitation wavelength was 514.5 nm, the diam-
eter of the laser beam was 1 μm, and the laser 
power at the sample surface was 20 mW, with 
a 1 cm−1 spectrometer and the scanning range 
between 100 cm−1 and 1500 cm−1. The spec-
trum was calibrated with silica with an accuracy 
of ±0.2 cm−1. Typical Raman spectra of anhy-
drite, quartz, sphalerite, and carbonate minerals 
are shown in Figure S11.

1Supplemental Material. Figure S1: (A) Raman 
spectra of anhydrite and dolomite inclusions in S1 
sphalerite; (B) Raman spectra of dolomite and spherical 
calcite inclusions in double-terminated quartz; (C) 
Raman spectra of tabular dolomite inclusion and the host 
double-terminated quartz. Figure S2: Concentrations of 
Li, Na, and K versus Al of the double-terminated quartz 
at Angouran. Table S1: U-Pb data of zircons from 
Miocene tuffaceous pyroclastic rocks and volcanic 
clasts-bearing breccias in the Angouran deposit. Table 
S2: Sulfur isotope composition of sulfides in the 
Angouran deposit. Table S3: Quantitative LA-ICP-MS 
trace element data of double-terminated quartz in the 
Angouran deposit (concentrations in ppm). Table S4: 
Oxygen isotope composition of quartz from the sulfide 
ores and footwall schist in the Angouran deposit. Please 
visit https://doi​.org​/10​.1130​/GSAB​.S.23154341 to 
access the supplemental material, and contact editing@
geosociety​.org with any questions.
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Zircon Separation and U-Pb Dating

Miocene tuffaceous pyroclastic rocks were 
sampled (AN13-22-1) from ∼500 m south of 
the Angouran open pit. Volcanic clasts-bearing 
breccias were sampled (AN14-7-9, AN14-7-11) 
from the Angouran open pit. Notably, the two 
samples also contain abundant schist clasts. 

Zircon separations for the sample AN13-22-1 
and the other two samples were undertaken at 
two different labs to avoid contamination during 
the sample treatment. After conventional heavy 
liquid and magnetic separation, zircon crystals 
were handpicked under a binocular microscope 
and then mounted in an epoxy resin and pol-
ished to expose the surface. Cathodolumines-

cence imaging and U-Pb dating of the zircons 
were conducted at SHRIMP Center, CAGS. 
A high-resolution ion microprobe (SHRIMP) 
was used to measure the U-Pb isotope. Detailed 
analytical procedures refer to Williams (1998). 
The analysis has a mass resolution of ∼5000 
(1% definition) and the intensity of the primary 
O2

− ion beam at 4–6 nA with the spot size of 

Figure 2. (A) Geological map 
of the Angouran mine in north-
western Iran (modified from 
Daliran et al., 2013). (B) A–B–
C cross section showing that 
the Neoproterozoic–Cambrian 
marble-schist sequence was 
thrust onto the Oligocene–Mio-
cene sedimentary and volcanic 
rocks (modified from Daliran 
et  al., 2009). (C) Photograph 
shows the Neoproterozoic–
Cambrian marble thrust onto 
the Miocene tuffaceous rocks, 
southwest of the Angouran 
open pits. (D) E-W–trending 
cross section showing the sul-
fide and nonsulfide mineral-
ization in a discordant breccia 
pipe (modified from Boni et al., 
2007).
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25 µm. Each spot was rastered for 180 s prior to 
analysis and five scans through the mass stations 
were conducted for each age determination. The 
TEMORA zircons (206Pb/238U age = 417 Ma) 
were used as standards (Williams, 1998; Black 
et  al., 2003). Data were processed with the 
Excel-based Squid and Isoplot programs, com-
mon lead was corrected by the measured 204Pb, 
and weighted mean ages of individual samples 
are quoted at the 95% confidence level (2σ) 
(Ludwig, 2003). Results are given in Table S1.

Sulfur Isotope Analysis

In situ sulfur isotope analyses of marcasite, 
sphalerite, and galena were conducted at the 
State Key Laboratory of Continental Dynam-
ics, Northwest University, Xi’an, China. The 
Nu Plasma 1700 multicollector inductively 
coupled plasma–mass spectrometer (ICP-MS) 
system is equipped with 16 Faraday cups and 
three ion counters and connected to a Resolu-
tion M-50 (ASI) 193-nm ArF Excimer laser 
ablation system. This system was able to com-
pletely separate any interference peaks for 32S 
and 33S in medium and a higher resolution mode, 
respectively (Bao et al., 2017; Chen et al., 2017). 
Helium gas (gas flow = 280 mL min−1) was 
used as a carrier gas during the laser ablation 
process. Single-spot ablation has a spatial reso-
lution of 30 μm with a fluence of 3.5 J/cm2 and 
laser frequency of 4 Hz. Each scan consisted of 
a 30 s background measurement, an additional 
50 s ablation and data collection, and 120 s wash 
time. The external bracketing standards for sul-
fur isotope analysis are comprised of NBS123 
(δ34SV-CDT = 17.8‰ ± 0.2‰) and PTST3 (δ34SV-

CDT = 26.4‰ ± 0.3‰) for sphalerite, Py-4 
(δ34SV-CDT = 1.7‰ ± 0.3‰) for marcasite, and 
CBI-3 (δ34SV-CDT = 28.5‰ ± 0.4‰) for galena 
(V-CDT—Vienna-Canyon Diablo Troilite). 
Detailed analytical conditions and data cali-
bration processes were described by Bao et al. 
(2017) and Chen et al. (2017). Data are listed 
in Table S2.

Quartz Laser Ablation (LA)-ICP-MS Trace 
Elements Analysis

Double-terminated quartz grains were 
obtained from two sulfide ore samples (AN13-
26-4, AN13-36-8) by standard crushing, siev-
ing, heavy liquid, magnetic separation, and 
handpicking under a binocular microscope. 
More than 200 quartz grains were mounted in 
epoxy blocks and then polished. After CL imag-
ing, trace element analyses were conducted on a 
Thermo iCAP-RQ quadrupole ICP-MS with a 
Teledyne Analyte G2 193 nm ArF Excimer laser 
ablation system at the Kevin Stark Research Cen-

ter, James Cook University, Australia. All instru-
ment tuning was performed at a 7 Hz repetition 
rate, a beam diameter of 35–55 μm, and a laser 
energy density of 7 J/cm2. The first 30 s was for 
gas blank measurement and the following 40 s 
was for sample ablation. NIST 612, NIST 610, 
GSD-1G, and GSE-1G were used as the primary 
and secondary standards. The inclusion-free area 
in the quartz grains was chosen for analysis. The 
analytical elements include 7Li, 9Be, 11B, 23Na, 
24Mg, 27Al, 29Si, 31P, 39K, 43Ca, 48Ti, 55Mn, 57Fe, 
66Zn, 71Ga, 74Ge, 75As, 85Rb, 88Sr, 93Nb, 118Sn, 
137Ba, and 208Pb. The contamination of carbon-
ate mineral or fluid inclusion was filtered or dis-
carded by selecting the flat time-resolved laser 
traces of the spot analyses. Data are given in 
Table S3.

Oxygen Isotope Analysis

More than 200 double-terminated quartz 
grains handpicked from the breccia matrix were 
mounted in epoxy blocks and then polished. The 
wall-rock schist samples containing quartz were 
cut to ∼3 mm slices from ∼80 μm thick, pol-
ished thin sections. The slices were mounted in 
epoxy blocks and then polished. In situ oxygen 
isotopes of these samples were analyzed with the 
SHRIMP IIe/MC at the Beijing SHRIMP Center, 
CAGS. A primary ion beam of Cs + with a spot 
size of 25 μm was used. Analytical procedures 
used are described in Ickert et al. (2008). Data 
were normalized to the quartz oxygen isotope 
standard NBS-28 with its recommended Vienna 
standard mean ocean water (V-SMOW) value of 
9.6‰. The analytical uncertainty for NBS-28 
was 0.5‰. Results are presented in Table S4.

RESULTS

Petrography of Ore-Hosting Breccias

The Angouran breccia consists of rock clasts 
supported by a matrix of mainly sphalerite and/
or smithsonite (Figs.  3 and 4). The breccia 
clasts are mainly marble and schist from the 
country rocks with exotic volcanic rock clasts 
(Figs.  3–5). The breccia clasts vary in diam-
eter from several centimeters to several tens of 
meters (Figs. 3A and 3B). Both schist and mar-
ble clasts are common in the lower marble unit 
(Figs. 3A and 3B). Breccia clasts are commonly 
angular, randomly orientated, poorly sorted, and 
matrix-supported (float breccia) (Figs. 3A–3E). 
Flow-textured breccias occur locally, comprising 
a larger clast surrounded by smaller clasts with a 
preferred orientation (Figs. 3B and 3C) sugges-
tive of migration or ductile flowage of material 
such as evaporites around brittle clasts. Mosaic 
breccias contain rock clasts showing some fitting 

to adjacent clasts without significant displace-
ment and rotation (Fig. 3D).

The ubiquitous volcanic clasts occur through-
out most of the breccia pipe, including crystal 
tuff, rhyolite, and porphyritic andesite (Figs. 3B, 
3E, and 4). Most of the volcanic fragments are 
variably altered and partly preserve their original 
volcanic textures (Fig. 4). The crystal tuff con-
tains the phenocrysts of biotite and plagioclase 
in a matrix of fine-grained quartz (Figs. 4A and 
4B). The plagioclase phenocrysts were com-
monly devitrified to calcite and quartz (Fig. 4B). 
The rhyolite displays a typical rhyolitic texture 
and contains vitric pyroclasts and vermiculite 
(Figs.  4C and 4D). Andesite contains pheno-
crysts of plagioclase and amphibole/biotite in 
a devitrified matrix (Figs. 4E and 4F). Chlorite 
occurs in the phenocrysts and matrix of the 
andesite (Fig. 4F).

Breccia Matrix

This study focuses on the breccia matrix in 
sulfide ores where sulfides are dominated by 
sphalerite, subordinate galena, and trace amounts 
of marcasite and pyrite (Figs. 3–6). Smithsonite 
and double-terminated quartz also occur in the 
matrix (Figs. 5, 7, and 8). Anhydrite inclusions 
are identified within sphalerite and marcasite, 
and dolomite and calcite inclusions commonly 
occur in the sulfides and quartz (Figs. 7 and 8). 
The matrix also contains small fragments of 
schist and marble from the country rocks.

Sphalerite
Two stages of sphalerite are present: early 

dark-brown sphalerite (S1) and later honey-
yellow sphalerite (S2) (Figs. 3D and 5A–5C). 
Sphalerite (S1) appears to be co-genetic with 
S1 galena. Tabular smithsonite (S3) and double-
terminated quartz occur within the S1 sphalerite 
(Figs. 5A, 5C, and 5D). Honey-yellow sphaler-
ite (S2) coexists with S2 galena and occurs as 
veins or oscillatory-zoned aggregates (Fig. 5B). 
Some S1 sphalerite occurs as pseudomorphs 
after anhydrite that has been partially replaced 
by smithsonite (Figs. 5E and 5F).

Marcasite and Pyrite
These two minerals are generally low in abun-

dance but locally abundant in the breccia matrix 
(Fig. 6A). They are commonly broken into small 
fragments that are cemented by S1 sphalerite 
(Fig. 3E inset). Marcasite in the breccia matrix 
displays a radial morphology (Figs. 6B and 6C).

Anhydrite
Detailed microscopic observations and laser 

Raman analyses reveal substantial amounts of 
anhydrite inclusions in S1 sphalerite and marcasite 
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(Figs. 6A, 6C, and 7; Fig. S1A). No anhydrite has 
been observed within the breccia clasts or within 
the wall rocks. Gilg et al. (2006) also identified 
anhydrite inclusions in sphalerite at Angouran. 
Individual anhydrite grains are stumpy, tabular, 
and rectangular in morphology and commonly 
<120 μm long with a typical aspect ratio of ∼1:2 
to ∼1:6 (Figs. 6C, 7B, 7D, and 7E). The partial 
replacement of anhydrite by sphalerite produced 
irregular boundaries between the two minerals 
(Figs. 7D, 7E, and 7G). Elemental mapping of Fe 
contents indicates that zoned sphalerite filled open 
spaces between sulfate crystals (Figs. 7H and 7I). 
The interstitial and replacement textures suggest 
that anhydrite formed before sphalerite. In addi-
tion, anhydrite occurs as inclusions in the cores of 
marcasite, indicating that anhydrite formed before 
marcasite (Fig. 6C).

Smithsonite
Smithsonite (S3) in the breccia matrix from 

sulfide ores commonly replaced sphalerite and 
has tabular and rectangular shapes or irregular 
aggregates (Figs.  5A–5D). Abundant tabular 
smithsonite occurs as pseudomorphs after anhy-
drite (Figs. 5D–5F) and locally has a preferred 
orientation (i.e., flow textures) (Fig. 5C). The tab-
ular smithsonite is suggested to have been formed 
as a direct replacement of sphalerite pseudo-
morphs after anhydrite or infilling tabular cavities 
created by the dissolution of anhydrite (Figs. 5E, 
5F, and 8B). The dissolution and infilling textures 
were also observed by Boni et al. (2007). The 
S1 sphalerite filled open spaces between tabular 
smithsonite crystals (former anhydrite), consis-
tent with the formation of anhydrite before sphal-
erite (Figs. 5E, 5F, 7H, and 7I).

Double-Terminated Quartz
The quartz is ubiquitous in the breccia 

matrix and exclusively and unevenly distrib-
uted within S1 sphalerite (Fig. 8; Gilg et al., 
2006; Daliran et al., 2013). Individual quartz 
crystals are 50–400 μm long and 20–100 μm 
wide. The quartz grains typically do not physi-
cally touch with each other and lack preferen-
tial orientation (Figs. 8A and 8B). They can 
be coeval with anhydrite or anhydrite pseudo-
morphs at a millimeter scale (Figs. 8B and 8C). 
Euhedral quartz grains growing from the schist 
breccia clasts show single-terminated crystals 
(Fig. 8D). Laser Raman analyses indicate that 
the double-terminated quartz contains abun-
dant spherical or tabular dolomite and calcite 
inclusions (Figs. 8D–8F; Figs. S1B and S1C). 
Some of the double-terminated quartz grains 

Figure 3. Photographs showing 
the representative ore-hosting 
breccias in the Angouran de-
posit, northwestern Iran. (A) 
An angular schist megabrec-
cia in a sphalerite-dominated 
matrix. (B) Clasts of volcanic 
rocks, marble, and schist in a 
sphalerite-dominated matrix, 
locally showing a flow texture 
(red arrows). (C) A Flow-tex-
tured breccia, showing pref-
erentially oriented smaller 
marble clasts surrounding a 
larger marble clast in a matrix 
of sphalerite (red arrow). (D) 
Two stages of sphalerite min-
eralization cementing the schist 
clasts, showing a mosaic and 
floated texture (red arrows). (E) 
Clasts of marble and schist in 
a sphalerite-dominated matrix. 
Inset shows that marcasite and 
volcanic rocks are present as 
clasts. Mar—marcasite; Mb—
marble; Sch—schist; Sm—
smithsonite; Sp—sphalerite; 
S1—first stage; S2—second 
stage.
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have been corroded by sphalerite (Figs.  8D, 
8F, and 8G).

Zircon U-Pb Geochronology

Miocene Tuffaceous Pyroclastic Rock
Most of the zircon grains from the volca-

nic rocks (AN13-22-1) in the Angouran region 
are prismatic euhedral or elongate lath-shape 

and show oscillatory zonation in CL images 
(Fig.  9H). Thirty-three analyses of zircons 
yield relatively high Th/U ratios ranging from 
0.17 to 1.78 with 206Pb/238U ages from 786 Ma 
to 14.7 Ma (Fig.  9A; Table S1). The domi-
nant age population ranges from 21.0 Ma to 
14.7 Ma (n = 26; Fig.  9A). Fourteen analy-
ses are concordant with a weighted mean 
206Pb/238U age of 18.15 ± 0.18 Ma (mean 

square of weighted deviates [MSWD] = 0.95) 
(Fig. 9B). This age is consistent with the previ-
ously reported age of ca. 18 Ma (Daliran et al., 
2009; Heidari et al., 2015; Ballato et al., 2017; 
Azizi et al., 2021).

Volcanic Clasts from the Breccias
The 56 analyses of the zircons from the sam-

ple AN14-7-9 yield three discrete age popula-
tions (Fig. 9C). The oldest age population ranges 
from 1012.9 Ma to 462.1 Ma (n = 7), which 
derive from stubby zircon or oval cores and are 
interpreted to be of inherited origin (Fig. 9H). 
The second age population has relatively homo-
geneous Th/U values of 0.13–1.91 and yield 
206Pb/238U age ranging from 96.3 Ma to 79.1 Ma 
(n = 23; Fig.  9C), which were obtained from 
stumpy euhedral zircons without inherited cores 
and from the overgrowth mantle of inherited core 
(Fig. 9H). Fourteen of the 23 analyses are con-
cordant and yield a weighted mean 206Pb/238U 
age of 84.74 ± 0.67 Ma (MSWD = 0.66; 
Fig. 9D). The youngest age population ranges 
from 21.1 Ma to 17.6 Ma (n = 24; Fig.  9C), 
which derive from prismatic euhedral or elongate 
lath-shaped zircons (Fig. 9H). Fourteen of the 
24 analyses are concordant and yield a weighted 
mean 206Pb/238U age of 19.76 ± 0.17 Ma 
(MSWD = 1.04; Fig. 9E).

The 39 analyses of the zircons from the 
sample AN14-7-11 yield two main age popula-
tions (Fig. 9F). The first age population has the 
206Pb/238U ages mainly between 88.0 Ma and 
80.7 Ma (n = 29; Fig. 9F). The zircons are short 
to long prismatic euhedral in shape (Fig. 9H). 
Twenty-one of the 29 analyses are concordant 
and yield a weighted mean 206Pb/238U age of 
84.67 ± 0.54 Ma (MSWD = 0.66; Fig. 9G).

Sulfur Isotopes

Sulfur isotope compositions range from 7.2‰ 
to 8.7‰ (average of 7.6‰, n = 6) and from 
2.0‰ to 6.6‰ (average of 4.8‰, n = 5) for S1 
sphalerite and S1 galena, respectively (Figs. 5E 
and 10; Table S2). Sulfur isotope compositions of 
S2 sphalerite and S2 galena range from 6.4‰ to 
8.5‰ (average of 7.1‰, n = 3) and from 4.0‰ 
to 4.4‰ (average of 4.3‰, n = 3), respectively. 
The in situ analytical results are consistent with 
previous bulk analytical results (Zhuang et al., 
2019). Sulfur isotope compositions of marcasite 
range from −23.8‰ to −15.8‰ (average of 
−18.9‰, n = 5).

Trace Elements in Double-Terminated 
Quartz

This study focuses on the elements Al, Ti, Li, 
Na, K, and B that are used to discuss the genesis 

A  B 

 C  D 

 E  F 

Figure 4. Photographs and photomicrographs showing volcanic rock clasts in the ore-host-
ing breccia in the Angouran deposit, northwestern Iran. (A) Scanned thin section of a tuff 
clast in the matrix of S1 sphalerite and S3 smithsonite. (B) Photomicrograph in cross-polar-
ized light showing the broken biotite phenocryst and the plagioclase phenocryst has totally 
altered to calcite and quartz. (C) Scanned thin section of a greyish-green vitric rhyolite clast 
in the matrix of S1 sphalerite and S3 smithsonite. (D) Photomicrograph in cross-polarized 
showing the typical devitrified rhyolitic texture. Note the spherical and wormlike devitrified 
vitric pyroclasts. (E) Scanned thin section of an andesite clast from the ore-hosting brec-
cia. (F) Photomicrograph in cross-polarized showing the euhedral plagioclase phenocrysts 
have completely altered to calcite. Bt—biotite; Cal—calcite; Chl—chlorite; Mb—marble; 
Pl—plagioclase; Qtz—quartz; Sch—schist; Sm—smithsonite; Sp—sphalerite; Vrm—ver-
miculite; S1—first stage; S3—third stage.
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of the double-terminated quartz. Titanium and 
B are commonly thought to occur in the quartz 
crystal lattice (e.g., Götze et al., 2004; Larsen 
et al., 2004; Lehmann et al., 2011; Götte, 2018), 
and Li, Na, K, and Al can substitute Si on a tetra-
hedral site in quartz crystals (Fig. S2; Landtwing 
and Pettke, 2005; Götte, 2018).

In situ LA-ICP-MS analysis reveals that Al 
concentrations in the double-terminated quartz 
range from 637 ppm to 3668 ppm, with an aver-
age value of 2229 ppm, and Ti concentrations 
range from <1–8 ppm, with an average value 
of 3 ppm (Fig.  11A; Table S3). Lithium, Na, 
K, and B concentrations range from 3 ppm to 
47 ppm (average of 22 ppm), from 38 ppm to 

194 ppm (average of 95 ppm), from 69 ppm to 
643 ppm (average of 232 ppm), and from 3 ppm 
to 47 ppm (average of 15 ppm), respectively. 
The concentrations of total alkali metal elements 
(Li + Na + K) range from 110 ppm to 782 ppm 
(average of 347 ppm; Fig. 11A).

Oxygen Isotopes of Quartz

Quartz in the schist has homogeneous oxygen 
isotope compositions, ranging from 24.4‰ to 
25.4‰ (n = 11; Fig. 12). In contrast, the double-
terminated quartz has variable oxygen isotope 
compositions, ranging from 20.9‰ to 28.4‰ 
(n = 33; Fig. 12).

DISCUSSION

Origin of the Angouran Breccia

Volcanic Rock Clasts
The volcanic clasts from the sulfide ores at 

Angouran include altered crystal tuff, rhyolite, 
and porphyritic andesite (Fig. 4). Our study and 
previous studies (Daliran et al., 2013) indicate 
that these volcanic rock clasts are petrographi-
cally identical to the Miocene volcanic rocks in 
the deposit area. The youngest zircon popula-
tion from the volcanic clasts-bearing breccias 
(the sample AN14-7-9) yields a weighted mean 
206Pb/238U age of 19.76 ± 0.17 Ma (Fig. 9E). The 

Figure 5. Sphalerite and 
smithsonite in the breccia ma-
trix in the Angouran deposit, 
northwestern Iran. Note that 
sphalerite and smithsonite 
pseudomorphs after anhydrite 
are exclusively present in the 
breccia matrix. (A) Photomi-
crograph in transmitted light 
showing dark-brown sphalerite 
(S1) and tabular smithsonite 
(S3) as the breccia matrix. (B) 
Photomicrograph in transmit-
ted light showing that tabular 
smithsonite exclusively coexists 
with dark-brown S1 sphaler-
ite, which is rarely associated 
with honey-yellow sphalerite 
(S2). Irregular smithsonite ag-
gregates (S3) replaced both 
stages of sphalerite. (C) Photo-
micrograph in transmitted light 
showing a flow-textured brec-
cia consisting of preferentially 
oriented tabular smithsonite 
surrounding a larger marble 
clast in a matrix of sphalerite. 
(D) Photomicrograph in trans-
mitted light showing the tabu-
lar smithsonite pseudomorphs 
after anhydrite. (E) Photomi-
crograph in transmitted light 
showing sphalerite (S1) and 
smithsonite (S3) pseudomorphs 
after anhydrite. Sphalerite has 
been partially or totally re-
placed by smithsonite. The yel-
low spots show the position of in 
situ sulfur isotope analyses with 
corresponding δ34SV-CDT values 
(‰). (F) Backscattered electron 

image showing that smithsonite filled the tabular voids with oscillatory zonation. Mb—marble; Qtz—quartz; Sch—schist; Sm—smithson-
ite; Sp—sphalerite; S1—first stage; S2—second stage; S3—third stage; V-CDT—Vienna-Canyon Diablo Troilite.
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zircons also show crystal morphology and CL 
images consistent with those from the regional 
Miocene volcanic rocks (Fig. 9H). These sug-
gest that the volcanic rock clasts in the Angouran 
breccia pipe derived from the Miocene volcanic 
rocks below the Angouran deposit. Both samples 
of the volcanic clasts-bearing breccias (AN14-
7-9 and AN14-7-11) have zircon populations 
yielding weighted mean 206Pb/238U ages of ca. 
85 Ma (Figs. 9D and 9G). However, the regional 
Miocene volcanic rocks do not contain this age 
of inherited zircons, and also no ca. 85 Ma vol-
canic rocks have been reported in the Angouran 

region. Therefore, it is less likely that the zir-
cons of ca. 85 Ma are of inherited origin or that 
they were derived from this age of volcanic rock 
clasts. As some zircons from the Precambrian 
greenschist to amphibolite facies rocks in the 
Angouran region record the metamorphic ages 
of 95–85 Ma (Daliran et al., 2009), we speculate 
that the zircons of ca. 85 Ma from the breccia 
samples were obtained from the schist clasts but 
not from the volcanic rock clasts during zircon 
separation and selection.

The absence of typical features of high-tem-
perature hydrothermal alteration (e.g., sericitiza-

tion, and epidotization) in the Angouran brec-
cias and adjacent host rocks suggests they are 
not intrusion-related magmatic-hydrothermal 
or phreatomagmatic breccias (Ross et al., 2002; 
Sillitoe, 2010). Sericite and muscovite in the 
sulfide ores are more likely the relics of the host 
schists but not a result of the Zn-Pb mineraliza-
tion alteration because the muscovite gives a 
40Ar-39Ar plateau age of ca. 20 Ma identical to 
that of unaltered schists that has been interpreted 
as the cooling age of the basement exhumation 
and the 40Ar-39Ar age of sericite in the sulfide ore 
is disturbed by the Zn-Pb mineralization thermal 
event (Gilg et al., 2006); the volcanic rock clasts 
in the ore-hosting breccias have undergone chlo-
ritization, but this alteration does not occur in the 
marble and schist clasts and thus is less likely 
associated with the Zn-Pb mineralization. The 
large vertical extent of the breccia pipe contain-
ing clasts of exotic volcanic rocks derived from 
the footwall sequence indicates that the breccias 
are unlikely to have been generated by carbon-
ate dissolution-collapse processes or tectonic or 
hydraulic faulting (Sangster, 1988; Jébrak, 1997; 
Loucks et al., 2004; Woodcock and Mort, 2008). 
However, upward transportation of rock clasts is 
common in a diapiric zone (e.g., Warren, 2016; 
Stern et al., 2011; Thomas et al., 2015; Lawton 
and Amato, 2017). Evaporites in the Angouran 
region occur in the basal part of the URF where 
coeval volcanic rocks have eruption ages of 
20–16 Ma (Rahimpour-Bonab and Kalantarza-
deh, 2005; Alizadeh, 2017; Ballato et al., 2017). 
This suggests that the Angouran breccia pipe 
obtained the Miocene volcanic rock clasts below 
the deposit by means of the halokinesis of the 
URF evaporites.

Anhydrite
Anhydrite inclusions in sphalerite and mineral 

pseudomorphs after anhydrite are pervasive in 
the breccia matrix and locally make up ∼40% 
of the matrix by volume (Figs. 5 and 7). There-
fore, anhydrite was originally abundant in the 
breccia matrix. One may argue that the anhy-
drite is the product of the hydrothermal Zn-Pb 
mineralization. However, ore-related hydrother-
mal anhydrite can only be abundant in high-
temperature hydrothermal deposits (>250 °C; 
e.g., porphyry and volcanogenic massive sulfide 
deposits; Kuhn et al., 2003; Sillitoe, 2010; War-
ren, 2016; Creaser et al., 2022), as the solubility 
of anhydrite decreases rapidly with increasing 
temperature. Ore-related hydrothermal anhydrite 
is rare in low-temperature (<250 °C) mineraliza-
tion systems and has only been observed in trace 
amounts in association with early galena from 
the Viburnum Trend deposit, USA (Marikos, 
1989). At Angouran, anhydrite is unevenly 
distributed in the sulfide ore and absent in the 

Figure 6. Marcasite and anhy-
drite inclusion in the breccia 
matrix in the Angouran deposit, 
northwestern Iran. (A) Marble 
clasts in a marcasite-dominated 
matrix, showing that marcasite 
occurs as open-space fillings. 
(B) Photomicrograph in re-
flected light showing a rosette-
like marcasite crystal. The 
yellow spots show the location 
of sulfur isotope analyses with 
corresponding δ34SV-CDT values 
(‰). (C) Photomicrograph in 
transmitted light showing an 
anhydrite inclusion in the core 
of a marcasite crystal. Anh—
anhydrite; Mar—marcasite; 
Mb—marble; V-CDT—Vienna- 
Canyon Diablo Troilite.
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marble and schist, inconsistent with the assump-
tion that anhydrite is the product of hydrother-
mal alteration related to the Zn-Pb mineraliza-
tion. Gilg et al. (2006) observed that anhydrite 
formed earlier than Zn and Pb sulfides in the 
Angouran deposit. Our study shows that the 
sulfur isotope compositions of marcasite are 
distinct from those of the two stages of sphaler-
ite and galena (Fig. 10). As the marcasite frag-
ments are cemented by S1 sphalerite, marcasite 
formed prior to sphalerite and are unlikely to 
be cogenetic with Zn-Pb mineralization. Anhy-

drite was also entrapped as mineral inclusions 
within marcasite, so it formed before marcasite 
and sphalerite and was genetically unrelated to 
Zn-Pb mineralization. Preferentially oriented 
tabular smithsonite pseudomorphs after anhy-
drite surrounding a larger marble clast are char-
acteristic of evaporite flow in a diapiric zone and 
cannot be the product of the hydrothermal pro-
cesses. Therefore, we suggest that the pervasive 
anhydrite at Angouran was part of the mother 
evaporite that formed the diapir rather than a 
product of hydrothermal mineralization altera-

tion. Halokinetic tabular anhydrite is well pre-
served in the Hockley Salt Dome, Texas, USA, 
and the Winnfield Salt Dome, Louisiana, USA 
(Price and Kyle, 1983; Price et al., 1983; Kyle 
and Posey, 1991; Posey et al., 1994; Kyle and 
Saunders, 1996).

Double-Terminated Quartz
The quartz is pervasive in the breccia matrix 

(Fig.  8). Relative to quartz with single-termi-
nated crystals, double-terminated quartz is rare 
in aqueous hydrothermal systems, as quartz 

A  B  C
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Figure 7. Anhydrite inclusions in sphalerite from the breccia matrix in the Angouran deposit, northwestern Iran. (A and B) Photomi-
crographs in transmitted light showing a tabular anhydrite inclusion in S1 sphalerite. (C and D) Photomicrographs in transmitted light 
showing the coexisting stumpy anhydrite and dolomite rhomb in S1 sphalerite. Note that anhydrite is only present in the breccia matrix. 
(E) Photomicrograph in transmitted light showing the tabular anhydrite enclosed by S1 sphalerite. (F) Photomicrograph in transmitted 
light showing a rectangular anhydrite inclusion and a pyrite fragment in S1 sphalerite. (G) Photomicrograph in reflected light showing 
an anhydrite inclusion with irregular boundaries reflecting the replacement by S1 sphalerite. (H) Photomicrograph in transmitted light 
showing that S1 sphalerite with oscillatory zonation filled open spaces between tabular smithsonite pseudomorphs after anhydrite. (I) Cor-
responding photomicrograph of Figure 7H through Fe elemental mapping. Anh—anhydrite; Dol—dolomite; Gn—galena; Kln—kaolinite; 
Mb—marble; Py—pyrite; Sm—smithsonite; Sp—sphalerite; S1—first stage; S3—third stage.
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crystal growth is typically from a surface (e.g., 
fracture surface or another mineral) into the 
fluid. Some reports described the occurrence 
of double-terminated quartz in an aqueous fluid 
system where extremely high rates of ascend-
ing hydrothermal fluids were postulated to have 
kept the crystals floating and away from any 
surfaces during the crystal growth (Okamoto 
and Tsuchiya, 2009). In non-magmatic envi-
ronments, double-terminated quartz is almost 

exclusively associated with evaporitic environ-
ments, although it has also been found in uncon-
solidated or semi-consolidated soft sediments 
(Milliken, 1979; Friedman and Shukla, 1980; 
Maliva, 1987; Kyle and Posey, 1991; Ulmer-
Scholle et al., 1993; Saunders and Swann, 1994; 
Chafetz and Zhang, 1998; Henchiri et al., 2015; 
Leitner et al., 2017). The growth of double-ter-
minated quartz is facilitated by the plastic nature 
of evaporites that allows the crystal to float in 

a matrix of “plastic evaporites” with a density 
similar to quartz during crystal growth.

The double-terminated quartz at Angouran 
contains high concentrations of Al and low 
Ti, suggesting that it precipitated at low 
temperatures (<350 °C; Figs. 11A and 11B; 
Rusk et al., 2008; Lehmann et al., 2011). The 
quartz also has anomalously high Li, Na, and 
K concentrations and relatively high B con-
centrations, which are consistent with the 
compositional signatures of authigenic quartz 
in hypersaline environments where alkali ele-
ments are trapped in the quartz lattice during 
crystal growth (Figs. 11A and 11C; Lehmann 
et  al., 2011; Götze, 2012). Distinct oxygen 
isotope compositions indicate that the double-
terminated quartz was not derived from the 
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Figure 8. Double-terminated quartz and 
carbonate inclusions in the quartz from the 
breccia matrix in the Angouran deposit, 
northwestern Iran. (A) Photomicrograph 
in transmitted light showing double-termi-
nated quartz crystals set in a groundmass 
of S1 sphalerite. Note that these crystals are 
distributed haphazardly without any pre-
ferred orientation. (B) Backscattered elec-
tron image showing the double-terminated 
quartz set in a groundmass of S1 sphalerite. 
Note that anhydrite is totally dissolved, leav-
ing the tabular voids partly filled by smith-
sonite. (C) Photomicrograph in transmitted 
light showing that both double-terminated 
quartz and anhydrite occur in S1 sphalerite 
within a small scale. (D) Photomicrograph 
in transmitted light showing that euhe-
dral quartz crystallizes on the basis of the 
schist clasts and double-terminated quartz 
suspended on the S1 sphalerite. Note that 
the double-terminated quartz is corroded 
by S1 sphalerite (red arrow). Inset (cath-
odoluminescence image) showing that the 
euhedral quartz deposits on and partly 
altered the schist breccia. (E) Photomicro-
graph in transmitted light showing euhe-
dral dolomite and unusual spherical calcite 
inclusions in a double-terminated quartz 
crystal. (F) Photomicrograph in transmit-
ted light showing tabular dolomite inclu-
sions in a double-terminated quartz crystal. 
(G) Scanning electron microscope (SEM) 
image showing the euhedral quartz crys-
tal embedded in S1 sphalerite with a well-
developed face. (H) SEM image showing the 
double-terminated quartz is corroded by S1 
sphalerite. Anh—anhydrite; Cal—calcite; 
Dol—dolomite; Gn—galena; Qtz—quartz; 
Sch—schist; Sm—smithsonite; Sp—sphal-
erite; S1—first stage.
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Figure 9. U-Pb concordia dia-
grams and representative cath-
odoluminescence (CL) images 
of zircon grains from regional 
Miocene volcanic rocks and 
the Angouran volcanic clasts-
bearing breccias, northwest-
ern Iran. (A and B) Concordia 
diagrams for the sample AN13-
22-1 from regional Miocene 
volcanic rocks, ∼500 m south 
of the Angouran open pit. 
(C–E) Concordia diagrams for 
the sample AN14-7-9 from the 
volcanic clasts-bearing brec-
cias at Angouran. (F and G) 
Concordia diagrams for the 
sample AN14-7-11 from the 
volcanic clasts-bearing brec-
cias at Angouran. (H) CL im-
ages of representative zircon 
grains. MSWD—mean square 
of weighted deviates; n—num-
ber of analysis.
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wall-rock schist (Fig. 12). Some of the quartz 
grains have extraordinarily high δ18O values 
(up to 28.3‰). Such elevated δ18O values are 
observed in quartz and chert pseudomorphs 
after sulfate in evaporitic environments where 
the 18O enrichment is attributed to the influence 
of the sulfate phase and/or highly evaporated 
brine (Milliken, 1979; Henchiri and Slim-
S’himi, 2006; Bustillo et  al., 2017; Teboul 
et al., 2019). Tabular dolomite and spherical 
calcite inclusions are also identified in the dou-
ble-terminated quartz (Figs. 8D and 8E). Such 
morphological carbonate mineral inclusions 
have only been reported for quartz precipitated 
from evaporitic environments in which the 
high Mg/Ca ratio prevents the axis-orientated 
growth of dolomite crystals (Perkins et  al., 
1994; Kovalevych et al., 2006; Sanz-Montero 
et  al., 2006; Gillhaus et  al., 2010). Experi-
mental studies also indicate that the growth 
of spherical calcite (aragonite) requires high 
SO4

2− concentrations (SO4
2− ≫ CO3

2−) in the 
aqueous solution (Fernández-Díaz et al., 2010; 
Bots et al., 2011). These observations and data 
suggest that the double-terminated quartz at 
Angouran precipitated from fluids in an evap-
orite environment. The quartz formed earlier 
than the sphalerite as it was corroded by S1 
sphalerite (Figs. 8F and 8G). The quartz crystal 
growth from a breccia clast suggests that the 
double-terminated quartz deposition postdated 
the brecciation (Fig. 8C).

In summary, the salient features of the 
Angouran breccias are consistent with those 
of halokinetic diapir breccias, including the 
presence of (former) anhydrite and double-
terminated quartz in a discordant breccia pipe 
with a dome structure, angular clasts, and mega-
breccias, matrix-supported float breccias, flow 
textures, and exotic breccia clasts derived from 
the footwall unit (Kerr and Kopp, 1958; Jack-
son et al., 2003; Warren, 2016, and references 
therein; Leach et  al., 2017; de Oliveira et  al., 

2019; Leach and Song, 2019). Evaporites from 
the basal URF may be responsible for the halo-
kinesis in the Angouran deposit.

Halokinetic Diapirism and Mineralization 
Process

The Angouran deposit has been classified as 
a sedimentary exhalative (SEDEX) deposit, a 
volcanogenic massive sulfide (VMS) deposit, 
a magmatic-related low-temperature deposit, 
and a Mississippi Valley-type (MVT) deposit 
(Maanijou, 2002; Daliran and Borg, 2005; Gilg 
et  al., 2006; Daliran et  al., 2013; Song et  al., 
2019; Zhuang et al., 2019). The hypothesis of a 
SEDEX or VMS deposit is unrealistic because 
the sulfide ores are hosted by a marble-schist 
sequence, which lacks a laminated or massive 
texture. The characteristics of the ore-forming 
fluids for the Angouran sulfide ores are con-
sistent with MVT deposits (Gilg et al., 2006), 
and the trace elements in sphalerite are similar 
to MVT deposits and unlike magmatic-related 
deposits (Zhuang et  al., 2019). Therefore, the 
Angouran deposit is best classified as a MVT 
deposit. The deposit is different from typical 
MVT deposits in that the ore-hosting rocks are 
metamorphic rocks but not carbonates. However, 
this is not weird because halokinetic diapir-
related MVT mineralization can be hosted by a 
variety of rocks. For example, the world-class 
Jinding Zn-Pb deposit in southwestern China is 
hosted by sandstones and brecciated limestones 
(Leach et al., 2017; Leach and Song, 2019; Song 
et al., 2020).

The age determined for the volcanic rock 
clasts attests to a <19.76 ± 0.17 Ma post-brec-
ciation event for the Angouran Zn-Pb mineral-
ization. Gilg et al. (2006) suggested that the Mio-
cene magmatism or the Plio-Pleistocene tectonic 
compression drove the flow of basinal brines to 
form the Angouran deposit. Given the miner-
alization is unrelated to magmatism, the Plio-

Pleistocene tectonic compression is more likely 
responsible for the Angouran Zn-Pb sulfide min-
eralization. The conceptual models for the halo-
kinetic diapirs and the subsequent mineralization 
process are illustrated in Figure 13. The progres-
sive NE-SW compression during Arabia-Eurasia 
continental collision since ca. 20 Ma resulted in 
the Precambrian–Cambrian metamorphic rocks 
being thrust over the Miocene evaporite-bearing 
volcanic-sedimentary sequences (Fig.  13A). 
The thrust loading probably triggered the halo-
kinetic migration of Miocene evaporites along 
faults into the structurally overlying metamor-
phic sequence to form a discordant diapir breccia 
pipe containing breccia clasts that were derived 
mostly from country rocks and, to a lesser extent, 
from the rocks below (Figs. 13A and 13B).

Prior to Zn-Pb mineralization, trace amounts 
of pyrite and marcasite appear to have formed in 
the diapir via biogenetic sulfate reduction (BSR) 
in the presence of organic matter, as inferred from 
the extremely depleted 34S composition (Fig. 10). 
Low-temperature BSR-related marcasite/pyrite 
deposition is a common process in evaporite 
diapir domes worldwide (Price and Kyle, 1983; 
Kyle and Posey, 1991; Sheppard et al., 1996). 
Organic matter is present along the thrust fault 
between the Neoproterozoic–Cambrian marble 
and the Miocene volcanic rocks, ∼500 m south 
of the Angouran open pit (Fig. 2C; Daliran et al., 
2013). Double-terminated quartz also likely 
formed during this period as a result of fluid cir-
culation within the evaporite diapir.

Subsequent Zn-Pb sulfide mineralization 
was superimposed on the evaporites in the dia-
pir likely during the Plio-Pleistocene tectonic 
compression (Time 2 in Fig. 13C). Most of the 
evaporites were replaced and dissolved before 
and/or during the mineralization, and two stages 
of sphalerite and galena precipitated by replace-
ment of anhydrite and the filling of open spaces 
(Fig. 13C). The processes of replacement and 
filling are also common for sulfide mineraliza-
tion within anhydrite-rich caprocks in evaporite 
domes worldwide and can form both euhedral 
anhydrite and anhydrite with irregular boundar-
ies as observed in Angouran (Price et al., 1983; 
Ulrich et  al., 1984; Kyle and Posey, 1991). 
Sulfur isotopes of the sphalerite and galena in 
Angouran (Fig. 10) allow a broad interpretation 
of reduced sulfur source(s), including thermo-
chemical sulfate reduction (TSR) of marine 
sulfate by organic matter or by Fe2+-rich mafic 
to ultramafic rocks, mixed magmatic and TSR-
generated sulfur (Gilg et al., 2006; Daliran et al., 
2013; Zhuang et  al., 2019). Considering the 
presence of organic matter around the Angouran 
mineralization zone, the simplest interpretation 
is that reduced sulfur originated from the TSR 
process of the diapiric evaporite sulfates.

Figure 10. Sulfur isotope com-
positions of sulfides in the An-
gouran deposit, northwestern 
Iran. The analytical data are 
listed in Table S2 (see text foot-
note 1). Published data are col-
lected from Gilg et  al. (2006), 
Daliran et  al. (2013), and 
Zhuang et  al. (2019) and were 
determined by a conventional 
bulk analytic technique. S1—
first stage; S2—second stage; 
V-CDT—Vienna-Canyon Dia-
blo Troilite.
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Finally, in the middle to upper parts of the 
breccia pipe, supergene smithsonite overprinted 
the earlier sulfide mineralization (Time 3 in 
Fig. 13D). Smithsonite replaced sphalerite and 
possibly anhydrite, and filled the open spaces 
generated by the dissolution of these two miner-
als and marble clasts (Fig. 13D). A supergene 
model for the nonsulfide ore (Hirayama, 1986; 
Hitzman et  al., 2003) was later modified by 
attributing part of the oxide mineralization to 
supergene processes, and/or a low-temperature 
hydrothermal alteration event (Daliran and Borg, 
2005; Boni et al., 2007; Daliran et al., 2013).

Identification of Halokinetic Structure with 
Vanished Evaporites and Its Implications 
for MVT Ore Formation and Exploration

Evaporite minerals, especially halite, are rap-
idly removed from the rock records by dissolu-
tion whereas gypsum or anhydrite can be diage-
netically altered to carbonates by TSR or BSR 
processes, or replaced by barite, celestite, or sil-
ica during burial or hydrothermal processes (e.g., 
Warren, 2016, and references therein). When 
evaporites have been removed, halokinetic struc-
tures without evaporite minerals could easily be 
mistaken for tectonic, hydrothermal, or hydrau-
lic fracturing (e.g., Ollier, 2007). Based on this 
study and previous reports, we summarize some 
characteristic features of halokinetic structures 
with minor or even without evaporite minerals 
including: (1) a large discordant breccia body 
that cuts different stratigraphic zones; (2) the 
breccia containing rock clasts from formations 
stratigraphically below the breccia; (3) breccia 
clasts being angular, chaotically oriented, and 
having a large range in diameters varying from 
centimeters to meters (megabreccia); (4) typi-
cally matrix-supported breccia with few clast to 
clast contacts; (5) flow-textured breccia show-
ing clasts or matrix with a preferred orientation; 
and (6) occurrence of evaporite mineral pseu-
domorphs, anhydrite relics or meta-evaporites 
(e.g., albite, scapolite), and double-terminated 
quartz in the breccia matrix. These can be used 
to identify such halokinetic structures.

The formation of halokinetic breccia zones 
do not produce ore. Rather, they fundamentally 
influence the flow of fluids in the rock package. 
Perhaps the most important factor that controlled 
the ore is a dome that provided a trap for hydro-
carbons and reduced sulfur from gypsum/anhy-
drite that provided a chemical trap for ascend-
ing metalliferous fluids. As shown in Angouran, 
Jinding, Daliangzi, and Tianbaoshan, these eco-
nomically important MVT deposits are hosted 
within halokinetic diapirs that have commonly 
undergone strong dissolution and replacement 
before, during, and/or after Zn-Pb mineraliza-

Figure 11. (A) Box diagram 
showing elemental concentra-
tions in double-terminated 
quartz from the breccia matrix 
in the Angouran deposit, north-
western Iran. (B) Ti versus Al 
concentrations showing that the 
Angouran double-terminated 
quartz is characterized by 
high Al and low Ti. (C) K ver-
sus Na concentrations showing 
anomalously high K concen-
tration in double-terminated 
quartz, compared to data from 
double-terminated quartz from 
the Permian (Zechstein) salt 
mines, central Europe. Data 
are given in Table S3 (see text 
footnote 1). Qch, Qco, QR, and 
QZ data are from Götze (2012). 
Qch—authigenic quartz from 
the Bunter sandstone; Qco—
authigenic quartz from the 
Tertiary lignite, Conspuden, 
Germany; QR—authigenic 
quartz from the Zechstein salt 
deposits, Roßleben, Germany; 
QZ—authigenic quartz from 
the Tertiary lignite, Zwenkau, 
Germany.

A

B

C

Figure 12. The δ18OV-SMOW val-
ues of the double-terminated 
quartz from the sulfide ores 
and footwall schist, showing 
some of the double-terminated 
quartz grains have extraor-
dinarily high δ18O values. 
Analytical results are given in 
Table S4 (see text footnote 1). 
V-SMOW—Vienna standard 
mean ocean water.
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Figure 13. A schematic diagram illustrating the evaporite diapir during regional tectonic evolution and mineralization events in the Angouran 
deposit, northwestern Iran. (A) The Neoproterozoic–Cambrian metamorphic basement thrusted onto the Miocene evaporate-bearing volcanic-
volcaniclastic sequence during regional compression since late Miocene, and the halokinetic migration of Miocene evaporite into the Neopro-
terozoic–Cambrian metamorphic sequence. Basin architecture and regional structure were modified from Ballato et al. (2017). (B) Time 1: The 
evaporite diapir transported breccia clasts derived mostly from the country rocks (marble and schist) and subordinately from the Miocene vol-
canic rocks below. Double-terminated quartz may have formed in the diapir during this period. Trace amounts of marcasite and pyrite formed 
via biogenetic sulfate reduction. (C) Time 2: Zn-Pb sulfide mineralizing fluids migrated into the diapir where evaporite was mostly dissolved 
and replaced. Some sphalerite crystals are pseudomorphs after anhydrite as a result of the replacement, and less amounts of anhydrite were 
included in sphalerite crystals. Considering that sphalerite-hosted fluid inclusions are compositionally similar to a residual evaporated marine 
seawater with no obvious contribution of dissolving electrolytes from the evaporites (Gilg et al., 2006), the K- and Na-salts in the diapir could be 
largely dissolved before the Zn-Pb mineralization. (D) Time 3: Hypogene/supergene smithsonite mineralization was superimposed on the sulfide 
mineralization. Some smithsonite appears as “pseudomorphs after anhydrite,” which are interpreted to be former sphalerite that replaced an-
hydrite crystals, or by infilling of cavities created by the dissolution of anhydrite. LRF—Lower Red Formation; URF—Upper Red Formation.
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tion (Leach et al., 2017; Song et al., 2017, 2019, 
2020; Leach and Song, 2019). In contrast, the 
Tunisian examples suggest that if evaporites are 
well preserved in the evaporite diapirs, the halo-
kinetic diapir bodies themselves have low per-
meability and thus contain few economic MVT 
Zn-Pb ores. In this case, ores usually occur in the 
peridiapiric rocks or transitional zones between 
diapirs and country rocks (Charef and Sheppard, 
1987; Bouhlel et al., 2016; Rddad et al., 2019). 
The structures related to evaporite movement 
and modification must be considered in genetic 
and exploration models.

CONCLUSIONS

The ore-hosting breccias at Angouran occur 
as a discordant pipe containing some volcanic 
rock clasts, with the absence of magmatic-
related hydrothermal alterations. The consistent 
petrography and geochronology indicate that 
the volcanic rock clasts were derived from the 
underlying Miocene volcanic rocks. The matrix-
supported float breccia clasts with a local flow 
texture give a chaotic appearance that is charac-
teristic of diapirs. The anhydrite inclusions and 
abundant mineral pseudomorphs after anhydrite 
and double-terminated quartz with high concen-
trations of alkali earth elements and enrichment 
in heavy oxygen isotopes, as well as tabular and 
spherical carbonate inclusions trapped in these 
quartz crystals are further evidence that the brec-
cia pipe was probably produced by halokinetic 
diapirism. The widespread occurrence of haloki-
nesis for the Miocene evaporites in the Angouran 
region warrants this consideration. The bulk 
of the evaporite minerals were dissolved and 
replaced before and/or during Zn-Pb sulfide and 
later smithsonite mineralization events. There-
fore, the breccia pipe originated as an evaporite 
diapir that became the host to the world-class 
Angouran sulfide and oxide ore deposit. Iden-
tification of a halokinetic structure with minor 
evaporates or without evaporites needs to con-
sider the breccia structure, texture, component, 
and sources of clasts. The formation and modi-
fication of halokinetic structures can provide a 
permeable and chemical trap for ascending met-
alliferous fluids, causing ore deposition within 
the halokinetic breccia zones.
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