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1. Introduction

ABSTRACT

The geological rock units in the Garmab area include the Eocene pyroclastic, lava flow, sedimentary,
evaporite, and Oligocene-Miocene sedimentary-evaporite sequences. The sodium sulfate-bearing
stratigraphic units include shale, siltstone, marl and gypsiferous marls with upper Eocene age,
among which the dark gray shale unit has the most association with sodium sulfate. The amounts of
MgO, Ca0, and Na,O in the Garmab shales are higher than the North American Shale Composition
(NASC), which indicates their deposition in a shallow and closed marine environment. The Garmab
sodium sulfate was deposited under hot and dry climate conditions at the latitude of 25° to 40°N
and the action of hydrothermal fluids related to Eocene volcanic activities reached to the basin
floor through oblique-slip active faults. Based on the mineralogy of Garmab deposit (glauberite,
anhydrite, gypsum, and halite), seawater brines are rich in calcium, sodium, chlorine and sulfate. The
sedimentary-evaporite layers were most likely deposited in the post-rift stage and in the marginal
parts of the subduction-related intracontinental basins and or in the central parts of the shallow rift
basins when the basin floor was uplifted. The Garmab sodium sulfate is classified in the category of

marine evaporite deposits, which was formed in a shallow intracontinental basin.

Sodium sulfate minerals, halite, sylvite, gypsum and anhydrite are usually
formed as evaporite layers along with marl, marly limestone, shale,
siltstone and claystone in the continental and marine depositional settings.
Environmental factors such as climate, location, topography, and geology
control the input and enrichment of solutes and sedimentary deposit types
in arid closed basins (e.g., Eckardt, 2001; Gu and Eastoe, 2021). Glauberite
(Na,Ca(S0,),) is a common sodium sulfate salt in ancient and modern
saline lakes. In closed non-marine and marine environments, the continuous
evaporation of water leads to the deposition of sodium sulfate minerals such

as glauberite, thenardite and mirabilite. Their deposition is related to the

Ca-Na-S0,-Cl-rich brines. In a closed hydrological system, the composition
of water brines largely depends on unstable lithologies that are leached and
altered by inflow waters in the drainage basin surrounding a salt basin.

The Garmab sodium sulfate deposit is located 35 km east of Semnan
city, and it is the only active sodium sulfate mine in the country (Figure
1-a and b), which is being mined by Iranian Amlah Mining Company. In
this deposit, sodium sulfate is observed as lenses and layers in the Upper
Eocene bituminous shale and marl unit. Geological and exploration studies
to identify similar sodium sulfate deposits in the Semnan-Garmsar area and

other regions of Iran with the same geological and geographical features
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have not been useful. So far, the Garmab sodium sulfate deposit has been
studied from the aspects of structural geology (Shabanian et al., 2015),
geophysical explorations using magnetometry and gravity methods (Afshar
et al., 2018) and resistivity technique (Mostafaie and Ramazi, 2015), but
this deposit has not been studied from the point of view of economic
geology and genesis. In this research, the Garmab sodium sulfate deposit is
investigated from the point of view of geology, mineralogy, geochemistry
and mineralization, and based on the results is presented a model for the
formation of this deposit, which may be a suitable method for prospecting

sodium sulfate prospecting in Garmab and similar regions in the country.

2. Research methodology

This research was started by fieldworks in consecutive rounds, and during
the fieldwork was recorded the geology and mineralization evidence. In
this research, for geological, petrography, mineralogy and geochemical
investigations were sampled from the sodium sulfate rocks and their
accompanying rock units in outcrops, mining trenches, and walls of open
pit mine. The number of 40 thin and 15 thin-polished sections have been
prepared from the various rocks, and petrography, mineralogy, structure and
texture of minerals have been carried out on the samples. In order to the
mineralogical study of sodium sulfate and accompanying rocks, 10 samples
were also analyzed using X-ray diffraction (XRD) method in the Zarazma
mineral studies laboratory in Tehran. Several of 4 sodium sulfate, shale and
gypsiferous shale samples have been selected for geochemical analysis. The
concentration of major, trace and rare earth elements in 4 rock samples was
analyzed using ICP-OES/MS methods in Zarazma Laboratory. Based on
field observation and microscopic studies, 2 polished-thin sections from
the evaporite rocks were selected to study the chemistry of sodium sulfate
and the other evaporite minerals using a Scanning Electron Microscope

(FESEM) at the central laboratory of Shahrood University of Technology.

3. Results

3.1. Geology and stratigraphy

Based on field observations and geologic, stratigraphy and petrographic
investigations, the rock units in Garmab area include Eocene volcanic-
sedimentary and Oligocene-Miocene sedimentary-evaporite units. Eocene
volcano-sedimentary units contain lava flows, pyroclastic, sedimentary and
evaporite rocks. The Eocene volcano- sedimentary rocks are locally cut by

felsic to mafic (mostly intermediate) sub-volcanic bodies and diabase dikes.

- Eocene lava flows: The lava flows include porphyry andesite and andesite-
basaltic rocks, which are associated with lithic tuff, tuffaceous shale, siltstone,
and sandstone sequences. This unit is light- to dark gray in color. Plagioclase
is the most abundant mineral in the composition of these rocks, which is
accompanied by small amounts of hornblende, pyroxene, and magnetite.
These rocks have a porphyritic texture with microlith background. Secondary

minerals composed of calcite, chlorite, epidote, sericite, and calcite (Figure 6).

- Eocene pyroclastic rocks: Pyroclastic rocks are generally observed
together with porphyry andesite and basaltic andesite lava flows in this
area. Tuffs are a combination of light green and thin layers of sandy tuff,
tuffaceous shale, lithic tuff, tuffaceous siltstone, and calcareous shale. These

rock units mostly cropped out in the northwest of the Garmab area (Figure 3).

- Eocene sedimentary rocks: Sedimentary rocks include sandstone, marl,

siltstone and shale with thin to medium layering and gray, cream and green

colors, in which the marl-shale unit is dominant (Fig. 4). The sublitharenite
sandstone unit has a brown to red color. Their composition consists of
quartz, feldspar, rock fragments, and a small amount of chlorite and biotite
(Fig. 8-a and b). Marl unit includes gray, cream, and green marls, in which
shale, gypsiferous shale, and gypsum are also found in different amounts
in its layered horizons. Siltstone unit has a brownish-gray color and is
mostly composed of clay minerals, muscovite, calcite and dolomite with
small amounts of anhydrite and gypsum. Shale unit consists of gray, dark
gray, and black laminated calcareous shale (Fig. 8-¢). Shale unit is mostly
associated with evaporite rocks and glauberite (Fig. 4-a). In microscopic
studies, shale is mostly composed of clay minerals, quartz, plagioclase,
muscovite, chlorite, anhydrite, and calcite (Fig. 8-f). The mineralogical
study of the shale samples using X-ray diffractometry (XRD) method shows
quartz, anhydrite, dolomite, muscovite, illite and a small amount of albite

and chlorite.

- Eocene evaporite rocks: In the Garmab area, volcanic-sedimentary
series with lava flows, pyroclastic and marine terrigenous sedimentary rock
sequences are dominant Eocene rock units, which towards top of sequence
(south Garmab area) moved to the shallow sedimentary units and finally to
sedimentary-evaporite units. One of the unique features of the sedimentary-
evaporite sequence in the Garmab area is the presence of sodium sulfate
as a discrete stratigraphic horizon. The hanging- and foot wall rocks of
sodium sulfate horizon are shale and gypsiferous marl interval. In one case,
the thickness of the sodium sulfate horizon is several meters and it is being
exploited as a sodium sulfate mine (Fig. 4a-c). Based on microscopic studies,
glauberite is the only sodium sulfate mineral in Garmab mine, which is

accompanied by anhydrite and a small amount of gypsum.

-Oligo-Miocene rocks: Oligo-Miocene rock units can be divided into two
parts. Some units (e.g., OLMm,c,s, OLMsh,m,s, OLMt,s, and OLMI) are
comparable to different members of the lower red formation, and the other
part (e.g., OLMs,m,c, OLMs, m,g, OLMI,ml and OLMm,g,) are equivalent
with members of the Qom Formation (Fig. 5a-c). There is a discontinuity
between these two rock units. Rock series in the lower part show most
features of sedimentary and pyroclastic facies of the continental environment,

while the rock set in the upper part mostly display the marine environment.

-Miocene rocks: Miocene rock units are exposed in the southern part of the
Garmab area and are divided into two parts. The boundary between these
two parts is gradual and continuous. Mql, ml unit consists of limestone,
sandy limestone, marl limestone and marl alternating with cream and gray in
color. Mgm,g,| unit consists of green marl series with interlayers of red marl,

gypsum horizons, calcareous limestone, limestone and mudstone (Fig. Sc-d).

3.2. Geochemistry

To study the geochemical characteristics of sodium sulfate and its host rocks
were selected 4 litho-geochemical samples. These samples were selected from
the bituminous calcareous shale, gypsiferous shale, sodium sulfate rock, and
anhydrite and sodium sulfate rock. The concentration of major oxides, trace
and rare earth elements in these samples are given in Table 1. The chemistry of
minerals has also been studied in 2 samples on glauberite and anhydrite (Tables
2 and 3).

3.2.1. Geochemistry of sodium sulfate-hosted shale

The major oxides values in the bituminous calcareous shale and gypsiferous
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shale samples are normalized to the North American Shale Composition
(NASC, Gromet et al., 1984). The enrichment of Mg, Ca, and Na in the shale
samples is due to the presence of dolomite, calcite, anhydrite, glauberite and
gypsum minerals in their composition (Fig. 10-a). The high amount of MgO,
Ca0 and Na,O in the host shale rocks indicates that they were deposited in
a shallow and closed marine basin. In such sedimentary environments, the
input of rivers and terrigenous materials from the continents is less and the
rate of evaporation is high (e.g., Sonnenfeld, 2000; Warren, 2010, 2016).
In trace elements concentration diagram from the Garmab shale samples,
which is normalized to NASC, the content of Sr in the host shale and
gypsiferous shale is higher than the NASC (Fig. 10-b). Considering that
the Garmab shales have carbonate cement and evaporite minerals (e.g.,
anhydrite, sodium sulfate, and gypsum), therefore, the enrichment of Sr in
their chemistry is justified.

The geochemical behavior of trace elements is also used to investigation
the redox conditions of the sedimentation environment. For example, Th/U
ratio is the parameter that provides more information about depositional
conditions. Thorium usually concentrates in clay sediments under oxidizing
conditions, so a Th/U value of less than 2 is used as an indicator of anoxic
conditions (Wignall and Twitchett, 1996). The value of Th/U in the Garmab
shale and gypsiferous shale is 2.07 and 0.05, respectively, and indicates the
anoxic conditions. Also, the negative Ce anomaly in the host shale samples
shows the anoxic conditions of depositional environment (Fig. 10-c). The
ALO,/TiO,, Th/Cr, and Cr/Ni ratios are used to investigate the composition
of sediment source rocks (Oni et al., 2014; Armstrong-Altrin et al., 2016;
Garver et al., 1996). The values of these ratios for the Garmab shales

indicate their origin from intermediate igneous rocks (Table 2).

3.2.2. Geochemistry of sodium sulfate rocks

The NASC-normalized major oxides concentration diagram of the Garmab
sodium sulfate rocks shows the enrichment in Na,O and CaO (Fig. 11-a). In
the NASC-normalized trace element values of sodium sulfate rocks, the Sr

value in sodium sulfate rock samples is higher than the NASC (Fig. 11-b).

3.2.3. Mineral chemistry

In this research, the mineral chemistry investigation has been carried out on
glauberite and anhydrite. Based on the electron microprobe analysis results,
the O, S, Na, and Ca constitute the highest weight percentage of glauberite,
respectively (Table 3). The average amount of Na, S, Ca and O in the studied
mineral is 10.67, 22.35, 16.96 and 51.96 wt.%, respectively. If the average
chemical composition of the studied mineral is compared with the chemical
composition of reference glauberite, it has the most geochemical similarity
with glauberite (Fig. 12-¢). The O, Ca, and S constitute the highest weight
percentage of anhydrite, respectively (Table 4). The average amount of O, Ca
and S in the studied mineral is 53.54, 24.10 and 21.95 wt.%, respectively. If
the average chemical composition of the studied mineral is compared with
the chemical composition of reference anhydrite, it has the most geochemical
similarity with anhydrite (Fig. 13-c).

4. Discussions and conclusion

The Garmab area is located in the northern part of the Central Iran
structural zone (CISZ). Tectonic evolution study of the Iranian crust and
especially the (CISZ) shows that during the Upper Jurassic-Cretaceous
time, simultaneously with the subduction of the Neo-Tethys oceanic crust
under the Central Iran continental crust and formation of volcanic-plutonic

arcs, the shallow intracontinental marine basins is formed in the continent-

3

continent collision zone during the Eocene to Pliocene times in the Central
Iran zone. During the Eocene, in the central parts of the intracontinental
rift basins, due to volcanic activities are formed a sequence of pyroclastic-
sedimentary rocks (tuff and lithic tuff with andesite, dacite, trachyandesite
and basaltic andesite in composition, tuffaceous shale, shale, mudstone,
sandstone, conglomerate and sometimes evaporite rocks) and lava flows
mostly dacite, andesite, and andesite-basalt lavas (Fig. 14-a). During the
Upper Eocene-Miocene, granitoid rocks as massive, apophyse, and dyke
forms were intruded into the Eocene volcano-sedimentary sequences (Fig. 2).
In the marginal parts of the intracontinental rifts, as a result of the activity
of the extensional and normal oblique-slip faults, shallow marine basins
have been formed in different parts of the central Iran zone from the Upper
Eocene to the Pliocene. A sequence of marl, shale, sandstone, conglomerate
and evaporites (e.g., anhydrite, gypsum, sodium sulfate, halite) has been
deposited in the shallow marginal basins (Fig. 14-b). Also, in the central
parts of the intracontinental rift basins, when the depth of the sea water
decreased due to the uplifting of the basin floor and intensity of evaporation
was high, evaporite layers were deposited with marl and shale. During the
Eocene to Pliocene times in central Iran (Upper Eocene time at the location
of Garmab sodium sulfate deposit), hydrothermal vents related to the
Cenozoic volcanic activities under extensional tectonic regime entered the
sedimentary environment through oblique-slip normal faults. In addition,
some sedimentary materials have entered the intracontinental basins as
terrigenous materials from drainage basin rocks and continental volcanic
eruptions (such as ashes, various gases, and acidic waters). According to
the mineralogy of evaporites in Garmab area (glauberite, anhydrite, gypsum
and halite), the evaporite brine waters were rich in Na-Ca-SO,~Cl. Since
the composition of sediments of evaporite basins depends on the lithology
of the drainage basin surrounding a saline lake (Hardie and Eugster, 1970;
Eugster, 1980), in the Garmab area, lithology of drainage basin very likely
were felsic to mafic (mostly intermediate) volcanic-pyroclastic-intrusive
rocks, pyrite-bearing shale, and intermediate volcanic ashes. The existence
of Troud-Chah Shirin volcano-plutonic arc with felsic to mafic (mostly
intermediate) igneous rocks in the north and vicinity of the Garmab area
confirms this hypothesis. Glauberite is the most important sodium sulfate
mineral in the Garmab area and it is formed along with anhydrite, gypsum
and halite as lenses, layers and disseminated prismatic crystals forms in the
upper Eocene gypsiferous marl, bituminous shale, mudstone, sandstone and
conglomerate sequences. In these sequences, evaporite minerals are mostly
associated with bituminous shales. The alternation of bituminous shales
with evaporite rocks indicates an active progressive-regressive system in
which the deposition of bituminous shale is followed by the deposition
of evaporites (Eugster, 1985). Finally, the Garmab sodium sulfate was
deposited with Upper Eocene shale and marl in the marginal parts of the
subduction-related shallow closed intracontinental marine basins, closed
hydrographic basin, hot and dry climate, and intense evaporation in latitude
of 25°to 40° N.
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Quaternary Q": Young alluvial fan deposits
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Figure 2. Geologic map of the Garmab sodium sulfate area (modified after Bahar-Firouzi et al., 2017).
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Figure 3- a) Alternation of thin to medium layers of shale and sandstone (E*") in which the shale unit is dominant (view to SW). b) Interlayers
of green tuff from the E**" into the Esh,s unit (view to E, after Bahar-Firouzi et al. (2017)). ¢) Alteration of E*h unit in contact with microdiorite

body (view to NW, after Bahar-Firouzi et al. (2017)). d) Units of Eth, E™c and E™ in the Garmab area (view to NE).
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Figure 4-a) Sodium sulfate layers and lenses in gypsiferous marl, shale and mudstone sequence (E™g) in the Garmab mine

(view to N). b and c) Alternation of folded thin layers of marl, mudstone and gypsum (E™¢) on the anticline limb. d) Fault

contact between shale, sandstone and tuff unit (E®"*) and marl, sandstone and conglomerate unit (E™¢) (view to W-SW).
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Figure 5- a) Alternation of sandstone, marl and conglomerate with interlayers of argillaceous limestone (OLM*™), thin-medium layers of
tuff, sandy tuff, silicified tuff and tuffaceous mudstones (OLM"), and sandy limestone units (OLM') (view to SE). b) Thick and massive
bedded gypsum (OLM?®) in contact with tuff, sandy tuff and mudstone unit (OLM*) (view to NW). ¢) Alternation of sandstone, marl and
conglomerate with gypsum interlayers and lenses (OLM*>™¢) in normal contact with alternation of limestone, marly limestone and marl
(Mql’“‘l ) (view to E). d) Green marl with gypsum horizons, marly limestone and mudstone unit (qu’g’1 ) and limestone, marl limestone and

marl sequences (Mq““l) (view to SE, image d after Bahar-Firouzi et al. (2017)).
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Figure 6- a) Hand sample photo of porphyritic

andesite. b) Photomicrograph of porphyry andesite
lava which mainly composed of plagioclase and have

porphyritic texture. ¢) Hand sample photo of basaltic

andesite lava. d) Photomicrograph of basaltic andesite
lava which composed of plagioclase, hornblende,
pyroxene, and magnetite. Chl: Chlorite; Ep: Epidote;
Hbl: Hornblende; Mag: Magnetite; Plg: Plagioclase;
Px: Pyroxene; Zrn: Zircon. (Abbreviations for
names of minerals from Whitney and Evans (2010)).
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Figure 7- a) Hand sample of tuffaceous shale.

b) Photomicrograph of tuffaceous shale which mostly

composed of clay minerals and muscovite. ¢) Hand

GB-T-24

sample of lithic tuff. d) Photomicrograph of lithic
tuff contain volcanic rock fragments, plagioclase,
clay minerals, quartz, and calcite. ¢) Hand sample
of tuffaceous siltstone. f) Photomicrograph of
tuffaceous siltstone which composed of plagioclase,
clay minerals, and muscovite. Cal: Calcite;
Chl: Chlorite; C.M.: Clay minerals; Ms: Muscovite;
Plg: Plagioclase; Qtz: Quartz; R.F.: Rock fragments.
(Abbreviations for names of minerals from Whitney
and Evans (2010)).
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Figure 8. a) Hand sample photo of sandstone. b)
Photomicrograph  of  sublitharenite  sandstone
which mostly composed of quartz, feldspar, rock
fragments, and calcite. ¢) Hand sample photo of
marl. d) Photomicrograph of marl contain clay
minerals, muscovite, anhydrite, plagioclase, quartz,
and calcite. e) Hand sample photo of dark gray shale.
f) Photomicrograph of black shale which composed

of quartz, anhydrite, dolomite, muscovite, clay

minerals, plagioclase, and chlorite. Anh: Anhydrite;
Cal: Calcite; Chl: Chlorite; C.M.: Clay minerals;
Ms: Muscovite; Plg: Plagioclase; Qtz: Quartz;
R.F.: Rock fragments. (Abbreviations for names of
minerals from Whitney and Evans (2010)).
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Figure 9- a) Hand sample photo of sodium sulfate
ore. b) Photomicrograph of sodium sulfate ore which
mostly composed of glauberite, and accompany

with anhydrite and rarely quartz and alkali feldspar.

¢) Hand sample photo of sodium sulfate and
anhydrite ore. d) Photomicrograph of sodium sulfate
and anhydrite ore contain glauberite, anhydrite,
gypsum, and rarely quartz. ¢) Hand sample photo
of anhydrite and gypsum. f) Photomicrograph
of anhydrite and gypsum. Alkali feldspar: Afs;
Anh: Anhydrite; Glb: Glauberite; Gp: Gypsum;
Qtz: Quartz. (Abbreviations for names of minerals
from Whitney and Evans (2010)).
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Table 1. Concentration of whole-rock major oxides (wt. %), minor, trace and rare earth elements (ppm) in shale and sodium sulfate samples.

Sample Rock type Si0, ALO, Fe,O, MgO CaO Na,O K,0 TiO, P,0, MnO SO, L.O.L
GB-G-1 | Calcareous shale 4126 9.64 428 699 9.24 1.58 235 047 020 023 8.71 15.04
GB-G-2 | Anhydrite with minor glauberite | 1.16 023 0.12 031 39.65 0.58 006 003 004 004 56.61 0.56
GB-G-3 | Glauberite with minor anhydrite | 0.94 0.17  0.08 0.05 20.55 20.14 0.05 004 003 0.03 5590 1.72
GB-G-4 | Gypsiferous shale 13.01 251 1.14 424 28.86 0.60 051 014 0.07 005 4121 7.41
Sample Rock type Ag As Ba Be Bi Cd Co Cr Cs Cu Hf Li
GB-G-1 | Calcareous shale 0.4 18.1 137 130  0.20 0.4 7.30 82 7.00 24 3.08 118
GB-G-2 | Anhydrite with minor glauberite | 0.3 83 41 0.15  0.08 0.2 0.75 18 0.38 8 0.73 12
GB-G-3 | Glauberite with minor anhydrite 0.3 3.1 14 0.15 0.08 0.2 0.75 37 0.38 6 0.59 1
GB-G-4 | Gypsiferous shale 0.2 7.5 80 0.30  0.08 0.3 0.75 29 1.50 13 1.15 48
Sample Rock type Mo Nb Ni Pb Rb S Sb Sc Se Sn Sr Ta
GB-G-1 | Calcareous shale 1 6.1 27 17 83 34840 040 137 0.38 1.4 369 0.47
GB-G-2 | Anhydrite with minor glauberite 1 1.1 1 5 1 226440 038 0.9 0.38 0.4 6529 0.15
GB-G-3 | Glauberite with minor anhydrite 1 0.7 1 1 1 223600  0.38 0.9 0.38 0.2 4026 0.13
GB-G-4 | Gypsiferous shale 14 24 4 5 14 164840  0.40 3.8 0.38 0.7 2953 0.29
Sample Rock type Te Th Tl 10) v w Y Zn Zr La Ce Pr
GB-G-1 | Calcareous shale 0.08 537 047 2.6 127 0.75 14.5 76 80 20 34 5.33
GB-G-2 | Anhydrite with minor glauberite | 0.08 0.08  0.08 0.2 6 0.70 2.7 1 4 1 1 0.69
GB-G-3 | Glauberite with minor anhydrite | 0.08 0.08  0.08 0.2 3 0.70 2.5 1 4 1 1 0.63
GB-G-4 | Gypsiferous shale 0.08 0.08 021 1.5 38 0.75 5.9 38 22 5 3 1.53
Sample Rock type Nd Sm Eu Gd Tb Dy Er Tm Yb Lu - -
GB-G-1 | Calcareous shale 16.1 099 0.68 237 0.50 2.13 1.00 022 150 0.20
GB-G-2 | Anhydrite with minor glauberite | 0.9 002 0.10 1.06 0.10 0.36 0.05 010 0.10 0.10
GB-G-3 | Glauberite with minor anhydrite | 0.8 002 0.10 1.06 0.10 0.30 0.05 0.10 0.05 0.10
GB-G-4 | Gypsiferous shale 43 002 0.13 132 0.17 0.83 0.15 010 050 0.10
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Figure 10. Element concentrations in shale and evaporite-bearing shale from the Garmab normalized to the NASC (Gromet et al., 1984). a) major

oxides, b) minor and trace elements, and c) rare earth elements.

dsbge ¥ i CONI e gls o, 8 o Lite STole o )3T (slace
¥ oo 3 ole 8 dilate fob (clad gas (5l o o) &S ((Garver et al., 1996)
(Y i) didu o S5 1y Lol st (6w 5 OT Lite e 5 Sl

e SIS g S (o9 § — ' —1—F
Sy ¥ S (e Sl S placd 55 sl Sy adlas e o
O PN RCHF PR [PV PO RO PR LTI PP I X
e ) e s ol ke Ol g K 5 (ke Sl Loy
3 OleS (ol jole Chle palie ileds Ol (prde S g Lo e
4. Cl odd 0313 ) Ul 53 (GB-G-3 5 GB-G-2) ki yoi ol 55 S oS
o3 YO/NF 5T /00 08+ sl b o 5 4 Na,0 580, Ca0 & 514 S
S sty b S e DU s sle S S 5 53 1y Sl p e
e b CBle ST 5 ol oy ) 1 a8 Kos SladenST1 1SS yslie o
b S aadllas 53 3405 Lolart TIO, s MnOCP,0, ol 4 duoys /¥
ol otijle SIS Olsie 4 Sy WKl andl Bl ) 4 oot Sl g
@ JelS BLl 53 457 550 oo (Al Su sl oy 4 T Sl ok ainte

Vo

ko5 dilaio S s Wy SBSiw —Y—1—F
ot (Jax 5 (Sjlsn sl dsb 5o Ti 5 Al ool S Jdse
sy K 5 Sl Lie K S5 @l ALOJTIO,
3 Slgw, )y ALOYTIO, Cns (Oni et al,, 2014) 355 0 05, ,5
ALY Sl Coy a b8 o lite s 5 baalg oSl o )3T sl
2! (Girty et al., 1996; Hayashi et al., 1997) &S" oo a5 Ve GO 5 YY) G A
5 GB-G-1 slaki 4od) (5,55 G S sl b 5 Jod e (6l i
e i 5 Conl okl dmlows VA 5 YY) L 5 4 b S ailaie (GB-G-4
S5 s b s ol (Y o) das s O Sbguny ool 8y 1) Lol gl Lo
53 AL 3T b 5T o S 5 L lTST 5 ladnsT slaeSen
Wil OlaS jole Gl e b ol F aibie Jlb gla i
Slkie s & glize ¢Salel ol /6Ssle 5 oSKels L slaeKaw 53 55 TH/Cr
SIS e e Sl 5 Sl Lie S8l 16T gy 55 THC
(Armstrong-Altrin et al., 2016) &S oo ,uss +/+F7 G 1/ A 5 Y/V2 L 2/Y
Sl Ol 53 /Y B0 /00 tals 53 Slo 8 ailate b (glads sas (gl Ik o
58S Sy Al e Laulsdo 3T eS0T (6, Sliie s S o5



PP=1 () PE 1ol (o pole/l S0 9 gaimw08 5380/ ... oS usaw ildlga JlusdlS JuSss (59501 9 (oo j el 3lS qoawliuibicyo j

S 55l ke aslllas ;e gladgad o el ] SMRe g (Cl o iy
oS g Jet S ) polie ple CBE i 5 el Sl SIS 6T Lo
Lt ol ol o 5 LS 3l (Sl (5 s Gl (-1 JS8)
o) 3 Sl GG S5 0 S L et 55 (Bles S50 4 S
(Brand et al., 1998) 544 o odaliv Ll 2wl 3 Cotades SoHso 4 55 5
Sl g 5 o 0 el 3 8 o 5 ailate (s Sl K Sl o 5 L
,;.@14:?}:&BuoTw,;Mljzﬁljmg;awa\j\‘mﬁ.u
Sl S i Ol g gl ges (S OS5 S o sl 13 g0
o) o &8l Ol bl e e golnin g NASC o o
st 5 585 A (Sl ok G 5 o ol o 5 anlllan s S g8
o Sl OlaS jolie ple b wlid ) (il slalass 53 Yb 5 Er
©3b) Jt Jlasl 4 Yb s Er jobie ,slis 53 Sai 6 ) cpl 5 ol wlie

o1 ) Sl SIUT (sllas s

580, Ca0¢ Si0, wd Sl g Jas 20 5o a3 3 Lol s 15050
Iy sl 3 o b daoys /O 5 VNP OFA/50 BF/%) 3lis b o 5 4 Na,O
Jﬁﬁzéuw\j\é&fﬁ:wSg‘l:-):wu)bd}“j&il%;;)s
sMnOCPO, ,ole 4 doys +/0F Hldie L Clale alS 5 Conl dpys +/0
Sl Sy a4 dsed pl owlid S addlee 55 (Y Jgde ) syl olensl TIiO,
Aoy 4 8 Sl odd ateiie Lol ol S5 Ol 4 oyl o WSO ansl
st GLld & g5 ol 03 35 5SS il polie pd o (Aen o
Blail 53 (ol SIS Sladllae s cCal adntin Laosls 5148 68 Olen .ol
S w S ol jobe SdnST s 53 el gl 5K b L
35 Sai b Sl ods iy (Gromet et al., 1984) Jli o o7 fd
ol 0Ll g5 4 e S s O S (gl 5o 53 CaO 5N2,0 lkie
Oy Ko sk goi SlaS olie Chle ol Slsgas 5 )Y JS2)
(Gromet et al., 1984) Jlas S 4T b oS 5 4 48 Slo 8 ailate ke

wobe S aalats s o S g Ol soe b Al & un gl CE/N 5 ALO/TIO,, TH/Cr slacans -Y Jsd

Table 2. Al,O,/TiO,, Th/Cr, and Cr/Ni ratios to determine the parent rocks of the sodium sulfate-hosting shale unit in Garmab area.
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Figure 11. Element concentrations in sodium sulfate (Glauberite), anhydrite and Glauberite from the Garmab normalized to the NASC (Gromet et

al., 1984). a) major oxides, b) minor and trace elements, and c) rare earth elements.
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Figure 12-a and b) Backscattered scanning electron microscope images of sodium

sulfate in the Garmab (sample T6 EDS) and location of selected electron microprobe

point analyses, ¢) Comparison of chemical composition of Garmab glauberite with the

reference glauberite (webmin.mindat.org).
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Table 3. Selected electron microprobe analyses (wt. %) of glauberite from the Garmab sodium sulfate deposit.

Sample T6 EDS Reference glauberite
Mineral Glauberite (webmin.mindat.org)
Point No. 1 2 3 4 5 6 7 8 9 10 11 12 13 Average
(6} 549 416 45.1 - 55.6  53.6 46.6 46.7 525 575 622 60.7 46.6 51.96 46.01
Na 16.7 13.0 11.6 34 104 166 132 13.7 154 46 43 3.0 13.1 10.67 16.53
S 184 283 267 407 156 195 167 249 205 19.1 17.0 182 251 22.35 23.05
Ca 100 17.1 165 526 121 104 9.1 148 116 175 156 181 153 16.96 14.41
Cl - - - 34 65 - - - - 1.3 08 - - 3.05 -
B - - - - - - 14.5 - - - - - - 14.46 -
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 - 100
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Figure 13-a, b) Backscattered scanning electron microscope images of anhydrite in the

Garmab (sample T3 EDS) and location of selected electron microprobe point analyses,

¢) Comparison of chemical composition of Garmab anhydrite with the reference anhydrite

(webmin.mindat.org).
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Table 4. Selected electron microprobe analyses (wt. %) of anhydrite from the Garmab deposit.

Sample T3 EDS Reference anhydrite
Mineral Anhydrite (webmn.mindat.org)
Point No. 1 2 3 4 5 6 7 8 Average

S 234 23.8 19.0 22.0 19.6 259 21.1 21.0 21.95 23.55

Ca 26.6 26.5 19.7 23.6 21.3 30.7 23.0 21.4 24.10 29.44

(¢} 50.0 49.7 61.3 54.4 59.1 434 55.9 54.5 53.54 47.01

Sr - - - - - - 0.1 3.1 1.60 -

Total 100 100 100 100 100 100 100 100 - 100
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Figure 14- a) Subduction of Neo-Tethys oceanic crust under
the Central Iran crust and forming of the subduction-related
intracontinental basin during Upper Cretaceous-Eocene and
b) Schematic model showing deposition of sedimentary-
evaporite sequence in shallow intracontinental basin during

Upper Eocene- Oligocene in the Garmab area.
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