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Abstract 
The evaporite deposits examined in this study are located in the Eshtehard area (SW of the Alborz Province). Four outcrop sections 
(Mard Abad, Eshtehard, Salt Mine and Rud Shur) and thirty gypsum samples were selected for facies analysis, petrographical and 
mineralogical investigation in combination with the geochemical analyses. The Neogene evaporites are composed of massive, selenite, 
nodular and satin–spar gypsum lithofacies. Three different textures were recognized under microscope: porphyroblastic, alabastrine, 
and fibrous gypsum. Petrographical investigations and X–ray diffraction analysis showed the evaporite beds are mainly composed of 
gypsum, with no anhydrite relics. The characteristics of these litho– and microfacies indicate gypsum deposited in the lacustrine and 
sabkha settings. The ICP–OES analysis shows significant differences in major and trace element contents of the four types of 
gypsums. The concentrations of Sr, Fe, Al, Mg and Na were increased in massive gypsum, while the crystals represent a decreased in 
size. The contents of these elements were also decreased in nodular, fibrous and selenite gypsums. These are probably indicating an 
increase and decrease in brine concentration, respectively. Paleoclimate condition is simply determined for the Neogene evaporites 
using geochemical approach. The results suggest a shift from semi–arid (bottom) to arid (top) paleoclimate conditions. 
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Introduction 
Non–marine evaporite deposits are common 
features of arid closed basins. Most modern non–
marine evaporites and almost all ancient non–
marine evaporites occur in saline lacustrine settings 
(e.g., Strakhov, 1970; Hardie et al., 1978; Lu, 2000; 
Warren, 2007). The term saline lacustrine is 
sometimes referred to as perennial/ephemeral lake, 
playa–lake, salt pan, and inland sabkha (Nichols, 
2009). The most comprehensive overviews on the 
sedimentology of non–marine evaporites have been 
considered by Strakhov (1970), Glennie (1970, 
1987), Cooke & Warren (1973), Eugster & Hardie 
(1975), Hardie et al., (1978), Attia et al. (1995), Lu 
(2000), and Warren (2007, 2016). 

Evaporite minerals are important indicators for the 
paleodepositional environments and paleoclimate 
because they reflect the hydrogeochemical conditions 
at the time of their precipitation (Yang et al., 2014; 
Playa et al., 2007; Smykatz–Kloss & Roy, 2010; Li 
et al., 2010, 2013; Bahadori et al., 2011; Dill et al., 
2012; Tangestani & Validabadi, 2014).  

Gypsum (CaSO4.2H2O) is one of the most 
abundant calcium sulfate mineral precipitated when 
the salinity of solution increases to about five times 
of the modern seawater salinity and give 
information regarding the brines from which they 
precipitate (Warren, 1999). Primary gypsum is 
directly precipitated from brine, and the original 

textures are preserved. Therefore, primary gypsum 
is characterized by the absence of solid inclusions 
of precursor anhydrite (relics) (Ingerson, 1968; 
Holliday, 1970; Dronkert, 1985; Warren, 1999). 
Diagenetic gypsum is also precipitated from fluids 
of dissolved evaporates and it does not represent 
morphologies inherited from precursor anhydrite 
(Ortí & Rosell, 2000). 

Major and trace elements can be incorporated 
into gypsum by the following processes (McIntire, 
1963): 1) substitution for Ca2+ in the CaSO4 lattice, 
2) surface adsorption, 3) non–sulfate solid
inclusions (such as carbonate, salt, or clay), and 4)
defects in minerals. Therefore, they can affect the
gypsum morphology and crystal size (Edinger,
1973; Ichikuni & Musha, 1978; Kushnir, 1980;
McCaffrey et al., 1987; Franchini–Angela &
Rinaudo, 1989; Guan et al., 2010; Rossi et al.,
2011; Otalora & Garcia–Ruiz, 2014). These
behaviors form a basis for utilizing element
concentrations as geochemical indicators to
decipher the paleosalinity of the depositional
environment (Kushnir, 1980, 1981; Ullman &
McLeod, 1986; Lu et al., 1997, 2002).

Gypsum deposited have outcropped in the Central 
Iran and Zagros zones. The Neogene (Miocene–
Pliocene) evaporites such as the Upper Red 
Formation (in the Central Iran zone) exposed in the 
north, center, and east of Iran, comprising 73.2% of 



290 Zaheri & Rafiei                                         Geopersia, 10 (2), 2020 

the total gypsum outcrops in Iran (Raeisi et al., 
2013). In the study area, gypsum deposits are also 
observed in the units M1 and M3 with a relatively 
considerable thickness (Fig. 2). The investigation on 
these evaporates can be an important contribution for 
a better understanding of the paleoenvironment, 
paleoclimate, and paleosalinity of the Neogene red 
deposits (units M1 and M3) in the northwest of 
Central Iran zone. The purposes of this study are: 1) 
to interpret gypsum facies and depositional 
environment, 2) identification and interpretation of 
gypsum textures, and 3) the influence of 
geochemistry on the crystal morphology and size.  

 
Geographical and Geological setting 
The Eshtehard area is located in the northwest of 

Central Iran and south of Central Alborz structural 
zones, adjacent to the Urumieh– Dokhtar magmatic 
belt (Fig. 1A). The Neogene red deposits covers an 
area about 120 km2 along the northern margin of 
Eshtehard city (35°, 45', 00 to 35°, 50', 00 N and 
50°, 10', 00 to 50°, 55', 00 E) in the southeast of 
Karaj (Alborz Province) (Fig. 1B). The Eocene 
magmatic rocks are also seen in the south of the 
Eshtehard area. The Neogene deposits 
unconformably overlie the Eocene volcanic rocks in 
the southern part of the study area. The Eocene 
volcanic rocks are composed of basalt to andesite, 
and green to cream tuffs with the andesitic, dacitic, 
and rhyolitic composition (Mahdizadeh, 1995; 
Yousefi, 2000) (Fig. 1C).  

 

 
Figure 1. Locality map of the study area and measured stratigraphic sections in the NW of Central Iran zone. A) present-day map of 
Iran with the structural zones (modified from Wilmsen et al., 2009), B) geographical location. The study area is marked with a red 
rectangle), and C) simplified geological map of the Eshtehard area with the location of the four measured sections (Mahdizadeh, 1995 
& Yousefi, 2000). 
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Figure 2. Simplified lithostratigraphic columns of the Neogene successions in the four study sections (thickness not to scale) with five 
distinct lithology units (M1 to M5) (The location of each section is shown in Fig. 1C). 
 

The Neogene red beds in the study area were 
investigated in four outcrops, including Mard Abad 
(1080 m in thickness), Eshtehard (820 m), Salt 
Mine (550 m), and Rud Shur (300 m) sections (Fig. 
1C). The studied Neogene successions consist of 
gypsiferous brown claystone/gray mudstones and 
sandstone/conglomerate intercalated with reddish–
brown claystone deposits (Fig. 2). Therefore, 
according to their lithofacies changes, the Neogene 
successions have been subdivided into the five units 
(M1 to M5). The units M1 and M3 consist of an 
alternation of gypsiferous dark brown 
claystone/gray mudstone, and gypsiferous light 
gray mudstone, respectively, while units M2, M4 
and M5 are characterized by conglomerate/ 
sandstone bodies intercalated with reddish–brown 
claystone deposits (Fig. 2). 
 
Materials and Methods 
Detailed field investigations were carried out on the 
Neogene evaporite units (M1 and M3) of the 
Eshtehard area. A total of forty–five gypsum 
samples were selected from the four sections. 
Fourteen representative thin sections were prepared 
for petrographic studies. Cutting, polishing, and 
thinning processes were performed using an oil 
system in the Geological Department of the 
Kharazmi University, Tehran, Iran. All of the thin 

sections were then examined using a polarizing 
microscope. The crystal fabrics and texture types of 
gypsum minerals were mainly described, according 
to Ortí et al., (2010) and Warren (2016).  

Bulk gypsum samples were grounded using an 
agate mortar to <74 µm for mineralogical 
composition and geochemistry analyses. The 
mineralogical analysis was performed on the 
powdered bulk samples (Four samples) using an 
Italstructures diffractometer with Cu kα radiation. 
The diffractometer was operated at 30 mA, 40 kV, 
from 2–60˚2Ɵ, at Bu–Ali Sina University, 
Hamedan, Iran. Twelve gypsums facies, with 
different crystal morphologies (massive, nodular, 
selenite and satin– spar) were analyzed for their Sr, 
Al, Fe, Mg, Na, Li, and Ti contents using ICP–OES 
(varian 735) in the Zarazma, Mineral Studies 
Company, Tehran, Iran.  
 
Results and discussion 
Gypsum lithofacies and depositional environment 
Gypsum lithofacies are only observed in the units 
M1 and M3, which are intercalated with detrital 
brown claystone and gray mudstones. Unit M1 is 
mainly characterized by the high thickness of 
deformed massive, and selenite gypsums, while unit 
M3 is composed of layered massive, nodular and 
satin spar gypsums (Fig. 2). 
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Massive gypsum facies 
This facies is generally observed in the units M1 and 
M3 in the four measured sections (Fig. 2) and 
constitutes more than 40% of the four gypsum facies. 
The thickness of an individual bed of the white to 
dark–colored massive gypsum varies from 5 to 10 
centimeters. They extend laterally up to several 
hundred meters, and are found interbedded with dark 
brown claystone and gray laminated mudstones. This 
lithofacies often displays a regular alternation of 
massive gypsum and claystone/mudstones facies, and 
suggests a “gypsum–claystone/mudstone rhythmical 

pattern” (Fig. 3 A, B). The presence of fine–grained 
deposits partings between the massive gypsum beds 
testifies to the cyclical flooding of the evaporite basin 
by undersaturated continental waters (e.g., Bertini, 
2006; Stefano et al., 2010). The massive gypsum 
horizons frequently display folding (micro and macro 
folds) in the unit M1 in the Rud Shur section (Fig. 
3A). These structures may be developed due to 
tectonic movements occurring during or post–
deposition (Arenas & Pardo, 1999; Testa & Lugli, 
2000).  

 

  

  

  

Figure 3. Field photos and microscopic characteristics of the massive gypsum facies from the unit M1 in the Rud Shur section; A, B) 
field photograph of massive gypsum with macro folds, intercalated within claystone, and mudstone, C) the hand specimen of massive 
gypsum with black impurities (Coin diameter is about 2.5 cm), D) fine-grained alabastrine gypsum that contains anhedral features 
showing crystals ~100 μm in size, E) dynamic texture with fine- and coarse- ameboid crystalline gypsum, F) schematic image from 
dynamic texture. (Ma-G: massive gypsum, A-G: alabastrine gypsum, P-G: porphyroblastic gypsum, Mud: mudstone, Clay: claystone). 
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In some cases, the presence of black 
discoloration or impurities (clay, manganese oxide, 
mafic rock fragments) in this gypsum type may be 
due to the mixing during primary sedimentary 
processes, or be present as the result of the 
secondary effects such as solution, weathering, and 
erosion (Mason & Moore, 1982) (Fig. 3C). 

Petrographical studies showed alabastrine texture 
is the main existing texture found in the massive 
gypsum lithofacies. The alabastrine texture is a 
general term, and sometimes referred to 
microcrystalline gypsum due to the nature of 
microcrystal aggregations (e.g., Testa & Lugli, 
2000). We used the terms of alabastrine and 
porphyroblastic textures following by Holliday 
(1970). In this study, alabastrine gypsum occurs in 
limpid and fine–grained crystals from 50 to 100 μm 
in size. This texture containing xenotopic to 
idiotopic crystals, were formed by fine–grained 
equidimensional gypsum crystals in addition to 
coarse–crystalline anhedral texture. The xenotopic 
texture indicates a mosaic of anhedral crystals with 
poorly defined to sutured crystal boundaries, which 
have irregular or undulatory extinction (Fig. 3D). 
Besides alabastrine texture, the dynamic texture 

was also observed in massive gypsum microfacies. 
This texture is observed in the unit M1 of the Rud 
Shur section, where layers are folded (Figs. 2 and 3 
A, B). This dynamic gypsum includes cloudy 
ameboid crystals, medium in size (up to 200µm), 
irregular crystal boundaries, undulose optical 
extinction, and aligned–flowing texture (Fig. 3E, F). 
Massive gypsum microfacies is characterized by the 
absence of anhydrite relics. It is believed that this 
facies was deposited originally under subaqueous 
conditions in a saline lacustrine environment (e.g., 
Schreiber et al., 1976; Warren, 1999, 2006). 
 
Selenite gypsum facies 
This facies was observed in the upper part of unit 
M1 in the Salt Mine, Eshtehard, and Mard Abad 
sections (Fig. 2) and includes about 25% of the total 
gypsum facies. The translucent or red–colored 
selenite gypsums are represented by crystals with 
4–15 cm in height and 2–5 cm in width, which 
exhibits twins, meanwhile the twin plane oriented 
upwards. This lithofacies in the uppermost of the 
unit M1 in Salt Mine area is intercalated with the 
brown claystone and gray mudstone (Fig. 4A, B).  

 

  

  
Figure 4. Field photos of selenite gypsum facies from the unit M1; A) close up view of selenite (swallowtail) crystals intercalated 
within brown claystone, the Salt Mine section, B) the hand specimen of translucent selenite gypsum (the length crystals between 1 – 5 
cm) (Coin diameter: 2.5 cm), C) field photo from red- colored massive selenite gypsum (7-15 cm in height and 2-5 cm in width), in the 
Eshtehard section, (Pen length: 15 cm), D) red-colored selenite gypsum crystals in hand specimen (coin diameter: 2.5 cm). 
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Red–colored massive selenite gypsum beds with 
selenite crystals up to 15 cm in length were also 
observed in the middle part of unit M1 in the 
Eshtehard section (Fig. 4C, D). The continuous 
growth of large selenite crystals represents the 
maximum water level with progressive increasing of 
the salinity which causes the growth of the large 
crystals (Babel, 2004). When high salinity condition 
was longer–lasting, thick bodies of massive selenite 
gypsum were formed (Peryt, 2001). The continuous 
growth of large crystals may also suggest a low 
degree of supersaturation. Low saturation of the 
brines is typical for growing large crystals (Babel, 
1999a). These exclusive characteristics of the two 
cycles are important for stratigraphic correlation and 
reconstruction of paleodepth and salinity (Babel, 
2004). Red discoloration results from mud staining 
and the presence of iron oxides impurities (Abrantes 
et al., 2016). Therefore, massive selenite facies in the 
middle part of unit M1 indicates deposition occurred 
in a relatively deep setting, while individual selenite 
gypsum in the uppermost of unit M1 is attributed to a 
shallower depositional environment (tens of 
centimeters to few meters) and gypsum precipitation 

was mainly occurred under stable salinity conditions 
(Warren, 2006).  
 
Nodular gypsum facies 
This lithofacies is present in some places of the 
units M1 and M3 in the Eshtehard, Mard Abad, and 
Rud Shur sections (Fig. 2). Nodular gypsum facies 
consists of around 25–30% of the total gypsum 
lithofacies. Individual pale yellow to white–colored 
gypsum nodules are elliptical or spherical and 
ranges between 5– 17 cm in size (Fig. 5 A). Banded 
nodular gypsum consists of closely packed and 
elongated masses parallel to bedding planes, which 
passes laterally and vertically into claystone or 
mudstone. Layers of flattened nodules have 0.5 to 1 
m thickness, and lateral continuity varies from 15–
120 m, which are completely separated from each 
other by thin mudstone films (Fig. 5 B). The 
formation of nodular structures is probably result of 
water table fluctuations and evaporation processes 
inside sediments at the margin of saline lacustrine 
or sabkha environments in an arid to semi–arid 
climate (e.g., Mossop & Shearman, 1973; Kendall, 
1981; Warren, 1999, 2006).  

 

  

  
Figure 5. Field and microscopic photographs from the nodular gypsum facies in unit M3; A) nodular gypsum in hand specimen (coin 
diameter: 2.5 cm), B) banded nodular gypsum facies interbedded with gray mudstone and brown claystone, C, D) porphyroblastic 
texture of nodular gypsums. Note that these anhedral to subhedral porphyroblasts (up to 2 cm in length) have no anhydrite relics. (N-
G: nodular gypsum, A-G: alabastrine gypsum, P-G: porphyroblastic gypsum). 
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Petrographically, nodular gypsum indicates 
porphyroblastic texture associated with the 
alabastrine texture. This is composed of very 
limpid, typically with no inclusion, fine to coarse 
anhedral to subhedral crystals (crystal size between 
<10µm to >100µm) and planar to interlocking 
crystal boundaries, which showing sharp extinction. 
Porphyroblasts occur as individual or in groups of 
two or three crystals surrounded by fine or 
alabastrine gypsum crystals (Fig. 5 C, D). This 
microfacies is also characterized by the absence of 
anhydrite relics similar to massive gypsum 
microfacies.  

Therefore, the nodules formed in units M1 and 
M3 are primary gypsum with no evidence of the 

hydration of anhydrite to gypsum. 
 
Satin spar (fibrous) gypsum facies 
This lithofacies was observed in the limited parts of 
unit M3 at the Mard Abad and Eshtehard sections, 
and is composed of about 10% of the total gypsum 
lithofacies (Fig. 2). Additionally, satin spar gypsum 
is intercalated within brown claystone and gray 
mudstone deposits similar to those of gypsum 
lithofacies (Fig. 6A). Satin spar gypsum is used as a 
general term for the needle–shaped gypsum crystals 
infilling veins and fractures and is widespread in the 
mudstone and shales adjacent to bedded evaporite 
units undergoing dissolution (e.g., Shearman et al., 
1972; El–Tabakh et al., 1998; Warren, 2006, 2016).  

 
 

  

  

 
Figure 6. Field photo and microscopic characteristics of the fibrous (satin spar) gypsum facies from unit M3, A) field photograph of 
fibrous gypsum facies intercalated within gray mudstone, (Pen length: 15 cm), B) fibrous gypsum (1 cm in thickness) in hand 
specimen, (Coin diameter: 2.5 cm), C) microphotographs of fibrous gypsum in contact with mudstone, D) and E) clay concentration at 
the boundary between fibrous gypsum (F-G), D- XPL. (F-G: fibrous gypsum, Mud: mudstone). 
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In this study, the thickness of satin– spar or 
fibrous gypsum layers vary from 0.5 to 3 cm, and 
the crystals are oriented at a steep angle or 
perpendicular to the vein walls (Fig. 6A, B). 
Undersaturated fluids with respect to sulfate 
minerals move along fractures, dissolve the gypsum 
and, or anhydrite (releasing Ca2+ SO4

2–), and then 
after the supersaturation, they are deposited as 
gypsum mineral. This process occurs via 
dissolution–precipitation with an increase in 
volume (Holliday, 1970; Shearman, 1985). They 
suggest the final stage of evaporite formation, 
during the uplift of sediments in the telogenes phase 
(Holliday, 1970; Shearman et al., 1972; Warren, 
2006; Abrantes et al., 2016).  

Petrographical studies on fibrous (satin spar) 
gypsum lithofacies show subhedral to anhedral 
crystals >200 μm in length with sharp extinction. 
The large crystals of fibrous gypsum have grown 
perpendicular on the mudstone walls (Fig. 6C). The 
filling of fractures is marked by anhydrite–free 
gypsum crystals that decrease in size from the edge 
(about 0.6mm) to the center (around 0.2mm) (Fig. 
6D), usually with the long axes perpendicular to the 
fracture walls. Locally, detrital clay mineral or 
rarely carbonate cement developed as filling 
porosity in fibrous gypsum (Fig. 6D, E). Many 
authors consider satin spar gypsum as a by–product 
of the rehydration process of anhydrite (e.g. 
Shearman et al., 1972; Testa & Lugli, 2000), but no 
anhydrite relicts were found in fibrous samples 
(Fig. 6C, D). Satin spar morphology also reflects 
crystal growth from very pure, supersaturated 
fluids, which favored extreme elongation parallel to 
the c–axis (Magee, 1991). 

The investigated Neogene evaporites were 
deposited originally as gypsum under saline 
lacustrine conditions. Gypsum types intercalated 
within brown claystone and gray mudstone indicate a 
shallow lacustrine or playa depositional setting (e.g., 
Mossop & Shearman, 1973; Kendall, 1981; Warren, 
1999, 2006). Many ancient saline playas, 
documented in the literatures, were developed in arid 
and semi–arid climates (Clemmensen, 1979; Yang et 
al., 1995; Playa et al., 2007; Li et al., 2010, 2013; 
Smykatz–Kloss & Roy, 2010; Bahadori et al., 2011; 
Dill et al., 2012; Tangestani & Validabadi, 2014). 
Evaporites are formed under arid climatic conditions 
where total evaporation exceeds the net inflow of 
solute–bearing waters and are an indicator of ancient 
arid climates (Hardie, 1984). Therefore, this would 
suggest that the climate condition in the Eshtehard 

area was arid to semi–arid during the Neogene. This 
observation represents an important contribution for 
a better understanding of the Neogene climate in the 
northwest of the Central Iran zone.  

The bulk mineralogy of evaporite samples 
X–ray diffraction investigation reported from 
representative gypsum samples in this study reveal 
that the Neogene evaporites are primarily composed 
of gypsum with no anhydrite relict (Fig. 7A). The 
results of XRD analyses of massive gypsum with 
impurities mainly represents gypsum as main 
mineral phases as well as minor amount of illite, 
quartz and calcite (Fig. 7B). Gypsum was identified 
by diffraction peaks at 11.62, 20.70, 23.37 and 
29.09 2θ.  

Geochemistry 
Element distribution 
Cations such as Sr2+, K+, Na+, Mg2+ and Fe+ as well 
as some impurities may be incorporated into gypsum 
lattice via substitution for Ca2+ (similar ionic radii) 
during the co–precipitation process. It is also 
proposed that Sr2+, Mg2+, and K+ concentrations in 
gypsum depend upon three factors including growth 
rate, temperature and their concentrations in brine 
(Kushnir, 1980; Guan et al., 2010; Rossi et al., 2011; 
Otalora & Garcia–Ruiz, 2014).  

Brine concentration probably plays an important 
role versus Sr2+, K+, Mg2+ and Mn2+ contents in 
gypsum under the various depositional 
environments. As brine concentration increases, the 
amounts of Sr2+, K+, Mg2+ and Mn2+ also increase 
and relatively more strontium, potassium, 
magnesium and manganese will be incorporated 
into the growing crystals and their inhibitory effect 
increases on the growth rate of gypsum crystals 
(Edinger, 1973; Kushnir, 1980; Franchini–Angela 
& Rinaudo, 1989; Guan et al., 2010; Rossi et al., 
2011; Otalora & Garcia–Ruiz, 2014). 

Examined gypsum samples for trace element 
contents include three massive, two nodular, four 
selenite, and three fibrous (satin spar) that were 
selected from the four study sections (Figs. 1C, and 
2). Elements concentrations within the four types of 
gypsum (massive, nodular, selenite and fibrous) are 
given in Table 1. It is known that the massive 
samples with impurities generally show higher 
element values than the nodular, selenite, and satin– 
spar gypsum samples (Table 1).  
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Table 1. Concentration of major and minor elements (in ppm) for the four gypsum types in the study areas. 

* Along with impurities 
Ma: Massive gypsum, N: Nodular gypsum, S: Selenite gypsum, F: Fibrous gypsum, DL: Detection Limit, -: not detectable. 

Figure 7. X-ray diffraction patterns from representative bulk samples, A) nodular gypsum, no anhydrite content, from unit M3, in the 
Mard Abad section, B) massive gypsum with mud impurities (sample Ma1) from unit M1, in the Rud Shur section. (Gp: gypsum, Ill: 
Illite, Q: Quartz: Cal: Calcite). 

The mean of strontium in the massive, nodular, 
selenite and fibrous samples is 960.00, 866.50, 
255.66 and 228.50 ppm, respectively. Massive 
gypsum samples contain high amount of strontium 
than nodular, selenite, and fibrous gypsum (Table 1).  
The mean concentrations of Fe, K, Al, Ti and Li in 
the massive gypsum samples are 3903.33, 2064.33, 
5665.66, 421.33 and 5 ppm, respectively, which are 

very high compared to other gypsum samples 
(Table. 1) (Fig. 8A). The high concentration of 
mentioned elements in massive gypsums can be 
attributed to the presence of detrital materials and 
clay impurities (Figs. 3C and 7B), iron oxide, and 
other compounds (Tumuklu, 2016). Both iron and 
titanium are hydrolysates elements and so they 
accumulate in fine–grained sediments (Mason & 
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Moore, 1982; Smykatz–Kloss et al., 1998, 2004).  
High K and Al contents in the massive gypsum 

compared with the other gypsum samples are due to 
the presence of illite as impurities. Also, relatively 
high Li concentration in massive gypsum (Ma1 and 
Ma2) (Table. 1) is attributed to the presence of the 
detrital particles or clay minerals, similar to K and 
Al contents (Smykatz–Kloss et al., 1998, 2004). 

The Na/K ratio was determined for the studied 
gypsum samples. This ratio is high in the selenitic 
gypsums (except sample S4) and low in massive 
gypsums with clay impurities (samples Ma1 and 
Ma2) (Table 1). The concentration of K+ in the pure 
gypsum is less than that of Na+. Adsorption of K+ 
on the active surfaces of clay and detrital minerals 
may account for the absence of this element in the 
lacustrine or marine brine concentration (Averty & 
Paytan, 2003). 

The Na2O/Al2O3 and Na2O/Fe2O3 ratios from 
evaporite minerals are used as indicators of 
paleoclimatic conditions in arid regions. These 
ratios strongly increase with increasing aridity (or 
decreasing water activity) and decrease with 
decreasing aridity (or increasing water activity) 
conditions (Smykatz–Kloss & Roy, 2010). Nesbitt 
and Young (1982) were pioneers in the use of such 

ratios for palaeoclimatic determination. Different 
authors also continued in characterising 
palaeoclimatic conditions by using of these ratios 
(Sirocko, 1995; Gallet et al., 1996; Smykatz–Kloss 
et al., 1998, 2004; Rögner et al., 2004; Schütt, 
2004; Roy et al., 2008, 2009; Sinha et al,. 2006). 

In the studied samples, nodular (N2), fibrous (F1), 
selenite (S1, S2, and S3), and massive (Ma3) 
gypsums showed strong increasing of these ratios, 
while massive (Ma1 and Ma2) and selenite (S4) 
gypsums indicated a significant decreasing in these 
ratios. Decreasing in the Ma1, Ma2 and S4 samples 
can be attributed to the lower aridity than the other 
gypsums, during their precipitations (Fig. 8B). 

Strontium geochemistry and gypsum morphology  
Different crystal morphologies occur during the 
precipitation of gypsum. There are many factors 
affecting gypsum crystal morphology, such as 
nucleation and growth rates, additional ions, 
organic matter, saturation state, pH, groundwater 
depth (Edinger, 1973; Liu & Nancollas, 1973; 
Cody, 1979; Last & Schweyen, 1985; Cody & 
Cody, 1988; Magee, 1991; Bosbach & Hochella, 
1996; Hamdona & Hadad, 2008; Guan et al., 2010; 
Mees et al., 2012). 

Figure 8. A) Elements concentration (ppm) versus gypsum types, and B) major oxides ratio (%) versus gypsum types (Data from 
Table. 1), (Ma: Massive, N: Nodular, S: Selenite, F: Fibrous). 
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Of these factors, the growth rate of crystals is 
important. When, gypsum precipitated from brines 
exhibits a high growth rate, crystal size is small 
(Edinger, 1973; Cody & Cody, 1988; Zhang & 
Nancollas, 1992). Rosell et al., (1998) mentioned 
that salinity, temperature, brine concentration, 
crystal size, and growth rate are the main factors 
governing Sr co–precipitation with gypsum. 

Based on gypsum lithofacies, macroscopic and 
microscopic analyses, four gypsum types with 
different morphologies (massive, Nodular, satin–
spar and selenite) and textures (alabastrine and 
porphyroblastic) were identified in the study 
sections (units M1 and M3). They exhibit small and 
large crystal sizes, respectively (Figs. 3–6).  

The difference in Sr concentration within the 
four gypsum types (Table. 1) is a function of its 
concentration in the original brine, where they were 
precipitated (Rosell, 1998). In this study, the mean 
strontium concentration progressively decreases 
from massive (960.00), nodular (866.50), and 
fibrous (255.66) to selenite (228.50) gypsums 
(Table. 1) (Fig. 9A). This difference is due to the 
different modes of precipitation of each type 
(Aljubouri, 2011). 

A higher strontium concentration in massive 
gypsum indicates higher degree of supersaturation 
or higher growth rate, resulting in smaller crystal 
size. On the other hand, lower strontium 
concentration in selenite gypsum, indicates lower 

degree of supersaturation, which leads to a slower 
growth rate and resulting in relatively large crystal 
size (Zhang & Nancollas, 1992; Aljubouri, 2011).  

In the studied samples, the average crystal sizes 
of massive, nodular, satin– spar and selenite 
gypsums are 0.15, 10, 15, and 75 mm, respectively 
(Table. 2).  

The relationship between the gypsum type, 
crystal size, and strontium content is shown in 
Table 2. The negative correlation between crystal 
size and strontium concentration was first reported 
by Butler (1973) for Sr in gypsum samples from 
Abu Dhabi and confirmed by Kushnir (1980), for Sr 
in gypsum samples from Bardawil sabkha in 
northern Sinai. In the present study, this negative 
relationship is clearly shown in Fig. 9 A, B. The 
logarithmic plot gives a negative trend with the 
following equation (Aljubouri, 2011): 
Log Y= –0.298 * log size (X) + 3.668             Eq. 1 
Where (Y) represents the concentration of Sr in 
gypsum. Using this equation, it is possible to 
calculate strontium concentration for any of the four 
gypsum types.  

Therefore, the high Sr2+ content can be attributed 
to co–precipitation with the massive and nodular 
gypsums, in this study. Moreover, this premise is 
supported by the results of microscopic studies (fine 
crystalline or alabastrine texture) (Figs. 3D, E and 
5C, D). 

Figure 9. Bivariate-plots of A) Sr versus Gypsum types (Data from Table 1) and B) Log Sr versus Log crystal size (Data from Table. 
2). Note to negative correlations between Sr concentration and gypsum types / crystal size, (Ma: Massive, N: Nodular, S: Selenite, F: 
Fibrous). 

Table 2. Relationship between average crystal size and strontium concentration. 

Type of gypsum 
Average Crystal 

Size (mm) 
Average Sr (ppm) Log Crystal Size Log Sr 

Massive 0.15 960.00 2.31 2.98

Nodular 10 866.50 2.47 2.93

Fibrous 50 255.66 4.25 2.40

Selenite 75 228.50 4.42 2.35
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The enrichment may be due to an additional Sr 
coming from the dissolution of early gypsum, or 
from supply via a synsedimentary influx of water 
(Tekin, 2001). The concentration of Sr in solution is 
low (limited by the solubility of SrSO4) and the 
number of Sr ions coprecipitating with gypsum is 
comparable with the number of Sr ions in the brine. 
Thus the concentration of Sr in the brine changes 
considerably as more gypsum crystallizes 
(Sonnenfeld, 1984; Tekin, 2001). 

Sources of gypsum 
Determination of gypsum source whether in bed–
rock and surface or underground water, is essential 
(Watson, 1985). The investigations of Khalili et al. 
(2007) on the evaporitic deposits (D member) of the 
Qom Formation in the Central Iran zone, represent 
that the sulfur in the evaporitic deposits (D–
member) was very likely derived from the oxidation 
of pyrite, chalcopyrite and calcium–rich minerals 
present in the magmatic rocks. In the study area, 
gypsum does not exist in the bedrocks (Fig. 1C). 
The bed rocks of the study area are predominantly 
Eocene andesite to andesitic basalt and they are 
devoid of gypsum. The sulfur in the Neogene 
evaporitic deposits (units M1 and M3) was likely 
derived from the old evaporitic deposits such as the 
Qom Formation located in the western part of the 
study area (Qazvin and Avaj–Abegarm area). 

Conclusions 
The Neogene deposits at the Eshtehard area 
unconformably overlie the Eocene basement rocks 
and subdivided into five units (M1 to M5). 
Evaporitic successions (M1 and M3) consist of 

several kinds of gypsum facies, such as massive, 
nodular, selenite and satin spar (fibrous). Three 
different gypsum textures were determined as 
alabastrine, porphyroblastic and fibrous. The facies 
identified in the units M1 and M3 were interpreted 
as shallow lacustrine environments (massive and 
selenite gypsum) to the playa or in inland sabkha 
(nodular gypsum) environments, under an arid to 
semi–arid climate with seasonal water level 
changes. 

The microscopic and XRD investigations 
reported in present study, reveal that the Neogene 
evaporites are primarily composed of micro– to 
course–crystalline gypsum without anhydrite relict. 

Geochemistry analyses reveal that the high 
concentration of Sr, Al, Fe, K, Na, Ti, Mg and Li in 
the massive gypsum rather than nodular, fibrous 
and selenite gypsum mainly depend on high growth 
rate, detrital impurities and brine concentration. The 
negative correlation between gypsum crystal size 
and strontium concentration in the gypsum types 
represents the inhibitory effect of strontium on the 
growth rate of crystals.  

The Na2O/Al2O3 and Na2O/Fe2O3 ratios from 
gypsum samples in the lower and middle parts of 
unit M1 (massive gypsum) indicate low aridity 
paleoclimate conditions, while the upper part of 
unit M1 (selenite gypsum) and unit M3 (nodular and 
fibrous gypsums) represent high aridity 
paleoclimate conditions.  
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