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ARTICLE INFO ABSTRACT

Article type: In order to investigate water-to-rock exchanges and subsequent to the
diagenetic systems and the primary mineralogy of the carbonate units of
the Asmari Formation, a 131-meter-thick surface stratigraphic section
located in the Rit anticline (southwestern Lorestan) was selected and
Received: 2025 July 5 sampled. The lithology of this formation comprises alternating layers of
Accepted: 2025 September 16 carbonate and dolomitic carbonate rocks. In this study, 23 samples were
analyzed using elemental EDX analysis to determine the major and trace
element composition and interpret the diagenetic systems and original
Keywords: mineralogy. Elemental geochemical evidence indicates that the studied
Asmari formation samples fall within the compositional range of aragonitic limestones from
Gordon, Tasmania, and aragonitic carbonates of the Mozduran Formation.
This supports the interpretation that the original mineralogy of the Asmari
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Diagenetic system

Elemental. limestones in the studied section was aragonitic. Plotting Sr/Ca ratios
Geochemistry against Mn contents reveals a predominantly closed to slightly open
Zagros diagenetic system, characterized by weak water—rock interaction (W/R),
Lorestan for the Asmari carbonates in the Rit anticline section. The presence of

primary aragonitic mineralogy, the lack of significant discontinuities, the
prevailing climatic conditions, and intrinsic rock properties such as
permeability, original mineralogy, and diagenetic potential appear to have
played key roles in controlling the water-to-rock ratio. These factors
contributed to the limited impact of meteoric diagenesis in the upper part
of the sequence, as evidenced by the scarcity of meteoric cement and the
partial dissolution of bioclasts in the studied samples. Thus, it can be
concluded that the diagenetic system within the carbonate succession of
the Asmari Formation at the Rit anticline is dominantly closed, becoming
weakly open towards the top of the sequence.
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Extended Abstract Geochemical data  provide  valuable
Introduction information about sedimentary environment

Carbonate rocks continue to be the main focus
of many studies due to their importance as
carbonate reservoirs (Adabi et al., 2016;
Jafarian et al., 2017). The Asmari Formation,
dated to the Oligocene—Miocene, is the
youngest and most significant oil reservoir
formation in the Zagros Basin. Consequently,
extensive research has been conducted on the
petrographic characteristics of this formation.
The deposits of the Asmari Formation can be
considered the last major marine transgression
in the Zagros (Motee’i, 2003). This formation
was first studied at Tang-e-Gol Torsh in the
Asmari Mountain (Richardson, 1939). Based
on extensive studies, its age ranges from the
Oligocene (Rupelian) to the Lower Miocene
(Burdigalian) (Richardson, 1939; Thomas,
1948; Ehrenberg et al., 2007). In the type
section, the Asmari Formation, with a
thickness of 314 meters, consists of resistant,
cream to brown limestones with orogenic
morphology, interbedded with minor shale
layers and notable for abundant fracturing
(Motee’1, 2003). Various researchers such as
Adams and Burgess (1967); Ehrenberg et al.
(2007); Van Buchem et al. (2010); Vaziri
Moghadam et al. (2010); Sirafian et al. (2011);
Zabihi Zouram et al. (2013); Lorestani et al.
(2016); Adabi et al. (2016); Mohseni et al.
(2016); Farshi et al. (2019); Manjazi et al.
(2019); Qarahchalous et al. (2020); Kamalifar
et al. (2020); Karami et al. (2020); and
Omidpour et al. (2021) have investigated
various aspects including facies variations,
depositional environments, sequence
stratigraphy, diagenetic processes, and
reservoir quality in different parts of the
folded Zagros. The transformation of
carbonate sediments can occur in three
diagenetic realms: marine, meteoric, and
burial. Although the processes and products
seem complex, they are identifiable
throughout geological history (Bathurst, 1975;
Tucker and Wright, 1990; Moore, 2001;
Fliigel, 2004; James and Jones, 2015; Asadi et
al., 2016; Bargomanou et al., 2020; Salifu et
al., 2021). Analysis of major and trace
elements in carbonates is crucial for
identifying depositional conditions, primary
mineralogy, and the prevailing diagenetic
environment (Milliman et al., 1974; Rao,
1990; Adabi, 1991; Adabi and Asadi
Mihmandoust, 2008; Higgins et al., 2018).

conditions and diagenetic alterations over
time (Armstrong-Altrin et al.,, 2009).
Therefore, the concentration of major and
trace elements can be used to determine their
paleogeographic setting at the time of
deposition (Higgins et al., 2018). Studies of
modern carbonate sediments show the
abundance of aragonite in tropical seas
(Milliman et al., 1974), high-magnesium
calcite in temperate seas (Adabi, 1991), and
low-magnesium calcite as the dominant
mineral in polar regions (Rao, 1990). Since
diagenetic processes alter the primary
characteristics of sediments in terms of
petrography  and  geochemistry  after
deposition, investigating the intensity of
diagenetic effects provides deeper
understanding of the initial depositional
conditions. Furthermore, changes induced by
diagenesis can create new features and
potentials within the sediments. Accordingly,
the aim of this study is to investigate and
analyze the mineralogy, elemental
geochemistry, and diagenetic systems of the
carbonate units of the Asmari Formation, a
formation with reservoir potential. It is hoped
that these studies, alongside sequence
stratigraphic and facies analyses, will aid in
correlating reservoir characteristics at local
and regional scales in adjacent areas. The
studied section is located 65 kilometers
southwest of Khorramabad city and 10
kilometers north of Korki village. Its
geographic coordinates are 33°04'25" N
latitude and 48°15'20" E longitude.

Materials and Methods

Based on the geological map of Poldokhtar-
Balarud County at a scale of 1:100,000, the
studied section was selected, surveyed, and
sampled. The section was chosen to ensure
easy accessibility, maximum thickness,
greatest lithological variability, and minimal
surface cover. A total of 82 samples were
collected from the 131-meter thickness of the
formation based on lithological variations, of
which 23 samples were selected for EDX
analysis. For petrographic studies, thin
sections of all collected samples were
prepared at Ferdowsi University of Mashhad.
Petrographic examinations were carried out
using an Olympus BH2 polarized light
microscope under both plane-polarized light
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(PPL) and cross-polarized light (XPL).
Carbonate rocks were classified according to
Dunham (1962). Samples selected for EDX
analysis were taken from micritic parts of the
rock, avoiding any signs of weathering,
alteration, fractures, veins, joints, cracks, and
fossils. Approximately 15 grams of each
sample were powdered using a planetary ball
mill and analyzed by Energy Dispersive X-ray
Spectroscopy (EDX). The analyses were
conducted at Central Laboratory No. 1,
Lorestan University. Major elements (Ca, Mg)
were measured in weight percent (%), while
trace elements (Sr, Mn, Fe, Na) were
measured in parts per million (ppm). The
precision of the analyses was +0.5% for major
elements and +5 ppm for trace elements. The
stratigraphic positions of the samples are
shown on the regional stratigraphic column
(Figure 4). To distinguish calcite from
dolomite and to identify dolomite types
(ferroan and non-ferroan), thin sections were
stained using alizarin red and potassium
ferrocyanide following Dixon’s method
(1965). Electron microscopy imaging of some
fine-crystalline dolomites was performed at
Lorestan University.

Discussion

Various researchers have conducted studies
on the Asmari Formation in the Lorestan
sedimentary basin and adjacent areas (Adams
and Burgess, 1967; Ehrenberg et al., 2007,
Van Buchem et al., 2010; Vaziri Moghadam
et al.,, 2010; Sirafian et al., 2011; Zabihi
Zouram et al., 2013; Lorestani et al., 2016;
Adabi et al., 2016; Mohseni et al., 2016;
Farshi et al., 2019; Manjazi et al., 2019;
Qarahchalous et al., 2020; Kamalifar et al.,
2020; Karami et al., 2020; Omidpour et al.,
2021; Kahandel et al., 2025). These studies
have addressed various aspects including
facies variations and depositional
environments, sequence stratigraphy,
diagenetic processes, and reservoir quality
assessments in different parts of the folded
Zagros. Petrographic investigations of the
carbonate facies of the Asmari Formation in
the studied section led to identification of
several diagenetic processes such as
micritization,  dissolution and porosity
development, cementation, neomorphism,
physical and chemical compaction, and
replacement. These processes occurred in four
environments: marine, freshwater, burial, and

uplift, passing through three diagenetic
stages—early (eogenesis), middle
(mesogenesis), and late (telogenesis). In the
Rit anticline, the diagenetic processes,
paragenetic sequences, and the dolomitization
model of the Asmari Formation have been
examined by Kahandel et al. (2025).
Elemental geochemistry, petrography, and
diagenetic system analyses of the Tele-Zang
Formation in the same anticline were studied
by Maghfori Moghadam and Sedaghatnia
(2023), who interpreted the diagenetic
systems as closed to semi-open with low
water—rock interaction. High Sr/Mn and St/Ca
ratios, low Fe and Mn contents, and elevated
Sr concentrations in the studied samples,
along with plots of St/Ca against Mn, Mg, and
Fe, indicate a predominantly closed to slightly
open diagenetic system with limited water—
rock interaction (W/R) for the Asmari
carbonates. Integration of petrographic and
elemental geochemical data suggests that the
Asmari Formation in this part of the Zagros
sedimentary basin experienced a dominantly
closed and weakly semi-open diagenetic
system with a primary mineralogy dominated
by aragonite. The prevalent diagenetic system
was closed with restricted water—rock
exchange. Factors such as limited and short-
lived discontinuities, climatic conditions, and
intrinsic rock controls including permeability,
original mineralogy, and diagenetic potential,
which are important in controlling water-to-
rock ratios, resulted in the upper part of the
succession being influenced by very weak
meteoric diagenesis. This created a weakly
open diagenetic system. Bioclast components
in the succession were slightly affected by
dissolution due to meteoric diagenesis; these
bioclasts were mainly aragonitic, making
them more susceptible to dissolution.
Moreover, the scarcity of freshwater cements
also supports the interpretation of a
predominantly closed to slightly open
diagenetic system in the studied succession.

Conclusion

Petrographic studies on the examined
sequences led to the identification of several
diagenetic processes occurring within four
diagenetic environments: marine, freshwater,
burial, and uplift. Elemental geochemistry
(major and trace elements) was employed to
analyze the primary mineralogy and
diagenetic systems of the Asmari Formation
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in the Rit anticline section. Based on
elemental geochemical evidence, the studied
samples fall within the compositional range of
aragonitic ~ limestones  from  Gordon,
Tasmania, and aragonitic carbonates of the
Mozduran Formation, confirming the original
aragonitic mineralogy of the Asmari
limestones in the studied section. Plots of
Sr/Ca ratios versus Mn, Mg, and Fe
demonstrate a dominantly closed to weakly
open diagenetic system with limited water-to-
rock interaction (W/R) for the Asmari
carbonates in the Rit anticline section. The
upper part of these sequences was subjected to
very weak meteoric diagenesis, supported by
the limited presence of meteoric cements and
partial dissolution of bioclasts in the studied
samples. Additionally, variations in Sr/Ca
ratios relative to Mg and Fe further confirm

the closed nature of the diagenetic system.
Therefore, it can be concluded that the
diagenetic system within the carbonate
sequences of the Asmari Formation in the Rit
anticline section is predominantly closed and
weakly open toward the top of the succession.
Factors such as limited and short-lived
discontinuities, climatic conditions, and
intrinsic rock controls—including
permeability, primary mineralogy, and
diagenetic potential—likely played important
roles in controlling the water-to-rock ratio.
This led to a slightly open diagenetic system
at the Asmari-Gachsaran formation boundary
at the top of the Asmari Formation.
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Fig. 3. a: Overview of the Asmari Formation and other outcropping formations in the study area (view to the northeast).

b. Closes up view of Amiran Formation. c. Closes up view of Talehzang Formation. d. Closes up view of Kashkan
Formation. e. Closes up view of Shahbazan Formation. f. Closes up view of Asmari Formation. g. closes up view of
Gachsaran Formation. h: Erosional disconformity between Asmari and Gachsaran formation in the study area.
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Fig. 6. Diagenetic  processes in the freshwater environment. a: Isopachous  mosaic  cement.
b: Blocky (patchy) cement. The red to pink color in this cement indicate that formed in fresh water diagenesis c: Vuggy
porosity in the carbonate mudstone facies. d: Channel porosity in the bioclastic wackestone facies. e: Intergranular porosity
in the oolitic grainstone facies. f: Intragranular porosity in ooid grains.
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Fig. 7. Diagenetic processes in the burial diagenesis environment. a: Syntaxial overgrowth in the direction of red
arrows. b: Enveloping cement surrounding a bioclast. c¢: Drusy cement (crystal size increase in the direction of the red

arrow). d: Fractures formed in algal fragments due to physical compaction. e: Formation of stylomicrite caused by
chemical compaction. f: Formation of stylolite caused by chemical compaction.
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Fig. 8. Diagenetic processes in the burial diagenesis environment. a: Dolomicrosparite under polarized light
microscope. b: Euhedral dolomicrosparite crystals under scanning electron microscope (SEM).

c: Coarse-crystalline iron dolosparite. Thin section colored with Alizarin Red S and Ferrocyanide Potassium and
turquoise color in dolomites indicate formed in burial diagenesis.
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Fig. 9. Diagenetic processes in the uplift environment (telogenic stage). a: Formation of iron oxide cement along
stylolites. b: Formation of iron oxide cement along fractures. The section is stained with alizarin red; the pink to red
coloration of calcite crystals indicates their formation in the uplift environment. c: Silicification process within the

allochem.
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Table 1. Elemental analysis results of the carbonates from the Asmari Formation in the Rit anticline section. Statistical
parameters including mean, maximum, and minimum values are also reported. Major elements are presented in weight
ercent (%) and trace elements in parts per million (ppm).

Sample Ca Mg Fe Mn Sr Na Sr/Mn Mn/Sr | Sr/Ca | Sr/Na | 1000*Sr/Ca
No. (Wt%) | (wt%) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (Wt%) | (ppm) (Wt %)
As (09) | 20.00 0.22 65.00 12.00 | 1500.00 | 128.00 125.00 0.01 75.00 11.72 7.50
As(12) | 33.20 0.50 175.50 | 21.00 350.80 33.60 16.70 0.06 10.57 10.44 1.06
As (15) | 28.60 1.20 59.50 25.00 302.00 55.40 12.08 0.08 10.56 5.45 1.06
As(18) | 35.10 2.66 71.20 11.00 380.60 27.60 34.60 0.03 10.84 13.79 1.08
As(21) | 27.40 0.65 65.20 21.50 | 1150.60 90.80 53.52 0.02 41.99 12.67 4.20
As (25) | 30.00 2.20 12.00 54.20 | 1200.10 | 110.30 22.14 0.05 40.00 10.88 4.00
As(28) | 28.50 0.80 150.60 | 18.00 800.60 90.20 44.48 0.02 28.09 8.88 2.81
As(31) | 31.60 0.25 33.70 22.30 370.65 33.00 16.62 0.06 11.73 11.23 1.17
As(34) | 33.00 1.10 100.00 1.00 320.95 44.10 320.95 0.00 9.73 7.28 0.97
As (37) | 41.60 2.20 98.60 12.50 450.70 65.40 36.06 0.03 10.83 6.89 1.08
As (40) | 25.30 0.55 39.40 28.90 510.65 12.00 17.67 0.06 20.18 | 42.55 2.02
As(44) | 27.10 2.30 68.20 64.00 880.50 33.85 13.76 0.07 32.49 | 26.01 3.25
As (47) | 32.10 0.90 44.10 25.40 298.30 99.40 11.74 0.09 9.29 3.00 0.93
As (50) | 25.80 2.30 167.50 0.50 610.70 80.30 1221.40 0.00 23.67 7.61 2.37
As(53) | 30.00 0.30 150.10 | 18.60 | 1112.40 | 102.45 59.81 0.02 37.08 10.86 3.71
As (56) | 29.50 0.55 210.00 | 35.00 450.10 13.60 12.86 0.08 1526 | 33.10 1.53
As(59) | 27.20 1.50 88.20 23.00 | 1236.50 45.20 53.76 0.02 4546 | 27.36 4.55
As (63) | 33.10 1.60 110.30 | 38.10 300.00 78.65 7.87 0.13 9.06 3.81 0.91
As (66) | 35.60 0.85 77.40 23.40 680.60 90.30 29.09 0.03 19.12 7.54 1.91
As (69) | 45.50 1.50 65.20 20.00 650.40 77.45 32.52 0.03 14.29 8.40 1.43
As(72) | 29.40 0.65 99.70 33.50 | 1610.25 22.60 48.07 0.02 5477 | 71.25 5.48
As (75) | 33.50 1.80 66.75 45.10 | 1200.60 33.80 26.62 0.04 3584 | 35.52 3.58
As(78) | 37.70 0.66 39.70 27.60 310.30 107.25 11.24 0.09 8.23 2.89 0.82
Max 455 2.66 210.00 64.00 1610.25 128.00 1221.4 0.127 75 42.55 7.5
Min 20.00 0.22 12.00 0.50 298.30 12.00 7.874 0.001 9.06 3.00 0.9
Average 31.34 1.18 89.47 25.29 725.14 64.14 107.13 0.04 23.76 13.47 24
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Fig. 10. Variations of strontium versus sodium in the limestones of the Asmari Formation from the Rit anticline section
compared with aragonitic limestones of Gordon, Tasmania (Ordovician age) (Raub, 1990), modern tropical aragonites
(Milliman, 1974), modern temperate carbonates of Tasmania (Raub & Adabi, 1992; Raub & Jayawardena, 1994; Raub &
Amini, 1995), Tele-Zang Formation limestones from the Nomreh section and Kialo anticline (Zahdi, 2007), Ilam Formation
(Adabi & Asadi-Mihmandosti, 2008), and shallow marine limestones of the Mozduran Formation (Upper Jurassic) (Adabi &

Raub, 1991). Most samples fall within or near the range of tropical Ordovician Gordon limestones characterized by a primary
aragonitic mineralogy.
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Fig. 11. Plot of sodium versus manganese concentrations in the limestones of the Asmari Formation from the Rit

anticline section. As shown, most samples fall within the range of tropical Ordovician limestones from Gordon,
Tasmania, which are characterized by a primary aragonitic mineralogy.
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Fig. 12. Sr/Ca ratio versus Mn content trend. The moderate Sr/Ca ratios and low Mn values in the Asmari Formation
samples from the Rit anticline section indicate a closed to slightly open diagenetic system with low water-rock

interaction.
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