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Abstract

This study investigates the Danian siliciclastic successions in the East Tethys in the Kopet-Dagh
Basin, NE Iran, which are composed of conglomerates, sandstones, shales and mudstones. The
studied interval includes significant changes in sedimentary environments from alluvial to flu-
vial systems. The Danian siliciclastic formation is sandwiched between two marine carbonate
sequences. The effects of the late Palaeocene sea transgression can be traced back to the pre-
cipitation of several types of carbonate cement in the studied siliciclastic formation. Several
diagenetic features have been identified in the studied successions. The most observed features
comprise physical and chemical compaction, cementation, alteration, dissolution, fractures and
fillings. Some of the mentioned diagenetic processes, such as cementation, may be seen in a
range of diagenetic environments and phases, such as early meteoric, low depth and deep
burial, and late meteoric after the tectonic uplifting. The calcite cements considered in this
study have been subdivided into four types. Some of the calcite cements, such as the rim,
gravity pendant and meniscus, are classified as type one. They have formed around the rock
grains and show no luminescence. The blocky and poikilotopic types have been grouped in
type two. They are deposited between grains and exhibit dark luminescence. Type three
cement consists of some of the blocky and poikilotopic cements that have formed amid grains
and present a bright luminescence. Finally, type four comprises filled fractures which display
a dark luminescence (blocky cement). Geochemical data revealed that the categorized cement
types were precipitated in three diagenetic environments: early meteoric; burial; and late
meteoric after the uplifting. The meteoric diagenetic environment is subdivided into vadose
and phreatic meteoric. The burial diagenetic environment is subdivided into shallow burial
and deeper burial. The qualitative petrographic method contributed to the initial recognition
of the diagenetic features. The semi-quantitative cathodoluminescence method, the quanti-
tative major and trace elements, and oxygen and carbon stable isotope analysis were utilized
to evaluate the exact diagenetic processes and environments. Finally, the diagenetic sequence
was reconstructed and depicted as diagenetic models and a paragenesis sequence. The data
of this study can lay the foundation for future studies on the siliciclastic diagenesis in the
studied basin.

1. Introduction

Diagenesis refers to a set of processes that begins immediately after the deposition of sediments
and continues until the sedimentary rocks are metamorphosed (Tucker, 2001). Various controls
affect the diagenesis in marine, meteoric and deep-burial environments (Tucker & Wright,
1990; Heidari et al. 2014, 2015). Sedimentary environments, composition, sediment textures
and climate primarily control the diagenetic process (Kim & Lee, 2004; Reed et al. 2005).
Mineralogy, the presence or absence of fluids, fluid composition, temperature, pressure, sea level
fluctuations, pH and Eh are themain controls on diagenesis (Tucker & Bathurst, 1990; Tucker &
Wright, 1990). The diagenetic process in carbonate sediments relates mostly to mineralization
(Tucker, 2001). In the diagenetic procedure of siliciclastic successions, some grains such as
quartz, feldspars and clay minerals are active (Parcerisa et al. 2005). Furthermore, some param-
eters such as lithology and composition (Weber & Ricken, 2005; Oliveria & Truckenbrot, 2019),
palaeoclimate (Reed et al. 2005; Eric et al. 2019), burial history, subsidence, pore fluid changes
(Morad et al. 2000; Wang et al. 2018; Oliveria & Truckenbrot 2019; Poursoltani et al. 2019) and
depositional environments (Parcerisa et al. 2005) are considerable in the siliciclastic interval
diagenetic process. The diagenetic history of the siliciclastic rocks has received little attention;
on the studied succession, in particular there has been no detailed or comprehensive study.
Therefore, this work can lay a good foundation for the study of siliciclastic successions in
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the investigated basin. The results of the current study may
represent a firm database of the geochemical properties of many
calcite cement types in different diagenetic environments and
phases. Many studies have used stable isotopes, trace elements,
petrography and cathodoluminescence (CL), but making a con-
nection between them is rarely considered. This study uses all
the mentioned methods to provide a data source to help other
researchers who access just one or two of the mentioned methods.
It provides data on the post-depositional history of the East Tethys
basin, which could be utilized in studying the history of diagenesis
and reconstruction of the paragenetic sequence of the Danian Era
in the East Tethys basin.

Inmost cases, the CL reflects the redox conditions, not the exact
diagenetic environments. To determine the diagenetic environ-
ments accurately, it is necessary to have the oxygen and carbon
isotope ratios as well as trace element data. Each one of the meth-
ods alone can be of some help, but to make the best and most
accurate interpretation, it is necessary to use the mentioned
methods and data.

2. Geological setting

The Kopet-Dagh Sedimentary Basin was formed after the Early
Cimmerian orogeny during the Triassic Period. It formed along
with the opening of the Neo-Tethys Ocean in SW Iran. This
was an intracontinental basin located in NE Iran, SE
Turkmenistan andNWAfghanistan, and formed the northern part
of the modern Alpine–Himalayan Super-Mountain Belt (Afshar-
Hrab, 1994; Robert et al. 2014). Compressive forces caused by
the opening of the Neo-Tethys Ocean in the SW part of the
Iranian plateau led to the closure of the Tethys Ocean. The remnants
of the ancient oceans have remained as an intercontinental basin in
the northern Iran / southern Eurasian supercontinent (Alavi, 1991;
Aghanbati, 2003; Robert et al. 2014). Boundaries of most of the
sedimentary basins of Iran in the Mesozoic and Cenozoic Eras are
coincident with a sea level regression, exposure, lack of sedimentation,
and deposition of terrestrial sequences. Such conditions led to the
deposition of siliciclastic successions, such as the Kerman conglom-
erate in Central Iran, the Fajan Formation in the Alborz Basin, and
the Amiran Formation in the Zagros Basin (Aghanbati, 2003).
In the Kopet-Dagh Sedimentary Basin, the K/Pg boundary is accord-
ant with the alluvial and fluvial interval, which is known as
the Pestehligh Formation. The lower Palaeocene (Danian)
sequence, the Pestehligh Formation, is one of the siliciclastic
sedimentary formations of the Kopet-Dagh Sedimentary
Basin and composed mainly of conglomerate, sandstone, shale
and some evaporitic beds (Heidari, 2008). The studied alluvial
and fluvial deposits overlay the Maastrichtian marine carbon-
ates of the Kalat Formation and are overlaid by the
Thanetian marine carbonates of the Chehelkaman Formation
(Figs 1, 2a, c). The current study considered the lower
Palaeocene siliciclastic sedimentary rocks to reconstruct the
post-depositional history of the basin. Further attempts were
made to connect sea level changes to the diagenetic processes
of the studied succession to further comprehend the effects
of meteoric, burial and marine diagenetic fluids on fluvial
sedimentary rocks.

In this study, all the Danian outcrops, including three strati-
graphic sections (Jozak, Garmab and Sheikh) in the western
Kopet-Dagh Sedimentary Basin, were measured and studied.
The Jozak, Garmab and Sheikh stratigraphic thicknesses were
165, 116 and 145 m, respectively (Fig. 2).

3. Methods and material

The post-depositional history of the Danian siliciclastic sequences
was considered using petrography, oxygen and carbon stable iso-
tope ratios and trace element contents. A total of 76 thin-sections
were prepared from the mentioned sections to evaluate the diage-
netic evidence of the lower Palaeocene interval. The thin-sections
were investigated by an Olympus polarizing microscope at the
Ferdowsi University of Mashhad and Shahid Chamran University
petrography laboratories. The petrographic studies helped to iden-
tify the diagenetic features. Thin-sections were then examined by
CLmicroscopy at the Department of Geology, Ferdowsi University
of Mashhad. Appropriate samples were selected to consider the
geochemical content. Using petrographic and CL microphoto-
graphs for geochemical analysis, a total of 23 samples were
prepared.

Because the purpose of the geochemical data of this study was to
identify the diagenetic history, bulk samples were not used.
Instead, accurate sampling from different cement types in the
pores and veins was performed using a stereomicroscope equipped
with a dental drill with micron-sized drill bits. A sample prepara-
tion map was prepared from the CL images, and the samples were
accurately prepared from the different cement types with various
luminescence properties for the geochemical study. Each cement
generation, according to the time and phase of formation, has been
affected by fluids with different elemental and isotopic composi-
tions. Bulk sampling blends the powdered samples and prevents
access to correct data. Therefore, in order to accurately understand
each generation, the timing of formation, the elemental and iso-
topic content, it is necessary to do point sampling with the help
of CL images.

About 20–50 μg from each sample was powdered by a dental
drill with tungsten burrs. This type of drill bit was used to prevent
contamination of drill bit erosion. Based on CL images and maps,
points were determined for geochemical sampling. Moreover,
some thin-sections were stained with alizarin red solution to
differentiate dolomite from calcite mineralogy using the
Dickson method (Dickson, 1965). Trace element analysis was
accomplished by the inductively coupled plasma – mass spec-
trometry (ICP-MS) equipment at the Elements Laboratory of
the University of Kansas, USA. Furthermore, the oxygen and
carbon stability was analysed at the Isotope Laboratory of the
University of Kansas, USA. Due to the high accuracy of the
applied isotope analysis equipment in this study, the samples
were selected and powdered by a binocular stereo microscope.
By combining the data from the petrographic, CL, trace element
and isotope studies, the diagenetic environments of the Danian
siliciclastic interval were discovered in the study area. Finally,
the diagenetic model of the studied succession was recon-
structed in the west of the east Tethys basin.

4. Results

4.a. Petrography

Based on the petrographic study of the sandstone and conglomer-
ate sequences, the diagenetic features of the Danian interval, the
Pestehligh Formation, were identified. By combining the petro-
graphic and geochemical data, the processes, history and parage-
netic sequence of the lower Palaeocene fluvial succession in the
study area were considered. In the studied thin-sections, some
diagenetic processes such as physical and chemical compaction,
several types of cementation, alteration, dissolution, porosity,
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fractures and fillings were observed. The diagenetic features are
described below.
Compaction: Two types of physical and chemical compactions

were identified in the studied siliciclastic rocks.
Physical compaction: The siliciclastic rocks of the Pestehligh

Formation display some evidence of a medium compaction
(Fig. 3a, c). In some samples, rock fragment grains show

deformation, and some tougher grains such as quartz are
immersed in the looser grains such as mudstone and carbonate
rock fragments. In some cases, the compaction process
destroyed the original arrangement and created concave–con-
vex contacts between quartz grains (Fig. 3b).

Chemical compaction: In the studied sandstone samples, chemical
compaction was less observed (Fig. 3d).

Fig. 1. (Colour online) Location and geologic map based on 1:250 000 geologic map of the study area, and general geology of the study area (modified from Bolourchi & Moore,
1981; Königshof et al. 2017; Tomíc et al. 2021). Themeasured stratigraphic sections aremarked as Sheikh, Jozak and Garmabwith red flags (using Google Earthmap). The scale bar
is 20 miles (32.2 km).
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Cementation: Several cement types identified in the studied silici-
clastic rocks of the Danian sequence are described here.

Iron oxide cement: The iron oxide content has turned the sandstone
beds of the Pestehligh Formation red and brown. Iron oxide
cement was also seen in the studied thin-sections (Fig. 3e).
This type of cement was mainly observed in the contacts
between the grains.

Calcite cement types: The poikilotopic and blocky cement types were
most observed in the studied siliciclastic rocks (Fig. 3f, g). The
poikilotopic cement type is inclusive and mostly surrounded
by one or more grains (Fig. 3f).

Poikilotopic calcite cement: This type of cement refers to the large
crystals of sparry calcite which contain several grains (Fig. 3f, h, i
and j) and was abundant in the studied rocks. In some cases,
they have formed on previous-generation cement and are dis-
criminable by the different extinction angle. This type of cement
has a crystal size larger than a few millimetres in the studied
samples (Fig. 3f).

Blocky calcite cement: This type of cement is identified by the large
size of the cement crystals and their sharp boundaries in the
studied rocks. They mainly fill the pores in the rocks which have
been created by dissolution, porosities between the grains, and

Fig. 2. (Colour online) (a) New stratigraphic diagram of the Kopet-Dagh Mountains belt and two adjacent basins, i.e. the Amu Darya and the southern Caspian Sea. The strati-
graphic position of the Pestehligh Formation is from lower to upper Palaeocene (adapted from Robert et al. 2014). (b) The stratigraphic columns of the studied sections with the
specified location of the samples. (c) The outcrop picture from the Danian siliciclastic interval. The studied succession overlays the marine successions of the Maastrichtian and is
overlaid by the marine carbonate successions of Thanetian age.

548 A Heidari et al.

https://doi.org/10.1017/S0016756822001108 Published online by Cambridge University Press

https://doi.org/10.1017/S0016756822001108


fractures. Blocky cement is predominant in the Pestehligh
Formation sedimentary rocks (Fig. 3g).

Meniscus and pendant calcite cements: The crystal size of these two
cement types is c. 10 to 20 μm. They precipitated between and

below the grains and are discriminable by different extinctions
than the next-generation cements (Fig. 3f).

Rim: The size of the crystals of this cement type is c. 10 to 20 μm.
They formed around some of the grains. Unlike the meniscus

Fig. 3. (Colour online) The diagenetic features of the Pestehligh Formation siliciclastic rocks. (a) Yellow arrows point out the physical compaction. (b) Bending of the mudstone
rock fragment; the dashed line indicates the curvature of the grain. (c) Physical compaction; yellow arrows indicate the depression of the quartz grains in a mudstone rock
fragment. (d) Chemical dissolution because of the overburden pressure; yellow arrows show the dissolution of quartz at the grain contact. (e) Iron oxide cement in natural light
(plane polarized light) is marked by red arrows. (f) Poikilotopic cement –red arrow shows a grain floating in cement which is uniform in extinction; yellow arrows show the grain rim
cement surrounding grains; blue arrows show the meniscus cement between two grains. (g) The process of calcite cement formation; red arrows show blocky cement in sand-
stones. (h) The alteration process; yellow arrows show the feldspar alteration and weathering. (i) The dissolution process; the yellow arrow indicates the dissolution of part of the
background limestone cement. (j) The substitution process; yellow arrows show that, on the edge of the quartz grain, calcite substitutes the silica (tomake a contrast, the quartz is
in extinct situation in crossed polarized light). (k) The processes of dissolving, fracturing and filling of quartz grain – yellow arrow shows the dissolution of the quartz grain; red
arrow points out a fracture in quartz grain filled by calcite. (l) Fracture and filling; yellow arrow shows a fracture which has been filled by calcite. The scale bar is 1 mm.
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and pendant types of cement that precipitate in some specific
parts, this type surrounded grains more uniformly (Fig. 4f).
Similar to the meniscus and pendant cements, rim cement
also has a different extinction than the next-generation
cements.

Alteration: This phenomenon is the most common diagenetic
process in sandstone sequences. During this process, the unsta-
ble minerals alter under certain conditions. In the sandstone
sequences of the studied formation, some of the feldspar grains
were seen to have been altered along their cleavage surfaces, but
some others have not been altered (Fig. 3h).

Dissolution: This is the process by which a part of the rock dissolves
and its porosity expands. The studied samples were affected by
the dissolution process. In some cases, the quartz and feldspar
grains dissolved, and in other cases the voids left by dissolution
filled up or were substituted by calcite minerals (Fig. 3h–j).

Secondary porosity: In the Pestehligh Formation, the dissolution of
some feldspar and quartz grains in lower abundance led to the
development of porosity. Conversely, the cement formation in
the inter-grains spaces reduced the porosity of the studied sili-
ciclastic succession.

Fractures and vein fillings: The scarce fractures in the Pestehligh
Formation either filled with calcite or remained empty
(Fig. 3e). Some of the fractures which were filled with calcite
cement were not detectable by polarizing microscopy.

4.b. Cathodoluminescence (CL)

In this study, CL images were used to interpret redox conditions of
fluids in diagenetic environments. A geochemistry sampling guide
map from the CL images is provided (Fig. 4). The blocky cement
type in the studied samples shows different luminescence under
the CL microscope, which may indicate formation in different dia-
genetic phases and environments (Fig. 4b). In CL terms, themenis-
cus and pendant calcite cement types show dark luminescence
(Fig. 4b).

Based on the positions of the formation and the luminescence,
calcite cements in the studied samples were categorized into four
types: (1) the cement around the grains with dark luminescence
(such as rim, pendant gravity and meniscus); (2) inter-grain
cements with dark luminescence (such as some of the blocky
and poikilotopic cements); (3) inter-grain cements with bright
luminescence (such as some of the blocky and poikilotopic
cements); and (4) the cement-filled fractures with dark lumines-
cence (some of the blocky cements). Each of these four types of
cements was sampled and analysed for elemental content as well
as oxygen and carbon isotope ratios. Analysis results also con-
firmed their geochemical differences (Table 1; Fig. 5). Using the
CL microscope, the difference in luminescence between the grain
and the filled fractures luminescence is quite obvious (Fig. 4d).

4.c. Geochemical analysis

In this study, 29 samples from three stratigraphic sections were
analysed to obtain isotopic (O, C) and elemental (Ca, Mg, Sr,
Na, Fe, Mn) data.
Magnesium (Mg): Its value varies from 0.24 % to 0.81 % in the ana-

lysed calcite cement types.
Strontium (Sr) and sodium (Na): In the examined samples, Sr val-

ues range from 24.31 to 1363.87 ppm. The lower amounts
belong to surrounding grains cement type (including rim, pend-
ant gravity and meniscus cements), and the higher values were
seen in the cements, which formed inter-grain spaces (including
blocky and poikilotopic cements). Na values in the studied cal-
cite cements varied from 201.65 to 1008.77 ppm. The highest
amounts of Na belonged to the bright luminescent inter-grain
cements. The lowest values belong to grain rim cement types
without luminescence. The values of Na in fracture-filling
cements are between two previous types of cements.

Manganese (Mn) and iron (Fe): The value of Mn in the studied cal-
cite cements varied between 14.28 and 335.14. The values of Fe
fluctuated between 514.17 and 1305.36. The highest values of Fe
and Mn were found in the inter-grain cement type with bright
luminescence and the fracture-filling cement, respectively, and

Fig. 4. (Colour online) Photomicrographs in
natural light (plane polarized light), CL photomi-
crographs of sandstone and micro-conglomer-
ate samples of the Pestehligh Formation. (a)
Thin-section from the studied sandstone sam-
ples; blue arrow shows the inter-grains calcite
cement, and yellow arrow indicates the blocky
cement that has filled the space between the
grains. (b) The CL photomicrograph from (a);
blue arrow shows dark luminescent calcite
cement, green arrow shows light luminescent
calcite cement, and yellow arrow shows the
difference between the inter-grains cement
and carbonate inside a rock fragment. (c)
Photomicrograph of a thin-section in natural
light provided from the studied sandstone sam-
ples; yellow arrow shows a fracture that has
been filled by cement. (d) The CL photomicro-
graph of Figure 3c yellow arrow shows the dark
luminescence of the filled fracture; green arrows
and areas show the bright luminescent inter-
grains blocky cements; blue arrows and areas
show the centre of the pores between grains that
have been filled by dark luminescent blocky
cements; and the white arrows show the dull
luminescence. The scale bar is 1 mm.
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Table 1. Geochemical data of the Danian Pestehligh Formation in the west part of Kopet-Dagh Basin

Stratigraphic section Sample No. Place of forming Luminescence 18O/16O 13C/12C Ca (w t %) Mg (wt %) Sr (ppm) Na (ppm) Fe (ppm) Mn (ppm) Sr/Mn Na/Mn Fe/Mn

Jozak PJ1 Around grains Dark −1.71 −6.44 36.22 0.24 26.11 201.65 741.43 104.65 0.25 1.93 7.08

Jozak PJ2 Around grains Dark −1.61 −5.65 37.11 0.19 29.31 206.98 716.37 101.75 0.29 2.03 7.04

Garmab PG1 Around grains Dark −1.62 −6.65 35.82 0.36 24.31 418.43 821.72 116.09 0.21 3.60 7.08

Garmab PG2 Around grains Dark −1.72 −6.16 38.29 0.32 34.18 323.65 859.31 112.56 0.30 2.88 7.63

Garmab PG3 Around grains Dark −1.82 −5.32 38.51 0.31 29.87 481.16 782.64 102.44 0.29 4.70 7.64

Sheikh PS1 Around grains Dark −1.64 −6.07 38.46 0.31 23.09 504.83 915.12 131.07 0.18 3.85 6.98

Sheikh PS2 Around grains Dark −1.46 −6.64 37.47 0.37 28.21 342.32 822.19 107.41 0.26 3.19 7.65

Sheikh PS3 Around grains Dark −1.35 −7.06 36.57 0.37 31.86 321.94 911.48 125.67 0.25 2.56 7.25

Jozak PJ3 Inter-grains Bright −6.22 1.04 39.02 0.68 114.07 621.21 1221.13 314.48 0.36 1.98 3.88

Jozak PJ4 Inter-grains Bright −6.48 1.44 35.84 0.81 111.76 813.32 1305.36 278.76 0.40 2.92 4.68

Garmab PG4 Inter-grains Bright −5.36 1.62 37.95 0.63 96.43 940.95 1048.27 301.88 0.32 3.12 3.47

Garmab PG5 Inter-grains Bright −5.88 1.05 38.14 0.81 118.61 845.17 1098.56 341.32 0.35 2.48 3.22

Garmab PG6 Inter-grains Bright −6.14 0.81 35.41 0.44 103.32 918.45 1145.89 335.14 0.31 2.74 3.42

Garmab PG7 Inter-grains Bright −5.21 1.45 37.24 0.48 91.92 1006.77 985.78 386.06 0.24 2.61 2.55

Sheikh PS4 Inter-grains Bright −6.24 −0.24 36.02 0.59 125.32 1021.11 1169.4 265.24 0.47 3.85 4.41

Sheikh PS5 Inter-grains Bright −5.73 0.21 36.21 0.51 119.41 975.98 1051.2 302.12 0.40 3.23 3.48

Sheikh PS6 Inter-grains Bright −5.50 1.14 37.12 0.64 95.46 665.44 1009.11 361.4 0.26 1.84 2.79

Sheikh PS7 Inter-grains Dark 0.40 −6.24 35.47 0.68 63.87 723.33 541.7 121.11 0.53 5.97 4.47

Sheikh PS8 Inter-grains Dark 0.57 −5.62 36.41 0.57 58.49 587.69 682.92 138.91 0.42 4.23 4.92

Jozak PJ5 Inter-grains Dark 0.52 −5.82 35.41 0.49 56.43 591.05 651.24 121.42 0.46 4.87 5.36

Jozak PJ6 Inter-grains Dark 0.61 −5.64 36.19 0.53 60.18 572.19 682.92 138.91 0.43 4.12 4.92

Jozak PJ7 Inter-grains Dark 0.62 −5.34 36.17 0.59 54.33 544.59 645.31 129.47 0.42 4.21 4.98

Garmab PG8 Inter-grains Dark 0.60 −6.05 38.23 0.49 53.92 517.69 622.06 121.32 0.44 4.27 5.13

Garmab PG9 Inter-grains Dark 0.49 −5.93 37.19 0.55 58.26 541.36 613.55 118.03 0.49 4.59 5.20

Garmab PG10 Inter-grains Dark 0.50 −6.02 36.21 0.56 53.58 513.09 652.26 133.41 0.40 3.85 4.89

Jozak PJ8 Fracture Dark 1.14 −7.82 37.12 0.64 52.34 239.27 996.34 86.39 0.61 2.77 11.53

Jozak PJ9 Fracture Dark 0.84 −7.43 36.74 0.54 56.12 301.32 1114.36 98.03 0.57 3.07 11.37

Sheikh PS9 Fracture Dark 1.07 −7.35 39.02 0.66 53.29 313.32 924.39 84.52 0.63 3.71 10.94

Sheikh PS10 Fracture Dark 1.11 −7.64 38.52 0.63 55.58 302.16 946.42 87.94 0.63 3.44 10.76
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Fig. 5. (Colour online) The geochemical cross-plots from three studied stratigraphic sections. The data belong to four cement types:, dark luminescence around the grains
(rim, meniscus and pendant gravity), bright luminescent inter-grain cements, dark luminescent inter-grain cement, and dark luminescent vein fillings cements. (a) Cross-plot
of δ18O/ δ16O ratios vs δ13C/ δ12C. The different ratios of each group are clear. (b) Cross-plot of Sr/Mn ratios vs δ13C/ δ12C; the highest Sr/Mn ratios are recorded from the dark
luminescent inter-grain and the dark luminescent vein-filling cements, both of which most probably precipitate in meteoric environments after uplifting. This cross-plot indicates
that the oxic conditions in the Earth’s surface diagenetic environments cause the Mn to cease entering the mineralogical network of calcite cements. On the other hand, the
lightening trend of the carbon isotope ratios vs the increasing of the Sr/Mn ratios confirms the meteoric fluids flow in oxic conditions. (c) Cross-plot of Sr values vs δ13C/ δ12C.
The effects of themeteoric fluids in reducing Sr values in dark luminescence around the grains (including the rim, pendant gravity andmeniscus), the dark luminescent inter-grains
and the dark luminescent vein fillings are obvious. The lighter ratios of the carbon isotope with lower values of Sr are a sign of the influence of meteoric diagenetic fluids. (d) Cross-
plot of Sr vs Mn values in most cases shows negative trends. (e) Cross-plot of Fe/Mn ratios vs δ18O/δ16O. In all cements except the dark luminescent, inter-grains show a negative
trend. (f) Cross-plot of Fe values vs Mn values in four cement types that show a negative trend for the bright luminescent inter-grain cement, but positive trends for the three other
cement types.
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the lowest values were reported from the rim cement with dark
luminescence.

Oxygen and carbon isotopes: The oxygen isotope ratios in the stud-
ied samples varied between 1.14‰VPDB and −6.48‰VPDB,
and the carbon isotope ratios ranged from 2.14 to −7.06 ‰
VPDB. Among the studied samples of the Pestehligh Formation,
the lightest ratios of carbon isotope belonged to the Sheikh sec-
tion (Table 1; Fig. 5).

5. Discussion

5.a. Interpretation

In the early stages of diagenesis, water squeezes out of relatively
soft sediments, resulting in a closer arrangement of grains in the
rock (Tucker, 2001). The performance of the physical compac-
tion process depends on the sedimentation rate, burial depth
and sediment volume (Einsele, 2000; Xi et al. 2019). The loose
arrangement of the sediments in the early stages of sedimenta-
tion increases porosity.

In the chemical compaction process, the pressure applied to the
sediments is higher than that of physical compaction and occurs at
temperatures of c. 100 °C to 200 °C and burial of 1 to 2 km deep
(Tucker, 2001; Ahmad et al. 2006). During this process, the grains’
contacts become convex–concave and zigzag, and the silica dis-
solves at points of the quartz grains’ contact (Ahmad et al. 2006).
The most probable reason for there being little development of
chemical compaction is that the quartz grains floated in a mud
matrix, which changes the sediment fabric and arrangement. In
some cases, however, increasing the dense arrangement ultimately
leads to chemical compaction (e.g. Parcerisa et al. 2005).Moreover,
the deposition of primary cements around the grains prevented
severe chemical compaction in the Pestehligh Formation siliciclas-
tic rocks.

After depositing sediments in different sedimentary environ-
ments, the diagenetic fluids flow through the sediment pores, caus-
ing cementation in the sediments. Depending on the diagenetic
fluids and environments, numerous types of cement form in sedi-
mentary rocks (Heidari et al. 2014, 2015).

Usually, iron oxide cement precipitates in vadose, phreatic and
shallow burial zones after tectonic uplifts. They also form in deep
burial diagenetic environments under the influence of alkaline oxi-
dizing diagenetic fluids (Einsele, 2000). The iron oxide cement type
represents semi-arid (Weibel, 1998) and oxic conditions (Reed
et al. 2005). Because of the weathering of other rocks, iron is
released and dissolves in pore fluids in the fluvial siliciclastic depos-
its. This process in an oxidant environment forms iron oxide
cement (Moussavi-Harami & Brenner, 1993).

The calcite cement types precipitate in most sedimentary and
diagenetic environments. These cement types could form in many
sandstone sequences such as continental red bed sandstones
formed in semi-arid to arid climates (Burley & Worden, 2003).
These types of cement precipitate as calcite minerals in the pore
spaces between sediment grains. They occur when the amount
of the dissolved calcium and bicarbonate ions in the diagenetic flu-
ids reaches a supersaturated level. The precipitation of calcite
cement is possible in all stages of diagenesis: for example, at lower
burial depths due to inter-grain fluid evaporation; at deeper burial
environments due to higher temperatures and pH levels; and as a
substitution of silica by meteoric water rich in calcium carbonate
(Tucker &Wright, 1990; Burley &Worden, 2003). If the pH of the
environment is acidic, the formation of calcite cement is usually

triggered by a higher concentration of calcium and bicarbonate
ions in the pore fluids (Worden & Morad, 2000).

Many of the sandstone beds of the studied formation are com-
posed of sedimentary rock fragments such as limestone and mud-
stone grains (Heidari, 2008). The dissolution of these rock
fragments can be a source of calcium ions and may saturate the
diagenetic fluids to form poikilotopic and blocky cements in late
diagenesis stages.

The formation of poikilotopic cement can be related to the slow
nucleation of calcite crystals and their low growth rate. They could
form in burial and meteoric diagenetic environments and occur by
alkaline fluids. They may form after the quartz and feldspar disso-
lution in the siliciclastic succession (Tucker & Wright, 1990;
Heidari et al. 2014, 2015; Xiong et al. 2016).

Blocky cement confirms the activities of the diagenetic fluids in
meteoric and burial conditions. During the precipitation of this
type of cement in meteoric conditions, the dissolved pits and pores
are first formed by the infiltration of atmospheric fluids with acidic
pH. Subsequently, the primary pores and the voids created by dis-
solution are filled by this type of cement. Blocky cement may also
form in burial environments (Choquette & James, 1987; Heidari
et al. 2014; Javanbakht et al. 2018). This type of cement is often
referred to as the second generation of cements (Tucker, 2001;
Flügel, 2010).

The meniscus cement type is among the first to form between
the grains and the grains’ contact points (Tucker, 2001; Defliese &
Lohmann, 2016). The edges of this type of cement are rounded,
possibly indicating the effects of gravity. The position of these
two cement formations indicates that they are first-generation cal-
cite cements in the studied siliciclastic rocks. Pendant cement
formed as a hanging cement beneath the grains. Its shape indicates
the effect of gravity in an environment unsaturated with water
(Defliese & Lohmann, 2016).

In marine diagenetic environments, the rim type of cement
forms in needle and fibrous shapes with two small x, y and one long
z-axis (Flügel, 2010). Their fibrous and needle shape is due to high
magnesium/calcium ratios in the seawater. In terrestrial environ-
ments with fresh water, the reduction of magnesium/calcite ratios
and the dimensions of cement crystals become closer and more
equant (Defliese & Lohmann, 2016). Furthermore,
their uniform distribution around the grains indicates that the dia-
genetic environment was saturated with diagenetic fluid.
Therefore, the early phreatic meteoric environments were the best
match to these conditions (e.g. Defliese & Lohmann, 2016).

The alteration process acts predominantly in deeper burial dia-
genetic environments (Worden & Morad, 2000). The passage of
diagenetic fluids with different compositions from the sedimentary
sequences along with changes in the diagenetic environment tem-
perature and pressure causes the transformation of unstable min-
erals into stable minerals (Einsele, 2000). The alteration of feldspar
grains is controlled by fluids that pass through the sediment pores.
The pH of the environment, the activity of the sodium and potas-
sium cations and the presence of hydrogen ions lead to alterations
in the feldspar grains (Worden & Morad, 2000). Dynamic model-
ling of diagenetic environments shows that feldspar minerals are
typically altered at temperatures of c. 90 °C to 150 °C (Chuhan
et al. 2000; Reed et al. 2005). Usually, feldspars convert to sericite
at high concentrations of potassium cation versus lower silica con-
centrations (Lanson et al. 2002; Reed et al. 2005; Weber & Ricken,
2005). The absence of any silica cement in the sandstone sequences
in the studied interval revealed that poor silica fluids passed
through the succession. The surviving unaltered feldspar grains
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in the studied rocks reflect the arid climate of the Danian age in the
study area (Fig. 6; Suttner & Dutta, 1986). Moreover, a high sed-
imentation volume at the time of sedimentation helped preserve
the feldspar grains (e.g. Suresh et al. 2004). On the other hand,
the placement of some feldspar grains in the matrix field can pro-
tect them from contact with diagenetic fluids.

Dissolution occurs when there is no other mineral to form dur-
ing the dissolution. Otherwise, the substitution process occurs and
no porosity develops. The dissolution process and substitution take
place from the surface conditions in the meteoric diagenetic phase
(Xiong et al. 2016) up to burial depths with a temperature of c. 125 °
C (Lewis & McConchie, 1994). The dissolution of silica and the
precipitation of calcite are usually controlled by the pH and time.
This process is possible in a pH range from 9 to 10. It works at the
meteoric and burial diagenesis by sub-oxic and alkaline fluids
(Morad et al. 2000; Xiong et al. 2016).

The late porosity process may occur during the burial phase of
diagenesis, but it may also occur because of meteoric waters (Reed
et al. 2005). During the burial stage of diagenesis and after uplift,
late porosity expanded due to the infiltration of meteoric fluids.

Fractures usually occur during the uplift of sedimentary
sequences in the final stages of diagenesis (Cooke et al. 2006;
Graaf et al. 2017).

Major reasons for the low development of fractures in the stud-
ied succession are themudmatrix of the background and the abun-
dance of rock fragment grains, both of which caused the rock to
bend and prevented the fracture from spreading (e.g. Suresh
et al. 2004).

5.b. The CL interpretation

The presence of manganese (Mn) and iron (Fe) in the calcite
cement types is related to the redox condition of diagenetic fluids,
which may be affected by sedimentary and diagenetic environ-
ments. The CL is a very useful tool for detecting diagenesis phases

and considering porosity evolution in sedimentary rocks. All cal-
cite cement types are products of the diagenesis process (e.g.
Bathurst, 1975; James & Choquette, 1990). Mn is the main known
activator element of luminescence (Götte & Richter, 2009; Götze,
2012). Other cations, such as lead and some other rare earth ele-
ments, may also play a role in the formation of luminescence
(Machel et al. 1991; Habermann et al. 1996). On the other hand,
iron, nickel and cobalt play main roles in quenching luminescence
(Mason & Mariano, 1990). Budd et al. (2000) found that values
greater than 17 ppm of Mn could cause a bright luminescence.
Lower values could even be sufficient to create a slight lumines-
cence in calcite cements (Habermann et al. 1998). In general, it
seems that as long as the Fe concentration is less than 200 ppm,
even low levels of Mn can produce a luminescence (Budd et al.,
2000). As Fe enters the calcite and dolomite crystal networks,
the luminescence changes from yellow to orange, red and brown.
The red luminescence and very dark brown to black (without lumi-
nescence) will appear if the Fe concentration exceeds a few thou-
sand parts per million. Values lower than 100 ppm will not have a
negative effect on the luminescence (Budd et al., 2000; Götte &
Richter, 2009).

Measuring Fe and Mn concentrations in calcite cement types is
a useful approach for detecting the redox conditions of the mineral
formation, because their redox potentials are different (Cander,
1994; Vahrenkamp & Swart, 1994; Kyser et al. 2002). Under reduc-
tion conditions, the Fe and Mn elements easily enter the trigonal
crystal network of the carbonates and replace calcium in calcite
minerals. By reducing the oxygen level below that of the atmos-
phere, Mn quickly enters the diagenetic calcite cements.

Various geochemical regimes cause different luminescence in
calcite cements. The dark luminescence in calcite cement is inter-
preted as being formed by oxic fluids with minimum values of Fe
and Mn (Barker et al. 1991; Li et al. 2017). In contrast, the bright
luminescence reflects the flow of anoxic fluids, which leads to an
increase in Mn (Li et al. 2017). The changes in the Fe and Mn val-
ues are evident in the analysed samples of the different cement
types of the studied formation (Table 1; Fig. 5).

5.c. Geochemistry

The values of Mg in the carbonate samples from tropical regions
varied between 0.11 % and 3.2 %. Aragonite minerals contain less
than 1 %Mg, while calcite can contain from 1 % tomore than 12 %
(Rao, 1996). The comparison of calcite cements with carbonate
cements, which were precipitated in the siliciclastic deposits, is
provided here to point out their differences.

In tropical carbonates, Sr values from 813 to 9000 ppm have
been reported. In many cases, changes in Sr values occur because
of relative changes in the volumes of aragonite and calcite (Rao,
1996). Because of the larger dimension of the aragonite inter-crys-
talline spaces, the Sr element that is larger in size is more consistent
with the aragonite crystal structure. Therefore, Sr values are higher
in carbonate with higher portions of aragonite mineralogy. The
values of Na in carbonate sediments are usually positively corre-
lated with the amount of Sr (Rao & Adabi, 1993; Rao, 1996).

Mn and Fe have low values in aragonite specimens but relatively
high ones in calcite (Rao, 1996).

Sedimentary environments control the calcite cement types in
the early stages of diagenesis. The sedimentary environments of
some carbonate cements have already been determined as proxi-
mal areas of the alluvial and fluvial systems (Heidari, 2008). In
these types of cements, the values of trace elements in the

Fig. 6. (Colour online) Reconstruction of the palaeoclimate using the petrography
composition achieved from the studied thin-sections and grain counting. The average
composition of the studied Danian interval of the west Kopet-Dagh Basin shows the
sedimentation in the arid and semi-arid climates, which is consistent with the Kopet-
Dagh Basin palaeo-latitude (between 20° and 30° of the northern semi-globe. The
palaeo-situation of the Basin is coincident with the deserts belt of the Earth in the
Palaeocene Epoch.
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diagenetic fluids are meagre, and the oxic condition is dominant.
Many studies have confirmed a link between sedimentary environ-
ment and diagenesis (e.g. Ketzer et al. 2003; Dill et al. 2005;
Parcerisa et al. 2005). The presence of the Mn and Fe in calcite
cements is dealing with the redox conditions of the diagenetic flu-
ids and environments. Greater distance from the source results in
more alkaline fluids. Therefore, the Mn and Fe values increase in
the calcite cements (Parcerisa et al. 2005). However, later cements
such as inmesodiagenesis phases, such as burial, are less affected by
the sedimentary environments. They often contain Mn because of
the redox conditions. The higher values of Mn often help create a
bright luminescence in calcite cements in the mesodiagenesis
phase in terrestrial siliciclastic successions (Parcerisa et al.
2005). In burial diagenetic environments, sources of Fe and Mn
could be the shale horizons of a formation. Moreover, at temper-
atures above 50 °C, the transformation of clay minerals releases
some Fe and Mn (e.g. Emery, 1987). The concentrations of some
trace elements which are mainly present in seawater, such as Na,
Mn and Sr, are severely reduced by the flow of atmospheric fluids
(Winefield et al. 1996; Javanbakht et al. 2018). Because the studied
Danian succession was deposited in the alluvial and fluvial systems,
the effects of seawater are absent in the early diagenetic features.
Therefore, the initial fluids were depleted of trace elements. This
is especially evident in proximal parts of the river system in the
study area (such as the Jozak section), which are closer to the
source settings. The amounts of major and trace elements are
lower in Jozak early cements than in other stratigraphic sections
(Table 1). In the later phases of diagenesis, such as mesodiagen-
esis and telodiagenesis, the effects of the sedimentary environ-
ments gradually diminished because of the distance from the
early meteoric fluids. The studied siliciclastic succession is sand-
wiched between two marine carbonate formations known as the
Kalat (Maastrichtian in age) and Chehelkaman (Thanetian in
age) (Fig. 2). Therefore, in the burial diagenetic environments,
the diagenetic fluids from the lower and/or upper carbonate
sequences have both been enriched by passing through the
marine sequences. Hence, the values of some marine trace ele-
ments such as Sr and Na are increased in the burial calcite
cements of the studied succession. Consequently, the diagenetic
fluids in the burial environments were expected to be affected
mainly by marine carbonate sequences, even after the uplift envi-
ronments. A significant increase in the amounts of Sr, Na andMn
in the bright luminescent inter-grain cements confirms the effects
of the diagenetic fluids which crossed the upper and lower car-
bonate sequences (Table 1).

The Sandberg studies revealed that the aragonite seas were
dominant in the Cenozoic Era (Sandberg, 1975). The original min-
eralogy of the aragonite accelerates the dissolution process of car-
bonates and causes the release of marine trace elements. In the
Pestehligh Formation siliciclastic sequences, because of the car-
bonate dissolution in the lower and upper marine successions,
the released marine elements such as Sr, Na and Mg are raised
in many of the calcite cements. The stable isotopic data indicate
that in the cements that are enriched with marine trace elements,
oxygen isotope ratios range from −8 to −10 ‰ Vienna Pee Dee
Belemnite (VPDB) (Table 1). This result confirms the cement pre-
cipitation in burial diagenetic environments (e.g. Heidari et al.
2014, 2015). The values of the carbonate succession’s main and
trace elements could be clues to identifying mineralogy, sedimen-
tation rate, water temperature, redox conditions, element distribu-
tion or diffusion coefficient, fluid composition, PCO2 value and
salinity (Veizer, 1983).

In the studied cement samples, the highest ratios of Sr/Mn were
reported from the dark luminescent fracture fillings and dark lumi-
nescent cements around the grains (including the rim, pendant
gravity and meniscus cements). These higher Sr/Mn ratios are
not due to the increase in Sr values, but are due to the decrease
in Mn content in oxic conditions of diagenetic environments near
the Earth’s surface (Fig. 5b; Table 1). Furthermore, the negative
correlation of the Sr/Mn ratios versus the carbon isotope indicates
a lightening trend in carbon isotope versus decreases in Mn
content. It confirms the inhibitory influences of surface oxic con-
ditions on the entrance of Mn into calcite cement types.
Consequently, a dark luminescence is made in the fracture-filling
cements which formed close to the Earth’s surface. Some other
fracture-filling cements that show a bright luminescence can be
considered in connection with greater depths before reaching
the Earth’s surface (Figs 4, 6).

The comparison of main and trace elements of the studied suc-
cession also showed two types of positive and negative regression
trends. Sr, Mg and Na each displayed a positive regression trend
versus each other (Fig. 5c). On the other hand, they showed a neg-
ative regression trend versus Fe and Mn (Fig. 5f). By increasing the
Mn and Fe contents in the early phases of meteoric conditions, the
Sr and Na values decreased (e.g. Bathurst, 1975; Winefield et al.
1996; Heidari et al. 2014, 2015). This process is mademore possible
by the flow of the meteoric fluids in the sediments. It leads to a
decreasing trend in Sr and Mg and an increasing trend in Fe
and Mn (Budd & Land, 1990).

Oxygen and carbon isotopes are very useful for understanding
the nature and timing of fluids that precipitate calcite cement types
(Li et al. 2017; Javanbakht et al. 2018). The probable explanation
for the lightest ratios of the carbon isotope in the Sheikh section is
the lack of limestone deposits of the Thanetian Chehelkaman
Formation in this section and the direct sedimentation of the
Khangiran Formation (Ypresian in age) dark shale deposits on
the Danian Pestehligh Formation (Fig. 2). In other words, the
higher organic content of the Ypresian dark shales has affected
the diagenetic fluids and caused the carbon isotope ratios in the
Sheikh section to be lightened (Table 1).

An accurate study of diagenetic history from sedimentation to
uplifting and sampling by a geologist requires a geochemical analy-
sis of the successions. The diagenetic fluids in various phases, i.e.
eodiagenesis, mesodiagenesis and telodiagenesis, have different
properties and varying effects on sedimentary successions. These
fluids usually precipitate different cement types. It is not possible
to detect the diagenetic phases without quantity and semi-quantity
analytical data. Concerning the carbonate cements, trace elements,
oxygen and carbon isotopes have a good performance (e.g.
Mazzullo, 2000; Heidari et al. 2014, 2015).

5.d. The paragenetic sequence

After sedimentation, the various diagenetic processes start to
change the deposits. A complex of diagenetic features occurs that
can be identified and deciphered using petrographic and geo-
chemical data. After the identification and interpretation of the
diagenetic features and processes, a paragenetic sequence can be
reconstructed. Based on the interpreted diagenetic processes and
their geochemical properties, the paragenetic sequence of the inter-
val studied herein was reconstructed. Early diagenesis involves the
syn-sedimentary processes to shallow burial environments. Middle
and late diagenesis includes a variety of processes that occur in the
deeper burial to after the uplifting of diagenetic environments.
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5.d.1. The early meteoric diagenetic environment (Eodiagenesis
phase)
The palaeoclimate had a major influence on early terrestrial dia-
genesis (Reed et al. 2005). The petrographic data of the studied suc-
cession (Heidari, 2008) have been plotted on Suttner and Dutta’s
palaeoclimate diagram (Suttner & Dutta, 1986). The data of this
study revealed deposition in the semi-arid to arid climates (Fig. 6).
Early diagenesis is coincident with the meteoric regime (Galloway,
1984), in which sediments infiltrated by way of meteoric fluids. In
this regime type, the fluid flow rate is high and controlled by the
permeability and homogeneity of the sandstone masses (Galloway,
1984). At this stage of diagenesis, processes such as physical com-
paction and early cementation (iron oxide and calcite grains rim,
meniscus and pendant cement types) affected the studied siliciclas-
tic rocks (Fig. 7). The iron oxide cement in this phase had deposited
a thin layer in grains’ points of contact, indicating that before the
initial compaction of the sandstone sequences, an early cement of
iron oxide had formed and covered the surface of the sandstone
grains. Due to the relatively higher sedimentation rate in the allu-
vial and fluvial systems in active tectonic areas, the sandstones at
the bottom of the studied stratigraphic sections underwent more
compaction, which ultimately led to a decrease in the initial poros-
ity. From a geochemical view, the fluids that precipitate the
cements in this phase of diagenesis are depleted of trace elements.
The red and brown colours of the studied siliciclastic rocks reflect
the oxic fluids in this phase. As mentioned earlier, the meteoric flu-
ids were more depleted in the Jozak section than in other strati-
graphic sections due to the proximity to source areas of the
alluvial and fluvial systems.

The oxic conditions of the Earth’s surface environments pre-
vent the entrance of Mn into the mineralogy network. Thus, some
cement types such as the grains rim, pendant and meniscus types
that were formed in this phase show a dark luminescence (Fig. 4b,
d). Isotopic data showed that the cement types of this diagenetic
environment had relatively heavy oxygen ratios (between −1.35
and −1.82‰VPDB) and relatively light carbon isotopes (between
−5.32 and −7.06 ‰ VPDB). These isotopic ratios reflect the
meteoric conditions in this phase of diagenesis, which could be
subdivided into vadose and phreatic diagenetic environments
(Fig. 7a, b). The situation and form of the vadose and pheriatic
cement types are different. Rim grain cements form in the pheriatic
early meteoric, while gravity pendant and meniscus types form in
the vadose early meteoric phase (Fig. 7a, b).

5.d.2. The burial diagenetic environment (Mesodiagenesis
phase)
In this phase of diagenesis, the studied siliciclastic rocks were sub-
jected to more burial and pressure. The chemical composition of
the diagenetic fluids within the pore spaces changed in this phase of
diagenesis, which correlates with the compaction regime of
Galloway (Galloway, 1984). In this regime, sediments gradually
move away from the Earth’s surface and are affected by the deeper
diagenetic environments. A variety of processes have acted on the
siliciclastic deposits of the studied succession in this phase, includ-
ing physical compaction, chemical compaction, cementation,
alteration and dissolution of the feldspar and quartz grains, disso-
lution and substitution of the calcite, and developing secondary
porosity (Fig. 8). In the relatively deeper diagenesis phases, the

Fig. 7. (Colour online) Schematic diagram of the early meteoric conditions of the Danian age in west Kopet-Dagh Basin. There was not enough time for early meteoric diagenetic
fluids to be enriched with trace elements, so they were depleted. Their relevant cements contain the lowest values of trace elements. These fluids are also more under-saturated
than calcite, making them suitable for the development of dissolution in carbonate grains and cements. The early meteoric consists of two diagenetic environments: upper, and
under the undergroundwater table surface, known as the vadose and phreatic zones, respectively. (a) Because of vadose cement precipitation in the free fluid pores, gravity forms
the cements as pendants and hangs them under the grains. Some others, such as the meniscus cements, follow the cohesion of the water molecules with grains and precipitate
between grains. (b) Under the underground water table, rim cements surround the grains. The lower development of rim cements in continental diagenetic fluids compared to
marine ones is due to the under-saturation conditions more than the carbonates in terrestrial fluids.
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pressure on the rock increases, and the grains’ dissolution starts at
the grains’ points of contact andmakes zigzag and convex–concave
contacts. Some of the grains such as quartz and feldspar are then
dissolved by the penetration of alkaline fluids, which are rich in
calcium and bicarbonate. In this diagenetic environment, the feld-
spar and quartz grains tend to be dissolved and substituted by cal-
cite. During the mesodiagenesis phase, some processes, such as
dissolution and alteration of the feldspar and quartz grains, can
lead to an increase in secondary porosity.

A marked increase in trace elements contents, a lightening of
the oxygen isotope ratios and a relatively heavier carbon isotope
ratio are the geochemical properties of this diagenetic phase. In
the burial environment cement types, there is a marked increment
in seawater-derived trace elements, such as Sr, Na and Mg. The
downward- and upward-penetrating fluids in the studied succes-
sion were enriched by crossing through the marine carbonate
deposits of the upper and lower formations (Fig. 8). The origin
of some trace elements, such as Sr, Na andMg, is not marine fluids,
but it is fluids that passed through and were enriched by themarine
carbonate rocks (Fig. 8).

The increasing trend of temperature, because of the burial envi-
ronments deepening, has also caused a lightening in oxygen iso-
tope ratios. However, the maximum of −6.72 in the oxygen

isotope ratios in the studied interval indicates a moderate burial
depth. Thementioned oxygen isotopemaximumwas accompanied
by relatively heavy ratios of the carbon isotope, indicating the influ-
ence of burial diagenesis (Fig. 5a). The characteristic ‘reverse J
shape trend’ of the oxygen and carbon isotope ratios discloses
the burial diagenetic environments (Fig. 5a). The reduction in alka-
line conditions and enrichment of trace elements in burial fluids
were facilitated by the entrance of Mn into the mineralogy network
of the calcite cement types of this phase. Therefore, the calcite
cement types of this phase, including blocky and poikilotopic,
which were deposited mostly in the centre parts of the pores, dis-
play a bright luminescence (Fig. 4b, d).

5.d.3. After uplift of diagenetic environment (Telodiagenesis
phase)
This phase of the diagenesis is in accordance with the Galloway
meteoric regime (Galloway, 1984), in which the palaeoclimate is
very important. Some diagenetic processes, including fractures, fil-
lings and dissolution, developed during this diagenetic phase. After
the burial diagenetic phase, the Pestehligh Formation was lifted up
by the tectonic activities and folding. Because of that uplift, the
fractures have to some extent expanded. In this phase, some frac-
tures are filled by calcite cements. Those fillings diminished the

Fig. 8. (Colour online) The burial diagenetic environments of
the studied siliciclastic succession. The studied siliciclastic interval
is sandwiched between two marine carbonate successions, the
Maastrichtian carbonate beneath and the Thanetian carbonate
above. Both upward and downward fluids have to cross a marine car-
bonate pack to touch the Pestehligh Formation. Therefore, some
marine trace elements such as Sr and Na have enriched the burial
cements of the studied succession.
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porosity and permeability of the studied sequence. In terms of
redox conditions, in the later steps of the after uplifting, the
meteoric oxic conditions of the near Earth’s surface make a dark
luminescence in the fracture-filling cements. The positions of these
phase cements, often in fractures, indicate the meteoric environ-
ments. Thesemeteoric cements are different from those of the early
meteoric environment of the eodiagenesis. It is often difficult to
differentiate the early meteoric environments, because their evi-
dence is mostly overprinted by the next diagenetic fluids and proc-
esses. The geochemical properties of cements of this stage show
relatively light carbon isotopes and heavy oxygen isotopes
(Table 1; Fig. 5a). The trace element contents of cements of this
phase are higher than the early meteoric cements but less than
the burial types. Figure 9 shows the reconstructed paragenetic
sequence of the Pestehligh siliciclastic rocks. The carbon isotope
of the cement of this stage is lighter than the early meteoric ones
in the eastern section known as Sheikh. The reason for the lighter
carbon ratios is related to the upper Khangiran black shale forma-
tion, which is different from two other stratigraphic sections. The
higher organic matter contents of the upper shale formation in the
Sheikh section caused the lighter carbon ratios.

6. Conclusions

Many processes affect deposits after their sedimentation. Those
processes that may be physical, chemical or biological can create
some diagenetic features in sedimentary rocks. Discriminating
between these diagenetic features and relating them to the diage-
netic environments help the reconstruction of the diagenetic

para-sequence. Many macro-scale factors, such as changes in sea
level, base level, climate, sedimentary environments, sedimenta-
tion rate, burial depth, etc., control the diagenetic history. The
lower Palaeocene sequence was deposited along with significant
changes in sedimentary environments in the Kopet-Dagh Basin,
East Tethys, at the K/Pg boundary. Several diagenetic features have
been identified, including physical and chemical compaction,
cementation, alteration, dissolution, fractures and filling.
According to petrographic and CL studies, the studied calcite
cements are subdivided into four types: (1) dark luminescence
around the grains (the grains rim, gravity pendant and meniscus
cement types); (2) dark luminescent inter-grains (some of the
blocky and poikilotopic cement types); (3) bright luminescent
inter-grains (some of the blocky and poikilotopic cement types);
and (4) dark luminescent filling fractures (some of the blocky
cement types). Each of the four categorized cement types has dif-
ferent geochemical properties that have been recognized in this
study. The geochemical data of this study revealed the precipitation
of categorized cement types in several diagenetic environments,
including the early meteoric, the low depth burial, the deeper
burial, and the late meteoric after the uplift. The qualitative petro-
graphic studies, semi-quantitative CL studies and quantitative
ICP-MS analysis made it possible to evaluate the diagenetic history
of the Danian interval in the western Kopet-Dagh Basin, East
Tethys.

The study of the sedimentary environments of the Danian
interval revealed considerable changes that occurred from the allu-
vial and fluvial systems flowing into marine sedimentary environ-
ments at the K/Pg boundary. The Danian siliciclastic formation is

Fig. 9. (Colour online) The paragenetic sequence of the Danian-
age siliciclastic rocks of thewestern part of the Kopet-Dagh Basin.
The diagenetic processes affected the sediments in three stages:
Eodiagenesis, Mesodiagenesis and Telodiagenesis. These phases
happened in three diagenetic environments: early meteoric;
burial; and late meteoric after uplift.
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sandwiched between two marine carbonate sequences, i.e. the
Maastrichtian carbonate and Thanetian carbonate successions.
The transgression in the sea level in the late Palaeocene led to pre-
cipitation of many calcite cement types in the studied formation.
Moreover, the upward-penetrating diagenetic fluids crossed the
lower carbonate formation and facilitated the formation of calcite
cements. Finally, the diagenetic sequence was reconstructed. In this
study, a data source from the petrography, oxygen and carbon sta-
ble isotopes, CL and trace elements has been reproduced for con-
sidering the diagenetic history of the siliciclastic sequences.
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