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Abstract

Rhythmical alternations between limestone and marls characterize the Pabdeh Formation (Paleocene—Oligocene), in Zagros basin,
south-west Iran. Using petrography (microfacies analysis and SEM investigation) and geochemical parameters (elemental, XRD and
stable 13C and '80 isotopes) analysis, three intervals of limestone/marl alternations in one exposed section were studied to unravel the
possible mechanisms responsible for the origin of these rhythmites. Microfacies study shows alternation of carbonate microfacies
(mudstone and wackestone) with marl lithofacies. The microfacies analysis reflects calm deep—water sedimentation that was
interrupted by sporadic traction currents from shallow—marine. Evidence such as mixed broken and oriented shallow—marine bioclasts,
detrital quartz grains with planktonic foraminifera and micritic matrix imply the traction currents, responsible for detrital transport
from shallow—marine to deep—marine. The content of TiO2, SiO2 and Al2Os (obtained from the element composition analysis) shows
the difference between limestones and marls in interval 1, each following an individual trend line indicating a bimodal chemical
composition and varying delivery mechanisms. However, for the intervals 2 and 3, there is no significant difference in the trend lines.
The oxygen isotope signature of samples is between —5.68 to —1.01%o and the carbon isotope signature is between —3.53 to +0.73%eo.
The isotope data (8'0 and 3'3C) for limestones and marl rhythms compared with Eocene marine calcite show post depositional
alteration. Limestone—marl alternations in the interval 1, therefore, originated from the cyclic changes in siliciclastic input by shallow—
water derived currents (probably turbidity currents; sensu Mohseni et al., 2011). However, for the intervals 2 and 3, although the field
observations (such as extensive lateral continuity of individual beds and sharp contact between different lithologies) and some of the
petrography parameters such as existence of the microfossils with similar preservation quality suggest the primary rhythm as a major
mechanism, whereas the geochemical data do not strongly support this conclusion.
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Introduction

Limestone—marl/shale alternations are known from
deposits of all Phanerozoic ages such as limestone—
shale/marl alternations of Lower Lias of SW Britain
(Arzani, 2004, 2006), Upper Cretaceous pelagic and
hemipelagic limestone— marl alternations of
Zumaya in northern Spain, (Mount & Ward, 1986)
and Cretaceous pelagic limestone—marl alternations
Blake—Bahama Basin (Westphal et al., 2004). The
alternations abundance varies strongly in different
geologic periods (Westphal et al., 2008). Their
abundance follows the oscillations between calcite
versus aragonite seas with high abundances during
the times of calcite seas and less abundance during
times of aragonite seas (Biernacka et al., 2005;
Colombie et al., 2012; Collart, 2013). Limestone—
marl/shale alternations are characterized by their
conspicuous appearance in outcrop with a
pronounced ABAB pattern (regular repetition of
two different lithologies) rhythm of more

weathering—resistant limestone beds versus softer
counterparts (marl/shale beds). These alternations
have been interpreted as reflecting cyclic
depositional changes or, conversely, being solely of
diagenetic  origin (acting on homogeneous
sediment) (Biernacka et al., 2005; Arzani, 2006;
Colombie et al., 2012). The former interpretation
assumes that each individual layer carries an
environmental signal and—as a whole—the section
is considered as a geological record of temporal
environmental changes, such as orbitally forced
climatic fluctuations. All of these examples
concerned deep—water sediments. Four main types
of mechanisms forming pelagic calcareous
rhythmites have been recognized (Biernacka et al.,
2005; Colombie et al., 2012; Eldrett et al., 2015):
(a) productivity cycles reflecting a variable supply
of biogenic carbonate, (b) dilution cycles predicated
upon periodic fluctuation of supply of fine
terrigenous sediments, (c) dissolution cycles related
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to periodic dissolution of carbonate and (d)
calcareous redox cycles indicating fluctuations of
bottom water oxygenation. The role of diagenesis in
these “depositional models” has not been ignored,
although it has been assumed that the
environmental signal is not entirely blurred by
subsequent modification (Biernacka et al., 2005).
Opposing these models, diagenetic scenarios
describe limestone—marl couplets as products of
homogenous or nearly homogenous precursor
sediment (Munnecke &  Samtleben, 1996;
Munnecke et al, 1997; Arzani, 2006). This
hypothesis has been postulated on the basis of
differential diagenesis between limestone and marl
layers: limestones usually undergoing cementation
during early diagenesis, whereas marls were subject
to dissolution processes. Frequently, limestone
layers contain well preserved delicate fossils and
undeformed or only slightly deformed trace fossils;
whereas in marls, fossils are flattened, deformed or
even dissolved away. The calcium carbonate
necessary to cement limestone layers was believed
to be derived from dissolution of calcite in adjacent
marls (Munnecke et al, 1997, Westphal et al,
2000; Arzani, 2006). Owing to these diagenetic
modifications, an interpretation of sediment
properties in terms of environmental fluctuations is
often difficult. Hence, for interpretation of origin of
a rhythmic calcareous succession, some parameters
are needed which are either diagenetically inert or
assessable in terms of the diagenetic difference
(Westphal et al., 2008). The contribution of event
deposits (tempestite/turbidites) to various basin fills
can be very significant, higher than 90% in some
cases. Events may lead to the formation of
limestone—marl/shale alternations, which can also
result from cyclic changes in sea level or climate
(Colombie et al., 2012). Khodabakhsh et al., (2009)
studied the significance of event deposits in the
study area (NE Ilam, Zagros Basin). Lithologically,
the Pabdeh Formation consists of argillaceous
limestone, shale and marl and have two members,
Purple shale Member and Taleh Zang Member
(Motiei, 1993). During the Paleocene and Eocene,
the pelagic marls and argillaceous limestones of the
Pabdeh Formation were deposited in the middle
part of the Zagros basin (Motiei, 1993), in a ramp
environment (somehow in intrashelf basin, Mohseni
et al, (2011). Such basins (due to events) are
commonly suitable for deposition of rhythmically
bedded strata (Eldrett er al, 2015). Paleocene—
Oligocene sequence paleogeography on the Arabian

plate shows that the Zagros foreland basin subsided
since late Cretaceous until early Eocene and the
Pabdeh Formation was deposited within the
foredeep setting (Zeigler, 2001). During the
middle-late Eocene, the sea level gradually fell and
the Zagros foredeep along with the sediment
package almost remained unchanged. In the central
part of the foredeep, sedimentation continued with
silty to sandy shales alternating with argillaceous
limestone intercalations which is totally similar to
the Pabdeh Formation. The pronounced fall in sea
level during the Oligocene the entire Arabian Plate
exhumed. The Neo-Tethys ceased rapidly and the
Zagros foredeep became a narrow trench in which
carbonate dominated sucession were deposited
along its margins. (Zeigler, 2001). The Paleocene—
Eocene is episode of global warming and sea level
rise (Sluijs et al., 2014). Khavari et al, (2014)
proposed the oligotrophic conditions during the
Paleogene and the  mesotrophic—eutrophic
conditions during the Oligocene based on
nanofossil content of the Pabdeh Formation in south
west of Iran (Ilam section). Based on calcareous
nannofossils of the Pabdeh Formation in
Khoozestan Province, Senemari (2018) put forward
oligotrophic conditions and tropical climate for the
lower part and temperate climate for the upper part
of the Pabdeh Formation.

The Pabdeh Formation as an oil source and/or
reservoir rock of the Zagros basin was well
appreciated by geologists; rhythmic alternations
characterize parts of the Pabdeh Formation in
Southwest of Iran; the origin of the rhythmic
alternations yet unravel. The main objective behind
the present research is to figure out the possible
mechanisms responsible for the origin of these
rhythmites in the study area and examining primary
versus diagenetic origin of them. For this purpose a
multi-proxy approach was used to study the Pabdeh
Formation in Northwest of the Zagros basin
(Southeast of Ilam).

Geological setting and stratigraphy

The study area is located in the Zagros basin which
comprises 7—14 km thick sedimentary succession
that covers its Precambrian basement (Alavi, 2004).
The Zagros basin has evolved through a number of
different tectonic settings since the end of
Precambrian. The basin was a part of the Gondwana
supercontinent in Paleozoic, a passive margin in
Mesozoic, and became a convergent orogen in
Cenozoic (Bahroud & Koyi, 2004; Sepehr &



Microfacies, geochemical characters and possible mechanism of rhythmic ... 91

Cosgrove, 2004). Since late Triassic, the Neo—
Tethys Ocean were developed between Arabia and
Iran. The closure of the Neo—Tethys, mostly during
the Oligocene was due to subduction of the Arabian
plate beneath the Iranian sub—plate (Berberian &
King, 1981; Stoneley, 1981; Berberian, 1995).
During Cenozoic continent—continent collision led
to the formation of the Zagros fold—and—thrust belt
(ZFTB), which brought the Zagros foreland basin
where has continually delivered sediments since
Late Cretaceous to Miocene. The sedimentary
sequence include the Gurpi Formation (marl and
shale), the Amiran Formation (siltstone, sandstone,
limestone and conglomerate), the Pabedeh
Formation (argilaceous limestone, marl and shale),
the Taleh Zang Formation (limestone), the Kashkan
Formation (siltestone, sandstone and conglomerate),
the Shahbazan Formation (dolomite limestone and
dolomite), the Asmari Formation (limestone), the

limestone) and the Agha Jari Formation (calcareous
sandstone, siltstone and sandstone) (James &
Wynd, 1965). The Pabdeh Formation in the type
section (Tang—e Pabdeh) (Fig. 1, A), is 798m thick,
and consists of shale and thin—bedded -clayey
limestones. Its lower contact is distinguished from
the Gurpi Formation (upper Cretaceous) by the
Purple Shale Member and the upper contact is
gradational and conformable with the Asmari
Formation. The Pabdeh Formation extends in the
majority of the Zagros basin including Fars,
Khozestan and Lorestan (Mirzaee — Mahmoodabadi
et al., 2010) (Fig. 1, B).

Study area

The sedimentary succession studied here (the
Gandab surface section) belongs to the Pabdeh
Formation, situated in the Northwest of the Zagros
basin.
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Figure 1. Simplified stratigraphic chart; A: of the type section of Pabdeh Formation; B: of the Cenozoic of the Zagros basin (modified

after James and Wynd, 1965).
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This basin was a part of the southern margin of
Neo-Tethys Ocean (Alavi, 2004) filled by
terrigenous and carbonate sediments. The Gandab
section is located in southeast of the Ilam Province
(Fig. 2). Its lower boundary is identified from Gurpi
Formation by the Purple Shale Member and the
upper contact with the Asmari Formation (Fig.3) is
marked by an evaporitic horizon. Total thickness of
the section is about 330m. The succession includes
four rock wunits: purple shale, bioturbated
argillaceous limestone, calcareous marl and marl. In
some parts of this section, rhythmic alternations
between argillaceous limestone — marl and
calcareous marl-marl are visible of which three

intervals are more pronounced and distinguishable.
These intervals are (interval 1: 6.46m, from the
lower part; interval 2: Im from the mid part and
interval 3: 11.25m, from the upper part of the
Pabdeh Formation) (Fig. 4). In the interval 1,
alternation is between limestone (argillaceous
limestone) and marl, in the interval 2, is between
calcareous marl and marl; while the interval 3, is
almost between argillaceous limestone and marl. In
this study, calcareous marl, marl and argillaceous
limestone are referred to the carbonate content
which include 65 -75%, 35-65% and 75 — 95%
CaCO;, after Pettijhon et al., 1975 respectively.

o P4 ) )
46 00 o
o/
3400 1 |
Ilam
Mehran Pul-E dokhatar
L Abdanan Main road  m—
] Minor road  m—
ren—
[rrrn - |
City center @®
Dehloran D«»-rfmm e @
Village center ()
10 km Studied section. +

Purple Marl
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argillaceous limestone and marl rhythmites.
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Materials and methods

Some 57 samples were selected from these three
rhythmic intervals (31, 10 and 16 samples from the
intervals 1, 2 and 3, respectively). A bed-by—bed
analysis (geochemical analysis and microscopic
investigations) of the rhythmites was performed.
Microscopic  investigations using  polarizing
microscope (Zeiss, Axioscope, 40) were done on
thin sections which were prepared from the three
interval samples. Scanning electron microscopy
investigation using SEM (JEOI, JSM—-840A) at the
Faculty of Arts and Architecture, Bu—Ali Sina
University, Hamedan, Iran, were performed on 5
samples coated with gold (sensu Eldrett et al.,
2015). XRD analysis was carried on 8 whole—rock
samples. The carbonate content (expressed as
CaC03%) which were determined through titration
method (Carver, 1971). The organic matter content
was determined via wet chemical oxidation (by
H>0,) (after Lewis & McConchie, 1994). Element
composition was measured by S4 Explorer/ x—ray
Spectrometry—Bruker (WD XRF) in XRF analysis
laboratory at Yazd University. Stable '*C and '*O
isotopes by IRMS at McGill University, Montreal
Canada were done on 57 bulk samples (Amberg et
al., 2016, Niebuhr & Joachimski, 2002). Carbon
and oxygen isotope ratios were analyzed in dual
inlet mode on a Nu Perspective isotope ratio mass
spectrometer connected to a NuCarb carbonate
preparation system. Approximately 80 pug of sample
powder were weighed into glass vials and reacted
individually with H;POy after heating to 90°C for 1
hour. The released CO, was collected cryogenically
and isotope ratios were measured against an in—
house reference gas in dual inlet mode. Samples
were calibrated to VPDB (Vienna Pee Dee
Belemnite) using house standards. Errors for both
8"°C and 80 were better than 0.05 (1o) based on
repeated analyses of standards. The nomenclatures
of limestone, calcareous marl and marl are based on
Dunham, 1962 and Pettijohn, 1987 respectively.

Results

Field observations

During field observations “calcareous marl”, “marl”
and “limestone” layers were recognized in a
descriptive sense, i.e. more weathering—resistant
limestone layers versus erosive interlayers.
Individual limestone and marl/calcareous marl
layers are relatively constant in thickness (rather
than to be nodular in nature) and are laterally
continuous over the width of the outcrop. No

distinct difference was observed in colour between
these rock types except for the marl layers in
intervals 2 and 3. In interval 1, both limestone and
marl layers display light—gray to medium light-gray
colour. In intervals 2 and 3, limestone, calcarecous
marl layers have light-gray to medium light-gray
colour, whereas marl layers show dark—gray colour.
The thickness of individual marl/calcareous marl
and limestone layers differs along the succession
irregularly. In the interval 1, the thickness of marl
layers is between 8-50cm and the thickness of
limestone layers is 10-35cm. In the interval 2, the
thickness of marl and calcareous marl layers is
between 8—15cm and in the interval 3, the thickness
of marl layers is between 50-190cm and the
thickness of limestone layers varies from 20 to
50cm. The Gandab section comprises a suite of
trace fossils that fall generally within the Zoophycos
ichnofacies of Seilacher (1967). These include
Thalassinoides, Rhizocorallium, Planolites,
Chondrites, Spirophyton and Zoophycos. These
traces were observed exclusively in the limestones.
Field observations made in this study indicate
extensive lateral continuity of individual beds,
sharp contact between various lithologies and
planar geometry of individual beds (Table 1, Fig. 5,
A -D).

Facies/lithofacies types

Microfacies and lithofacies types of the study
rhythms include alternation of carbonate
microfacies with marl lithofacies. Microfacies
analyses of carbonate rocks were performed by
light microscopy based on Dunham (1965) scheme.
Facies and lithofacies characters were used to verify
their depositional environments. Two microfacies
were defined:

MF1 (Foraminifera Wackestone): This microfacies,
consists of 10-20% bioclasts dispersed in a micritic
matrix. The  bioclasts include  planktonic
(Globigerinidea and Globorotalidae) and benthic
foraminifera (Lenticulina and Rotalidae) and
occasional bivalve clast (Fig. 6, A and B). In some
parts of the section, this microfossils usually display
crude/ and parallel-lamination (Fig. 7, A — F).

MF?2 (Foraminifera Mudstone): This microfacies
comprises 4-7% bioclasts including mostly benthic
foraminifera and echinoderm and brachiopod,
bivalve fragments and rare planktonic foraminifera.
Lithofacies 1: This lithofacies consists of marl
layers containing both planktonic and benthic
foraminifera bioclasts. It alternates with MF1.
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Lithofacies 2: This lithofacies consists of marl
layers with benthic foraminifera, echinoderm and
brachiopod as well as quartz grains 4-11% (Fig. 6,
C —E). It alternates with MF2.

SEM and XRD investigations
Scanning electron microscopy (SEM) and
polarizing microscopy were used for petrography.

Compaction, dissolution of constituents was
determined qualitatively in microscopic
investigation  (Fig.8). Both limestone and
marl/calcareous marl layers contain similar

constituents such as calcareous microfossils (Fig.8,
A and B). Allochems in all lithologies (limestone,
marl and calcareous marl) don’t show signature of
compaction, flatting or bending (Fig. 8, A and B).

All lithologies contain similar clay mineral (mostly
illite, recognized by XRD analysis) (Fig. 8, C and
D) and framboidal pyrite (Fig. 8, E and F).

Geochemical analysis

Calcium carbonate and organic matter content

The carbonate content, in interval 1, for carbonate—
rich layers (limestone) is 75-83.5% and for
carbonate—poor layers (marl and calcareous marl) is
50-70%. In interval 2, for carbonate-rich layers
(calcareous marl) and carbonate—poor layers (marl)
it is 65-71% and 40-55%, respectively. In interval
3, for carbonate-rich layers (limestone) and for
carbonate—poor layers (marl and calcareous marl) it
is 81-93% and 48—73%, respectively.

Table 1. Summary of the evidences of the primary rhythms in the study rhythmites

Interval 3 Interval 2 | Interval 1
extensive lateral continuity of individual beds
+ + + References:  Colombie, et al, 2012,
Vleeschouwer, et al., 2013
Sharp contact between different lithologies . .
+ + + References: Cleaveland, et al., 2002; Vecke, Field observation
et al., 2008; Vleeschouwer, et al., 2013
Planar geometry of individual beds
+ + + References: Munnecke & Westphal, 2005;
Amberg, et al., 2016
co—existence  benthic foraminifera and
+ + + planktonic foraminifera
References: Westphal, et al., 2004, Colombie,
etal, 2012
oriented allochems
_ _ + References: Westphal, et al., 2004, Colombie,
etal, 2012
co—existence of broken allochems and . .
. .. Sedimentological
+ + + planktonic foraminifera and
References: Westphal, ef al., 2004, Colombie, . .
mineralogical
etal, 2012 tudi
Existence of similar clay mineral (mostly studies
+ + + illite) in both of intercalated lithologies
References: Westphal, et al., 2004, Colombie,
etal, 2012
Existence of detrital quarts grains) in both of
+ + + intercalated lithologies
References: Westphal, ef al., 2004, Colombie,
etal, 2012
the plot of ALO; and SiO: against of TiO2
+ analysis show different trend lines for
- - limestone and marl
References: Amberg, ef al., 2016 Geochemical
The stable isotope data show systematic analysis
difference between intercalated lithologies
- - - References: Westphal, et al, 2010, Amberg,
etal, 2016

The + and — signs imply to existence (+) or lack () of evidence in the study intervals.
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A

Figure 5. The field view of A) alternation of limestone and marl (interval 1), B) lateral bed continuity of the alternation (interval 1), C)
alternation of calcareous marl and marl (interval 2), D) alternation of limestone and marl (interval 3).
! r

Figure 6. Photomicrographs of microfacies and lithofacies types: A and B, foraminifera wackestone; C, D, marl lithofacies and E,
fossiliferous marl lithofacies.
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In the intervals 1— 3, the organic matter mean
content (wt. %) for the limestone and calcareous
marl layers is less than the marl layers. The
minimum, maximum and mean values are reported
in Table 2. Fig. 9, shows box plot of these values
for the three intervals.

Element composition (XRF)

In all of the three intervals, the SiO, and
ALO3/TiO, data were plotted and their
corresponding trend lines were drown (Fig. 10, A—
C). The Al,O3 mean content (wt.%) in interval 1,
for limestone samples is 4.88 and for marl samples
is 8.96, in interval 2, for calcareous marl samples is
6.62 and for marl samples is 11.1 and in interval 3,
for limestone samples is 9.32 and for marl samples

is 13.36. The TiO; mean content (wt.%) in interval
1, for limestone samples is 0.31, for marl samples is
0.73, in interval 2, for calcareous marl samples is
0.31 and for marl samples is 0.56 and in interval 3,
for limestone samples is 0.54 and for marl samples
is 0.84. The SiO, mean content (wt.%) in interval 1,
for limestone samples is 49.23 and for marl samples
is 51.15, in interval 2, for calcareous marl samples
is 53.42 and for marl samples is 53.86 and in
interval 3, for limestone samples is 32.83 and for
marl samples is 43.4. The mean Al,O3/TiO; ratio in
interval 1, for limestone samples is 15.97 and for
marl samples is 12.52, in interval 2, for calcareous
marl samples is 21.68 and for marl samples is 20.28
and in interval 3, for limestone samples is 17.37 and
for marl samples is 15.97.

Table 2. The Minimum, maximum and mean values of organic matter and calcium carbonate in the study intervals

Number of sample Lithology Min Max Mean

16 Limestone CaCOs (%) 75 83 78.39

Interval 1 Organic Matter (%) 0.99 4.18 2.85
CaCOs3 (%) 50.5 69.25 59.18

15 Marl Organic Matter (%) 2.81 7 5.51

5 Calcareous CaCOs3 (%) 52 71.25 64.1

marl Organic Matter (%) 1.17 3.82 2.46

Interval 2 5 ol CaCOs (%) 4025 655 5145

ar Organic Matter (%) 0.62 2.61 18

3 Limestone Ca}COz (%) 81.25 93.25 88.1

Interval 3 Organic Matter (%) 2.32 3.79 3.18
7 Marl CaCOs (%) 48.75 66.25 58.82

Organic Matter (%) 2.97 5.65 4.1

D = E

Figure 7. Photomicrographs of evidences of the current alignment of allochems: A, oriented microfossils and erosional base (EB)
(alternation of mudstone and wackestone/packstone facies). B and C, crud lamination (wackestone facies). D, inverse grading (arrow)
(wackestone facies). E, Benthic foraminifera and crud lamination (the arrow points the Lenticulina) (wackestone facies). F, broken

allochem (arrow) (wackestone facies).
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Figure 8. Scanning electron micrographs of various lithofacies types. A) three—chambered foraminifera with pyrite (py) filling (arrow)
in a marl layer, B) foraminifera with microspar filling the chambers (arrow) in a limestone layer, C) clay mineral in limestone layer,
D) clay mineral (arrow) in a marl layer, E) framboidal pyrite (arrow) in a marl layer, F) framboidal pyrite (arrow) in a limestone layer.

The mean SiO,/TiO; ratio in interval 1, for
limestone samples is 165.1 and for marl samples is
72.1, in interval 2, for calcareous marl samples is
162.34 and for marl samples is 113.1 and in interval
3, for limestone samples is 61.27 and for marl
samples is 52.62. The ternary diagram of CaO,
ALO; and SiO; (sensu Neuhuber & Wagreich,
2011) of the study samples shows the rhythmite
lithologic composition in the study intervals (Fig.

11). The XRD analysis was carried on 8 whole—
rock samples in order to identify the samples
mineralogy (Table, 3). The results show similar
mineralogy (quartz, calcite and illite) for all study
samples.

Stable isotopes
The results of isotope analysis for the study
intervals are as follow; in the interval 1, the
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limestone samples have the oxygen isotope values
range between —4.47 to —2.63 %o (mean= —3.86 %o)
and the carbon isotope values range +0.33 to +1 %o
(mean = +0.54) and for the marl samples the
oxygen isotope values range is between —4.27 to —
3.08 %o (mean= —3.76 %o) and the carbon isotope
values range is between —0.98 to +0.42 %o (mean= —
0.14 %o). In the interval 2, the calcareous marl
samples have the oxygen isotope values variy
between —4.20 to —3.59 %o (mean= —3.93 %o) and
the carbon isotope values range +0.25 to +0.40 %o
(mean= +0.34 %o) and for the marl samples the

oxygen isotope values vary between —4.22 to —3.82
%0 (mean= —4.1 %o) and the carbon isotope values
range is +0.44 to +0.64 %o (mean= +0.51 %o). In the
interval 3, for the limestone samples the oxygen
isotope values range is —1.83 to —1.01 %o (mean= —
1.34 %o) and the carbon isotope values range is
between —3.53 to —1.17 %o (mean= —2.65 %o) and
for the marl samples the oxygen isotope values
range is —5.68 to —1.87 %o (mean= —3.18 %o), the
carbon isotope values range is —2 to —0.45 %o
(mean=—0.98 %o).

Table 3. The results of mineralogy for the selected samples of the study rhythmites by XRD.
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XRD Sample No. Mineralogy
122 calcite, quartz, illlite
Interval 1 - — - -
123 calcite, quartz, illite, dolomite, clinochlore
218 calcite, quartz, illite — montmorilonite
Interval 2 219 calcite, quartz, illite
220 calcite, quartz, illite
520 calcite, quartz, illite
Interval 3 521 calcite, quartz, illite
533 calcite, quartz, illite
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Figure 9. Box plot of organic matter and CaCOs content for the three intervals (Int.); maximum organic matter content is seen in marl

samples, whereas maximum carbonate content is seen in limestone samples.
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Figure 11. Ternary diagram of CaO, SiO2 and Al2O3 (Wt.%) (sensu Neuhuber & Wagreich, 2011) showing the intercalated lithologies
element composition in the study intervals; 1, 2 and 3 for intervals 1 to 3, respectively.
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In the interval 1, the similar depletion (in
compare with Eocene marine calcite) in the oxygen
isotope is observed in limestone and marl samples;
whereas for the marl samples, the carbon isotope is
more depleted. In the interval 2, both marl and
limestone samples show similar depletion in oxygen
and carbon isotopes. In the interval 3, the oxygen
isotope values of marl samples show more
depletion than limestones, whereas the limestone
samples carbon isotope is the more depleted than
marl samples. Generally, from interval 1 to interval
3, carbon isotope shift toward lighter values for
both marl and limestone samples. Shift to the
lighter oxygen isotope values (from interval 1 to 3)
only occurs in marl samples, while limestone
samples show enrichment in contrast.

Evaluation of diagenetic overprint

The most important diagenetic process includes
recrystallization of calcite, cementation, stylolite
and pyrite formation which is dispersed in matrix in
all rock types of the study rhythmites (Fig. 12).
Geochemical analyses of some trace elements
including Fe, Mg, Mn, K and Sr (diagenetically
mobile elements) enable to detect diagenetic
imprint (Paz & Rossetti, 2006). Normally, ALOs is
considered to be diagenetically immobile, hence the
ratio of diagenetically mobile elements and their
oxides compared to ALO; contents reveals

diagenetic changes that overprinted possible
primary differences which may originally existed
between limestones and interlayers (marl in the
study rhythms) (Westphal et al., 2004). Cross plot
of Fe;03;, MgO, MnO, K,O and SrO versus Al,O;
were plotted (Figs. 13 to 15) to survey any possible
evidence. Furthermore, carbon and oxygen isotope
composition of all of the study samples were
compared with Eocene marine calcite isotopic
signature (Holail, 1994) (Fig. 16).

Discussion

Extensive lateral continuity of individual beds is an
evidence supporting a primary origin for rhythmic
alternations (Elrick & Hinnov, 2007; Colombie et
al., 2012; De Vleeschouwer et al., 2013); because
chemical gradients controlling cm—scale dissolution
and solution transport would not likely remain
consistent over such long distances (Elrick &
Hinnov, 2007). Sharp contact between two
lithologies (presence of different lithologies) are
interpreted to be primary depositional features
(Cleaveland et al., 2002; Vecke et al, 2008; De
Vleeschouwer et al., 2013); because these changes
reflect repetitive variations in carbonate content, in
response to changes in the water column and in the
geochemical conditions at the sediment/water
interface (De Vleeschouwer et al., 2013).

Figure 12. some of diagenetic properties in the study rhythmites; A) stylolite (wackestone facies), B) microfossils chambers with
microspar filling (wackestone facies), C) Pyrite (mudstone/wackestone facies), D) micritization of foraminiferal chamber (mudstone

facies).
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Figure 13. A-E cross plots of various trace elements vs. Al2Os, interval 1: most trace elements show strong correlation (R = 0.7) with
Al0Os3, indicating these samples were not affected by diagenesis, however a few elements (mainly MnO) show weak correlation (R <

0.5) with AL>Os.

Planar geometry of individual beds is useful for
differentiating between primary and diagenetic
calcareous rhythmites; diagenesis usually makes
nodular morphology (Munnecke & Westphal, 2005;
Amberg et al, 2016). The trace fossils of
Zoophycos group are normally associated with
turbidites and debris flows in ramp environment.
Frequent occurrences of such trace fossils in the
study area could be assigned to event deposits (i.e.
turbidite?).

Based on the type of microfacies, their vertical
changes and the type of skeletal and non— skeletal
components and comparison with the Fliigel (2010),
depositional environment of the study rhythmic
alternation was proposed deep marine (outer—ramp
and mid-ramp) (Fig. 17).

In MF1 (Foraminifera Wackestone), presence of
small whole fossil planktonic foraminifera as the

main component associated by benthic foraminifera
and micritic matrix indicates  outer—-ramp
environment (below SWB). The microfacies is
equivalent to RMFS5 Fliigel, 2010. Alternating marl
and lime mud matrix rich in planktonic foraminifera
was interpreted as outer-ramp environment (Geel,
2000; Amirshahkarami et al., 2007).

In MF2, (Foraminifera Mudstone), dominant
benthic foraminifera associated with shallow—water
bioclasts such as echinoderm and brachiopod,
planktonic  foraminifera and micritic matrix
indicates mid—ramp environment (Heckel, 1972;
Amirshahkarami et al., 2007). The microfacies is
equivalent to RMF7 Fliigel. Microfacies analysis of
these rhythmites indicates the alternation of
background in-situe sedimentation (carbonate
facies) which was intermittently interrupted by fine
clastics transported by traction currents from
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shallow—marine that dumped siliciclastic into the
deep—marine. Evidences such as micritic matrix,
small planktonic foraminifera (i. e. Globigerina and
Globorotalia) indicate deposition in calm deep—
waters (Fliigel, 2010) that were subject to events.
This interpretation is supported by the presence of
crud laminae, parallel lamination, and oriented
fossil fragments (in the interval 1) and presence of
the benthic foraminifera (Rotalidea), bivalve,
brachiopod and echinoderm clasts as well as fine—
sand quartz grain originated from shallow—water
and transported by currents (probably represent
distal turbidites?). Some characters of the
rhythmites in the present study are similar to those
reported by Eldrett et al, (2015); i.e. in the
limestone beds: 1) current alignments of fossils, 2)
higher detritus materials and 3) lower organic
carbon (OC) contents compared with marlstone
beds. SEM investigations of the intercalated
lithologies don’t reveal different diagenetic
pathways for the limestone and marl/calcareous
marl layers. A prerequisite of the differential
diagenesis model is that skeletal grains more
undergone diagenetic process such as compaction

B

and bending in marl interlayers than their limestone
counterparts (Munnecke & Westphal, 2005). The
results obtained from XRD analysis indicate that
both of intercalated lithology have similar
mineralogic content with no remarkable difference
that decline a diagenetic differential scenario.

The fluctuation of the calcium carbonate content
between limestone and marl layers can reflect
productivity cycle (Seibold, 1952) and or dilution
cycle (Einsele & Seilacher, 1982). The different
organic matter content of the limestone and marl
layers could be a sign of the different oceanic
conditions (i.e. oxidation/deoxygenation) during the
deposition of limestone and marl layers.
AlLO3/TiO,, SiO»/TiO; plots are widely used for
geochemical differentiation of rhythmite layers. For
example, primary origin of the intercalated
lithologies (bioturbated marl- laminated marl
cycles) from the Trubi Formation (lower Pliocene;
Punta di Maiata, Sicily) (Westphal et al, 2008) was
distinguished using geochemical data, the two
different marl types clearly show a bimodal
distribution in their Al,03/TiO; ratios.
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Figure 14. A-C cross plots of various trace elements vs. Al2Os3, for the interval 2: most trace elements show weak—moderate
correlation (R < 0.56) with A2O3 which imply they were probably altered by diagenesis.
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Figure 15. A-E cross plots of various trace elements vs. Al2Os, for the interval 3: there are weak correlation (R < 0.5) between MnO,
MgO, Fe20; (for marl samples) and Al2O3 which may be due to diagenetic effect, however correlations between K20, SrO with A2O3

are strong (R > 0.83).

Eldrett et al, (2015) recognized the primary
origin of limestone—marlstone cycles of the
Cretaceous Western Interior Seaway, USA using
AL O3, TiO> and SiO; cross plots. However, cross
plot of XRF results from Cretaceous pelagic
limestone-marl alternations from the Blacke—
Bahama Basin (Westphal et al, 2004) and
Ordovician limestone—marl alternations in Oslo—
Asker District Norway (Amberg et al., 2016) show
that high correlation coefficient of diagenetically
rather stable elements (Si and Ti) with
diagenetically stable element (Al) demonstrate that

the precursor sediment was undifferentiated; and
weak or negative correlation between diagenetically
mobile elements and AlLO; imply diagenetic
changes. The two lithologies in the interval 1,
clearly show separate trend lines (with strong
correlation coefficient) and a bimodal chemical
composition in Al,O3/TiO, Si0,/TiO; plots (Figs.
10).  Although, the bimodal distribution
(population) is also observed in the AlLOs3/TiO,
Si0,/Ti0; plots of intervals 2 and 3 (Figs. 10), a
pronounced difference with that of interval 1 is
notable: the trend lines of two lithologies show
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either linear or weak correlation (Fig. 10). This
characterizes diagenetic overprint on a primary
rhythm. Geochemical analysis (in bulk—rock
samples) of mobile trace elements oxides (i.e. K»O,
MnO, Fe,O3 and SrO) compared to Al,O; are also
used as indicators of diagenetic alteration masked
possible primary differences in rhythmites
lithologies (Westphal et al., 2004, Brand et al,
2012). Similarity of the trend line and geochemical
behavior of mobile elements vs. ALO;s (as an
immobile element during diagenesis) is used to
evaluate diagenetic alteration (Westphal et al.,
2004). Such behavior is evident between K,O,
MgO, MnO and Fe,Os vs. ALLbO; in the interval 1,
which shows they were not strongly affected by
diagenetic processes. This conclusion is supported
by field observations and sedimentary structures in
the study rhythms (Table 1). As a mobile element,
manganese usually becomes enriched and strontium
depleted during post—depositional dissolution and

recrystallization of carbonate (Veizer, 1983;
Ullmann et al.,, 2013). In the study rhythmites, Sr
decreases in the marl interlayers from interval 1 to
2; whereas Mn content increases in both limestone
and marl interlayers from intervals 1 to 3 (compare
MnO/ALO; and SrO/Al,Os cross—plots in Figs. 13
through 15). These facts imply the study samples
were somewhat affected by diagenesis and the
variations that do exist in trace element
concentration between intercalated lithologies could
also reflect environmental perturbation such as the
different sources of sediments (Swart & Oehlert,
2018). In contrast to the interval 1, although the
intervals 2 and 3 show somewhat bimodal
populations, the weak correlation (R = 0.5) between
SrO, MgO, MnO and Fe;Os; vs. ALOs in these
intervals (Figs. 13 and 15) may figure out possible
diagenetic overprint on the nature of primary
rhythm.
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Figure 16. A—C carbon vs. oxygen stable isotope composition for the study three intervals (Int. = interval), there is deviation from
Eocene marine calcite isotope composition (Holail, 1994) indicating diagenetic alteration.
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Fluctuations in §"C values of early Cenozoic
probably reflect cyclic oscillating oceanographic
conditions. These oscillations may be related to: 1)
the mean C isotopic composition of sea water, or 2)
sea water productivity or nutrient levels (Bralower
et al., 1995). Depletion of §"°C values (up to 2.7%o)
in the Paleocene-Eocene marine sediments were
reported by Zachos et al, 1993; Thomas &
Shakelton, 1995) which were related to the reduced
carbonate production (=low sedimentation rate) or
enhanced carbonate dissolution. Both '*O and "*C
become progressively depleted during diagenesis
(Thierstein et al, 1991; Schobben et al, 2016).
Recrystallization 1is the most important non—
biogenic process and mainly influences on '*O
composition. In contrast, biogenic processes such as
OM oxidation or methane formation mainly control
BC composition. As discussed above, diagenetic
overprint is a main reason which complicates
unraveling any possible original differences in
rhythmites lithologies by geochemical analysis.
However, the intensity of diagenesis can be
recognized by stable isotope (i.e. 'O and 'C)
analysis. Calcite is the main mineral in all the study
intervals (Table 3) and its isotopic signature can be
used to express the degree of alteration in whole
rock samples. Reconstruction of the Eocene marine
calcite isotopic composition (Holail, 1994) indicate
the following isotopic composition ("*O = —1.0 to —
2.0 %o and "*C = +2.0 to +4.0 %o). This composition
may be significantly altered during diagenesis of
which the most important processes are temperature
variation, an (aerobic) OC oxidation, respectively
(Schobben et al, 2016), nutrient reduction and
productivity reduction (Acikalin et al, 2015).
Depletion up to 1 to 2%o was reported due to these
processes (Acikalin et al, 2015). The isotopic
composition (O and C) of the interval 1 (limestone
and marl rhythm) show moderate depletion (= 1 to
2%o) compared to the Eocene marine calcite (Fig.
17). The isotopic composition of the interval 2
(calcareous marl and marl rhythm) is almost similar
to that of the interval 1 (Fig. 17). A distinct
depletion is observed in the isotopic records of the
interval 3 (%0 =—1.01 to —5.68%o and '*C = —0.45
to —3.53%0). This depletion can be related to
biogenic processes (i.e. nutrient reduction,
productivity reduction and OC oxidation for O and
C isotopes respectively). In addition, the OC
content of the interval (both limestone and marl
beds, Fig. 9) supports this interpretation. Similar
interpretations were reported by Acikalin et al,

(2015) for such depletions in the isotopic records. It
is notable that other processes (variation of
depositional environments and/or the influence of
marine currents, (Paz & Rossetti, 2006; Li et al,
2018) may also cause such variations. This
depletion can be also, related to depositional
condition changes, probably due to entry of shallow
currents (Paz & Rossetti, 2006; Li et al, 2018)
which is supported by the evidences of current
activity in the interval 1. The more depletion of
carbon isotopes of the interval 3 samples can’t be
justified by organic matter oxidation due to the
preservation of high organic matter and manganese
content. A possible scenario for this depletion can
be nutrients deficiency and carbonate productivity
reduction that is well confirmed by the abundant
mudstone facies in interval 3.

Innerramp Mid-ramp Outer ramp Basin

Peritidal zone
Lagoon
Shoals & Bars
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Open-marine
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Figure 17. Proposed depositional environment model of
rhythmic alternations of Pabdeh Formation.

Conclusions

This paper characterise rhythmical alternations
between limestone and marls in Pabdeh Formation
(Zagros Basin). Most marine rhythmites consist of
alternating pelagic and hemipelagic sediments (i.e.
carbonate—non carbonate couplets; Thierstein et al.,
1991; Eldrett et al., 2015). The fact that two distinct
lithologies  alternate, suggests  that  the
environmental conditions may have oscillated
between two different modes (Westphal et al.,
2004). Results of Eldrett et al, (2015) on the
Cretaceous marl cycles of Western Interior Seaway
(KWIS) of North America showed these cycles are
due to variation of carbonate production (= times of
limestone deposition) and OC production and
preservation (= times of marlstone deposition);
during the former periods the current intensity were
also enhanced. These couplets reflect climatic
forcing driven by insolation resulting from
Milankovitch periodicities. The Eldrett et al,
(2015) model consists of two environmental
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conditions: 1) times of limestone deposition (higher
ventilation, higher intensity of currents and storms,
more precipitation, higher carbonate production)
and 2) times of marlstone deposition (mud rock
deposition with enhanced stratification, higher OC
production or preservation, weak currents and
storms, redox condition).

The rhythmic succession in this study is
composed of intercalated limestone, marl and
calcareous marl layers. In general, our results show
these rhythmites are formed as results of oscillation
of depositional conditions: carbonate production,
siliciclastic and terrestrial input. Subsequently,
these rhythms were subjected to diagenetic
alteration. Fluctuation in terrestrial influx resulting
from the traction currents can be utilized as an
explanation for the limestone—marl couplets, which
is comparable to the dilution model (Westphal et
al., 2004). Such fluctuations in terrestrial influx are
manifested by increase in siliciclastic material input
during steady carbonate sedimentation and thereby
formation of marls. This interpretation is supported
by less microfossil content of the marl lithofacies
(compared to the Ilimestone beds, see the
following). In the productivity model, significant
variation in the microfossil content of the
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