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Detailed field surveys, petrographic investigation and SEM and EDS analyses have been used to evaluate Cenomanian
glauconitic heterozoan carbonates in north-east Kelardasht, north-central Alborz, north Iran. Lithofacies and microfacies
analyses led to recognition of six microfacies types related to the inner-, mid- and outer-ramp facies belts of a carbonate
ramp. The heterozoan nature of these carbonates is inferred from a predominance of echinoderms associated with
calcispheres, planktonic foraminifers, a lack of ooid grains, and a low carbonate production rate, together with a high content
of glauconite grains and prevailing high-Mg calcite mineralogy. Petrographic and SEM studies reveal that glauconite filling
skeletal grains retains the shape and morphology of host grains, signifying an authigenic origin at low sedimentation rates
and slightly reducing conditions. SEM images show cauliflower and rosette structures associated with well-developed
lamellae indicating an authigenic origin of evolved glauconite grains. Our findings are compatible with a nutrient-rich waters
and palaeoecological stress related to relative sea-level rise and eutrophic conditions, which contributed to the generation of
these heterozoan carbonates despite the hot greenhouse conditions during the Cenomanian in the north-central Alborz

Mountains.
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INTRODUCTION

The Cenomanian (93.9-100.5 Ma) was a time interval as-
sociated with relative sea-level rise and greenhouse conditions
(e.g., Huber et al., 2018), which led to the drowning of carbon-
ate platforms and deposition of glauconitic sediments related to
Oceanic Anoxic Event 2 (OAE 2, e.g., Rudmin et al., 2017;
Hairapetian et al., 2018).

Cenomanian glauconitic deposits have been reported from
the Central Iran Basin in the Esfahan area (Kennedy et al.,
1979; Hairapetian et al., 2018), the Kopeh Dagh Basin in
north-east Iran (Jafarzadeh et al., 2020), in Devon, south-west
England (e.g., Carson and Crowley, 1993), in the Cretaceous
deposits of south-east Spain (Jimenez-Millan et al., 1998), and
in the Lower Cenomanian Bahariya Formation in the Western
Desert of Egypt (Baioumy et al., 2021). Glauconite has been re-
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ported from Cretaceous marine deposits of the Tethyan belt
(e.g., Bansal et al., 2020; Jafarzadeh et al., 2020).

The heterozoan carbonates (James, 1997) comprise an as-
sociation of light-independent, suspension-feeding, and hetero-
trophic fauna including echinoderms, calcispheres, planktonic
foraminifers, bryozoans and pelecypods (foramol association).
Factors responsible for the occurrence of heterozoan carbon-
ates are climate, geotectonic setting, temperature, salinity, wa-
ter depth, trophic conditions, oxygen level, CO, concentrations,
Mg/Ca ratio of sea-water, alkalinity, morphology and bathy-
metry of the sea-floor, substrate, and transparency of the sea
water (Tucker and Wright, 1990; Pomar et al., 2005; Westphal
et al., 2010). Climate and geotectonic setting control tempera-
ture, water circulation patterns, turbulence, as well as nutrient
supply (Tucker and Wright, 1990).

The Cenomanian lithostratigraphic unit of the Kelardasht
and Chalus counties (Figs. 1-3) is marked by thin- to me-
dium-bedded glauconitic limestones comprising heterozoan
carbonates composed mainly of echinoderms, red algae, bryo-
zoans, planktonic foraminifers, glauconite, associated with a
few sparse phosphate grains and subordinate quartz grains.
Silt-to sand-sized quartz and basaltic lithoclasts within the suc-
cession indicate weathering of nearby lands and influx of
siliciclastic sediment into the depositional setting.
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Fig. 1. Location map of the exposed sections studied, located in the north-central
Alborz Mountain Range, in the Chalus and Kelardasht counties, N Iran

Pelagic facies comprising glauconite grains among other in-
dicators may suggest deposition accompanied by a sudden
sea-level rise and an increment of nutrient related to upwelling
currents (e.g., Yilmaz et al., 2018). Relative sea-level rise to-
gether with a low sedimentation rate provide suitable conditions
for glauconite to form (e.g., Nichols, 2009; Rudmin et al., 2017).

The study was carried out in the north-central Alborz Moun-
tain range, in the north-east Kelardasht county, west of the
Mazandaran Province, north Iran (Figs. 1 and 2). To date,
microfacies analysis and depositional environments of the
Cenomanian succession in the study area (Figs. 1 and 2) has
remained poorly known except for Ezoji (2002) and Abbaspour-
-Tehrani (2014).

Microfacies analysis was undertaken to interpret the Ceno-
manian heterozoan carbonates in the north-central Alborz. An
understanding of the factors controlling the carbonate contribu-
tion and production would be useful to evaluate the interaction
of the depositional setting and tectonic, climate, and sea-level
changes (Kavoosi and Ezoji, 2018). The study examines the
factors which controlled the temporal and spatial distribution of
these glauconitic limestones during the Cenomanian.

GEOLOGICAL SETTING

The Alborz is a 1500 km long mountain range and an active
fold-thrust belt across northern Iran, extending from the Lesser
Caucasus of Armenia in the north-west to the Paropamisus
Mountains of Northern Afghanistan, flanking in its central part
the southern coast of the Caspian Sea (Alavi, 1996; Allen et al.,
2003; Guest et al., 2007; Zanchi et al., 2009; Yassaghi and
Naeimi, 2010; Kangi et al., 2010), still documenting seismic ac-

tivity (Mattei et al., 2017). The central Alborz range underwent
extensional movements related to distal effects of the Cimmer-
ian Orogeny in the South Caspian back-arc basin (Firsich et
al., 2005, 20094, b; Berra et al., 2007; Zanchi et al., 2009; Egan
et al., 2009).

The varied geological history of Alborz is recorded by
coarse-grained siliciclastics and shallow-platform to basinal
carbonate deposits interrupted by alkali-basalt to andesitic vol-
canic rocks (Fig. 2), as well as by non-depositional periods to-
gether with exhumation phases accompanied by fold and thrust
activities.

The Mid-Cimmerian event reflects a break-up unconformity
and an overall deepening-upwards trend related to extensional
movements of the South Caspian Basin during the Middle-Late
Jurassic to the Late Cretaceous (Fursich et al., 2009a; Taheri et
al., 2009; Kavoosi and Ezoji, 2018). Extensional movement is
inferred from the basin evolution and mafic volcanism during
the Late Jurassic, Early and mid-Cretaceous in the study area
(Figs. 2 and 3). The volcanic rocks (alkali-basalt, andesite, and
pillow lava) most likely indicate a back-arc position and early
Cenomanian extensional movements in the north-central
Alborz (Egan et al., 2009; Wilmsen et al., 2009).

The lowermost succession of the Cretaceous has is cut by
normal fault systems with an E-W to WNW-ESE trend associ-
ated with magmatism related to the N—-S to NNE-SSW trending
extensional systems accompanied by a regional unconformity
in northern Iran (Shahidi et al., 2011).

The Cretaceous-Paleocene unconformity can be attributed
to beginning of the fold- and thrust-belt activity related to the
Laramide Orogenic phase, which affected the southern margin
of the South Caspian Basin (Egan et al., 2009; Shahidi et al.,
2011; Kavoosi and Ezoji, 2018).
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Fig. 2. Modified geological map (1:100,000) of the Chalus region (Vahdati Daneshmand et al., 2001),
western Mazandaran Province; Geological Survey of Iran, Tehran

Three exposures, at Pol-e Zoghal, Petilingeh, and Chalajur, are located on the northern and southern flanks
of the Valasht Syncline; for interpretation of the references to colour in this figure legend

MATERIAL AND METHODS ging and sedimentological analysis were conducted on very

thin- to medium-bedded glauconitic limestones (Fig. 4). Litho-

The current study of the Cenomanian carbonates in the
north-central Alborz (Figs. 2 and 3) is based on integrated de-
tailed field surveys, microfacies analysis and scanning elec-
tronic microscopy (SEM) with energy dispersive spectroscopy
(EDS). Three exposure sections, at Pol-e Zoghal, Petilingeh
and Chalajur were logged and sampled, locate north-east of
Kelardasht and south of Chalus (Fig. 1). Lithostratigraphic log-

facies were defined based on bedding patterns and sedimen-
tary textures together with skeletal grains and non-carbonate
components. The true thickness of the sections was measured
with a Jacobs Staff.

Microfacies analysis was performed on 65 thin-sections to
complement the field observations and to determine depositio-
nal facies. Dunham’s nomenclature (1962) was used for the
microfacies classification. The grains and matrix percentages
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Fig. 3. The newly proposed stratigraphic chart of the north-central Alborz Mountain Range

This stratigraphic chart is constructed based on compilation of previous work (Cartier, 1971;
Ezoji, 2002; Robert et al., 2014; Kavoosi and Ezoji, 2018), together with the Chalus
geological map, field observations and biostratigraphic dating

were estimated using visual percentage charts (Flugel, 2010).
Microfacies analysis was performed using standard microfacies
descriptions and the proposed models of Wilson (1997) and
Flugel (2010). The prefixes “glauconitic” and “sandy” were
added to the names of microfacies with a proportion of >10%
glauconite grains, quartz and extraclasts, respectively. In addi-
tion, characteristic fabrics and main components were taken
into account in the classification of microfacies.

Microfacies types and their depositional environments
were determined on the basis of field and petrographic stud-
ies, lateral and vertical microfacies changes, and comparison
with ancient and recent depositional environments (e.g.,
Purser, 1973; Tucker and Wright, 1990; Flugel, 2010). The
biostratigraphic framework of the successions investigated is
mainly based on planktonic foraminifers identified in the thin-
sections (Fig. 5).

The SEM and EDS analyses were performed at the Razi
Metallurgic Research Centre (RMRC) in Tehran. SEM was used
to provide detailed high-resolution images of selected glauconite
grains by rastering a focused electron beam across the surface.
The EDS was carried out to better understand the formation and
chemical characterization of the glauconite grains.

RESULTS

LITHOSTRATIGRAPHY

The lithostratigraphic unit encountered comprises Ceno-
manian glauconitic carbonates (Figs. 3 and 4). The formation is
exposed in the Kelardasht and Chalus counties (Fig. 2). No for-
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Fig. 4. Field photo of the Cenomanian Chalajur Formation

A —field photo of the Cenomanian Chalajur Formation that shows its lower nonconformity with the basalts at the
Chalajur section; B — a panorama of the Chalajur Formation and its upper contact with the Campanian marl and
argillaceous limestone; C — close-up view of glauconitic limestones and interbedded marl; the red numbers are
locations of samples taken for microfacies analysis; D — close-up view of glauconitic limestones near the top of
the Chalajur Formation and the upper contact with the Campanian argillaceous limestone; note an overall thick-

ening towards the upper part of the formation

mal lithostratigraphic units have yet been proposed for the Up-
per Cretaceous succession of north-central Alborz (Fig. 3).
Based on the International Stratigraphic Guide (Salvador,
1994), we define the Chalajur Formation for the rock unit for-
merly named the Cenomanian glauconitic limestone (Cartier,
1971). The type locality/type section of the Chalajur Formation
is located at the northern end of Chalajur village, comprising
55 m of dominantly greenish-grey to grey, fine-grained, thin- to
medium-bedded limestone (Figs. 3 and 4).

The Chalajur Formation is nonconformably underlain by
volcanic (alkali basalts) and volcanoclastic rocks of Member 5
of the Chalus Formation (Fig. 4A), and disconformably overlain
by the slightly weathered Campanian-Maastrichtian argilla-
ceous limestone and marl (Figs. 3 and 4B, D).

The Chalajur Formation consists of well-bedded glauconitic
limestone with subordinate marl interbeds in distinct cyclic
packages (Fig. 4C, D). The bedding thickness ranges from a
few to twenty centimetres. One characteristic of the cycles is
gradational changes in thickness and lithofacies of beds and
bed sets (Fig. 4C, D) in the study area (Fig. 1). Glauconite
grains are scattered throughout the formation. The glauconite
imparts an olive green to greenish grey colour to the Chalajur
Formation (Fig. 4A-C).

BIOSTRATIGRAPHY

The biostratigraphic assignment and chronostratigraphic
framework are based on a detailed micropalaeontological in-
vestigation of planktonic foraminifers in thin-section. The Chala-
jur Formation, poorly documented from a biostratigraphic point
of view (Ezoji, 2002), has been studied using benthic and plank-
tonic foraminifers. Results based on examination of thin-sec-
tions led to recognition of several planktonic foraminifers, calci-
spheres, and heterohelcids (Fig. 5).

Identification of taxa is hampered by widespread recrystalli-
zation and neomorphism. For age determination, planktonic
foraminifers were studied using the classification schemes of
Caron and Premoli Silva (2007) and Petrizzo et al. (2015).

The planktonic foraminifers identified include Muricohed-
bergella rischi (Fig. 5A, B), Thalmanninella appeninica (Fig.
5C), Heterohelix reussi (Fig. 5D), Globotruncana lapparenti
(Fig. 5E, F), Pithonella trejoi (Fig. 5H, 1), and Whiteinella
paradubia (Fig. 5G), associated with Thalmanninella micheli,
Pithonella ovalis, Stomiosphaera sphaerica.

Stratigraphically, Thalmanninella brotzeni occurs slightly
earlier than Thalmanninella globotruncanides (Caron and
Premoli-Silva, 2007). We assigned the Cenomanian age based
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Fig. 5. Photomicrographs of some index microfossils of the Chalajur Formation of Cenomanian age

The iplanktonic foraminifers identified include: A, B — Muricohedbergella rischi associated with glauconite grains and pyrite,
C — Thalmanninella appeninica; D — Heterohelix reussi; E, F — Globotruncana laparenti,
G — Whiteinella paradubia; H, | — Pithonella trejoi; scale bars values in um
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on the stratigraphic ranges of microfossils such as Thalman-
ninella globotruncanoides and Thalmanninella brotzeni of the
Taxon Zone of Caron and Premoli-Silva (2007). Biostratigra-
phic index microfossils are relatively rare as regards recogniz-
ing the Cenomanian zones in the study area.

MICROFACIES

Integrated field surveys and petrographic investigations of
the Cenomanian Chalajur Formation led to description and in-
terpretation of six microfacies types (Table 1), that comprise
dominantly echinoderms (Figs. 6 and 7). Authigenic minerals
include glauconite, pyrite (Fig. 5A, B), and sparse phosphate
grains (Fig. 6C). Planktonic and small benthic foraminifers
(Figs. 6F and 7D) and calcispheres (Fig. 7C), together with red
algae, bryozoans, and pelecypods (Figs. 6 and 7), are subsid-
iary constituents. The only non-skeletal grains comprise intra-
clasts (Fig. 6D); quartz grains and basaltic and andesitic rock
fragments are among extraclasts in the silt- to very fine-grained
sand-size fraction (Fig. 7B). Major diagenetic processes and
products include neomorphism (Fig. 5A-D), silicification (Fig.
7A), glauconitization (Fig. 7B) and recrystallization. Sedimen-
tary fabrics and structures include bioturbation (Fig. 7D), micro-
scopic erosional surfaces and faint normal grading (Fig. 7E, F).
Petrographic investigations reveal that some glauconite grains
are skeletal-filling grains dominantly in echinoderms and red al-
gae particles. The general characteristics of the microfacies,
numbered 1-6, are summarized in Table 1.

MORPHOLOGY AND COMPOSITION
OF GLAUCONITE GRAINS

Microscopic investigation of glauconite grains shows a wide
range of yellowish brown, brown, pale green to dark green
colours. Scanning electron microscope (SEM) analysis as well
as photomicrographs of glauconite grains show typical cauli-
flower (Fig. 8A) and rosette structures (Fig. 8B), as well as
well-developed lamellae in the glauconite grains (Fig. 8C, D).
Grain surfaces show rosette morphology of the crystal habit of a
glauconite mixed-layer mineral (Fig. 8B).

EDX analysis on four samples and twelve glauconite grains
in the lower to middle parts of the Chalajur Formation at the
Chalajur section show that O,, Mg, Al, Si, Ca, Fe, and K are the
major constituents (Table 2 and Fig. 9). EDS analysis suggests
two ranges of K-content in glauconite grains (Table 2, Figs. 8
and 9B-B2), which varies from 3.15 to 6.94 wt.%. Based on
EDS analysis, there is a direct relationship between K,O and
Fe, O3 of glauconite grains (Table 2 and Fig. 9).

DISCUSSION

DEPOSITIONAL ENVIRONMENTS
AND DEPOSITIONAL MODEL

Eustatic sea-level changes and carbonate production rate
seem to have played the main controlling factors in the vertical

facies changes (Moosavizadeh et al., 2015); meanwhile, tec-
tonics strongly determined the morphology of the carbonate
platforms, and influenced the spatial facies changes as well as
thickness variations. Sediments accumulating under tectoni-
cally relatively quiescent conditions show more the influence of
climate, depositional environments, and diagenesis (Nelson
and Hume, 1987; Ando et al., 2015), while depositional geome-
try is directly dependent on the carbonate production rate and
changes in the carbonate factory (e.g., Merino-Tomé et al.,
2012).

The data obtained from microfacies analysis and the pro-
portion of carbonate to non-carbonate particles suggest tec-
tonic quiescence during deposition. Based on modest varia-
tions in thickness (10 m) and laterally facies distribution (Fig.
10), some differential tectonic subsidence was likely during de-
position. Accordingly, we suggest the Cenomanian Chalajur
Formation of the north-east Kelardasht and Chalus counties
(Fig. 1) was deposited during a relatively stable tectonic regime.

We followed the microfacies and facies belts from one ex-
posure to another with a high degree of confidence. Six micro-
facies types were identified, using the standard microfacies of
the Wilson (1997) and Fliigel (2010) (Table 1). Characterization
of the microfacies and faunal succession suggest deposition on
a carbonate ramp as described by Burchette and Wright (1992),
comprising inner-, mid- and outer-ramp facies belts (Table 1)
(Figs. 10 and 11).

The main components of the outer-ramp facies belt com-
prise poorly sorted bioclastic packstone microfacies including
echinoderms accompanied by calcispheres and planktonic
foraminifers, together with glauconite grains and pyrite (Fig. 5A,
B), suggesting deposition in calm and slightly reducing condi-
tions in a low-energy depositional environment below storm
wave-base (e.g., Tucker and Wright, 1990; Fligel, 2010; Zeller
et al., 2015; Rikhtegarzadeh et al., 2016).

The local occurrence of quartz and silt-sized to very fine-
grained sand alkali-basalt and/or andesite extraclasts within the
succession studied points to an influx of siliciclastic debris un-
der warm and humid climatic conditions; together with the gen-
eral tectonic stability, this led to mafic volcanic landmass under-
going varying degrees of chemical weathering in a Cenomanian
greenhouse palaeoclimate.

The consistent presence of grain-dominated microfacies
with a predominance of echinoderm skeletons associated with
planktonic foraminifers and calcispheres (Figs. 5 and 6) sug-
gests deposition in a mid-ramp facies belt (e.g., Flugel, 2010;
Salah, 2017). Calcispheres associated with opportunistic plank-
tonic foraminifers such as hedbergellids, heterohelicids, white-
inellids and small benthic foraminifers reflect tropical to subtrop-
ical warm waters and eutrophic to mesotrophic conditions in the
middle ramp facies belt in which suggest nutrient-enriched sur-
face waters, increased primary productivity, and stressful condi-
tions in the depositional environment (Carson and Crowley,
1993; Dias-Brito, 2000; Omafa et al., 2014) led to a low carbon-
ate production rate.

The mid-ramp facies belt is marked by mixed benthic and
planktonic foraminifers and calcispheres associated with a few
intraclasts (Fig. 6C, D), echinoderms, pelecypods and bryo-
zoans, together with quartz and sparse volcanic rocks as well
as faint lamination (Fig. 6E, F). Based on the constituent grains
and stratigraphic position, this microfacies type belongs the
middle-ramp facies belt corresponding to a ~30-50 m wa-
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Table 1

Microfacies types of the Cenomanian Chalajur Formation

Microfacies Type

Description of microfacies and components

Interpretation

Microfacies 1:

Lithoclastic-bioclastic
wackestone

This microfacies occurs in thin- to medium-bedded
greenish grey beds only in the base of the succes-
sion, which overlies mafic volcanic rocks in the
study area. The microfacies comprises mainly ba-
salt clasts associated with benthic foraminifers, red
algae, echinoderms, pelecypods, and sparse shell
fragments (Fig. 6A).

Occurrence of basalt lithoclasts at the beginning of the succession
signifies a flooding surface above the nonconformity surface. The
basalt extraclasts suggest a substrate composed of mafic volcanics.
Unaltered alkali-basalt rocks suggest minimal chemical weathering
and short transport (Kavoosi, 2013). Lithoclastic bioclastic wacke-
stone suggests reworking of skeletal grains and basaltic substrate
during relative sea-level rise.

Microfacies 2:

Echinoderm-bioclastic
grainstone

Echinoderm-bioclastic grainstone predominates
near the upper part of the sedimentary succession
(Fig. 4D). Echinoderms are the dominant constitu-
ents, as well as small benthic foraminifers and red
algae (Fig. 6B). The main diagenetic processes
and products are syntaxial calcite cement over-
growths on the echinoderm particles (Fig. 6B).

The grainstone facies reflects deposition in a high-energy shoal envi-
ronment. The low diversity of small benthic foraminifers is attributed to
stress in the depositional environment related to physicochemical pa-
rameters (Jasionowski et al., 2012). Colonization of the sea floor by fil-
ter-feeding organisms, such as echinoderms and bryozoans most
likely exerted an influence on stabilization of sediment due to rapid ce-
mentation under low production rate (Della Porta et al., 2003). Lack of
sedimentary structures can be attributed to restricted conditions.

Microfacies 3:

Sandy
glauconitic-bioclastic
packstone

Characterized by thin- to medium-bedded greenish
grey limestone and embedded marl. Autochtho-
nous particles comprise glauconite and a few
phosphatic grains (Figs. 6C and 7B). Quartz and
basalt to andesite extraclasts are in the silt- to very
fine-grained sand fraction (Figs. 6C and 7B).
Glauconite grains retain the shape of host volcanic
extraclasts and skeletal grains (red algae and
echinoderms). The microfacies yields a rich as-
semblages of skeletal grains comprising mainly
echinoderms associated with bryozoans and pele-
cypods. Major diagenetic processes and products
include silicification, glauconitization (Fig. 7A, B)
and neomorphism.

Echinoderms are an important constituent of the marine community
in the Cenomanian of the study area. The predominance of echino-
derms suggest establishment of echinodermal bioherms and/or
banks in the study area inferred from echinodermal mound geometry
at the Petilingeh section (Figs. 1 and 2). The echinoderm particles
were broken and reworked before deposition. Local occurrence of
quartz and silt-sized to very fine-grained sand alkali basalt and/or
andesitic extraclasts points to an influx of siliciclastics into the depo-
sitional environment during sea-level rise and/or climatic perturba-
tions. In spite of a low carbonate production rate, the lack of micritic
envelopes suggests low and even absent bacterial activity in the
depositional environment (e.g., Olchowy and Krajewski, 2020). The
association of echinoderms, planktonic foraminifers and calci-
spheres; together with glauconite grains and siliciclastics, are char-
acteristic of a stressful environment with low sedimentation rate.

Microfacies 4:

Glauconitic
bioclastic-intraclastic
packstone

This microfacies occurs as commonly greenish grey
thin-bedded limestones. Intraclasts and echino-
derms are the predominant patrticles (Fig. 6D). Sub-
sidiary constituents are planktonic foraminifers,
calcispheres, red algae, glauconite and sparse pho-
sphate grains. Sedimentary structures include ero-
sional surfaces and faint normal grading (Fig.
7C-F). Syntaxial calcite cement overgrowths are
well-developed on the echinoderm components
(Fig. 7C, E).

A mixture of benthic and planktonic foraminifers suggests deposition
at depths of ~30-50 m (Smith et al., 2006; Baldermann et al., 2017).
Echinoderms typically accompany the red algae and bryozoans in
the mid-ramp facies belt (Adams et al., 1967; Fornos and Ahr, 2006).
Fine-grained intraclasts accompanied by faint normal grading sug-
gest distal storm deposits. Authigenic glauconites correspond to de-
position during a major eustatic sea-level rise with low sedimentation
rate. Intraclasts comprising the calcispheres are observed at the
Pol-e Zoghal section, which is compatible with a deeper palaeogeo-
graphic position during deposition.

Microfacies 5:

Glauconitic
bioclastic packstone

This microfacies comprises greenish grey well-
bedded limestone. Several beds make individual
packages separated by interbedded marl. The fau-
nal assemblage is marked by a predominance of
echinoderm fragments (Fig. 6E). Other constitu-
ents are calcispheres, planktonic foraminifers,
bryozoans, red algae, and glauconite grains

The high-diversity fauna documents normal salinity. The consistent
presence of a grain-dominated microfacies with generally poor sort-
ing of skeletal grains including the planktonic foraminifers, together
with very rare platform derived grains, as well as glauconite grains,
suggest a low carbonate production rate and deposition in a low- to
moderate-energy depositional environment below storm wave base
(e.g., Flugel, 2010; Zeller et al., 2015).

Microfacies 6:

Echinoderm-bioclastic
packstone

This consists of thin- to medium-bedded limestone
without evidence of high-energy sedimentary stru-
ctures. Echinoderm skeletons (Fig. 6F) associated
with calcispheres and Heterohelix are the main
components. Planktonic foraminifers (Fig. 6F) are
subsidiary skeletal grains. Pyrite and glauconite
have filled the chambers of some planktonic fora-
minifers (Fig. 5A, B).

Co-occurrence of echinoderms and planktonic foraminifers as well
as calcispheres suggests deposition in a low-energy environment
below storm wave base on an outer ramp. Calcispheres reflect
eutrophic to mesotrophic conditions accompanied by high nutrient
supplies as well as high primary productivity and surface warm wa-
ters (e.g., Carson and Crowley, 1993; Dias-Brito, 2000; Wendler et
al., 2002), which resulted in very low carbonate production rate. The
occurrence of pyrite and glauconite suggest suboxic-anoxic condi-
tions at the water-sediment interface during and/or after deposition

ter-depth (Adams et al., 1967; Fornos and Ahr, 2006; Smith et
al., 2006; Baldermann et al., 2017). Accompanying fine- to me-
dium-grained intraclasts are composed of calcispheres, to-
gether with very fine-grained basalt clasts (Figs. 5D and 6C), re-
flect storm events. The scarcity of red algae as a subordinate
component signifies a lack of hard substrate, which enhanced

reworking of unconsolidated carbonates by storms (e.g., West-
phal et al., 2010).

We propose too an inner-ramp facies belt based on the strati-
graphic pattern of the microfacies, the occurrence of benthic
foraminifers and bioclastic grainstone and/or bioclastic pack-
stone comprising echinoderms, red algae, and benthic fora-
minifers as well as a lack of glauconite grains (Figs. 9 and 10).


https://gq.pgi.gov.pl/article/view/7944/pdf_193
https://gq.pgi.gov.pl/article/view/28219/pdf
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Fig. 6. The microfacies identified in the succession studied

A — photomicrograph of a lithoclastic bioclastic wackestone; basalt extraclasts associated with echinoderm and
pelecypod fragments, and sparse glauconite grains in the base of the formation, crossed polars (XPL); B — photo-
micrograph of echinoderm bioclastic grainstone composed predominantly of echinoderms associated with small
benthic foraminifers and sparse red algae, plane polarized light (PPL); C — photomicrograph of sandy glauconitic
bioclastic packstone that includes skeletal and non-carbonate grains such as glauconite grains, extraclasts and
quartz; the skeletal grains are composed mainly of echinoderms with sparse pelecypods, XPL; D — glauconitic
bioclastic intraclastic packstone microfacies composed of echinoderms, pelecypods, intraclasts, extraclasts and
glauconite grains, XPL; E — photomicrograph of glauconitic bioclastic packstone with echinoderm and pelecypod
components and glauconite grains, XPL; F — echinoderm bioclastic packstone microfacies composed mainly of
echinoderms and planktonic foraminifers, PPL

Based on the regional geological context, the succession CONTROLLING FACTORS

studied has a limited distribution in the South Caspian Basin, OF THE HETEROZOAN CARBONATES
surrounded to the south and north-west by mafic volcanic is-

lands (Barrier et al., 2018). We infer that deposition of the

Chalajur Formation took place on a mafic volcanic rock sub- This study reports Cenomanian heterozoan carbonates
strate (Fig. 11). Occurrence of basalt extraclasts in some of (James, 1997) in the north-central Alborz Mountains. We identi-
microfacies suggest that the study area was surrounded by vol-  fied a heterozoan association with a light-independent, suspen-
canic land masses (Fig. 11). sion-feeding, and heterotrophic fauna including echinoderms,
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Fig. 7. Photomicrographs of some microfacies, sedimentary fabrics, and diagenetic textures
of the Cenomanian Chalajur Formation

A — silicification in a bioclastic packstone composed of echinoderms and pelecypods, XPL; B — authigenic
glauconite in a sandy glauconite bioclastic packstone; volcanic extraclasts were replaced by glauconite and the
glauconite grains retain the shape and morphology of the host grains, which signifies an authigenic origin, XPL; C
— intraclast includes calcispheres providing evidence of distal storm deposits on a mid-ramp, XPL; D —
bioturbation in a bioturbated bioclastic packstone comprising echinoderms, planktonic foraminifers, calcispheres
and a few glauconite grains, PPL; E, F — microscopic erosional surfaces and faint normal grading in glauconitic
bioclastic intraclastic packstone and sandy glauconitic bioclastic packstone microfacies, XPL

calcispheres, planktonic foraminifers, bryozoans and pele-
cypods (foramol association), together with a lack of aragonitic
skeletal- and non-skeletal grains such as calcareous green al-
gae and ooid grains (Figs. 6, 7 and 10).

Heterozoan carbonates develop as the result of high nutri-
ent content, mobile substrate, environmental and trophic condi-
tions, sea-water chemistry, and temperature (e.g., Knoerich,
2005; Pomar et al., 2005; Lukasik and James, 2006; Garcia-Hi-
dalgo et al., 2012).

The echinoderm remains have considerable significance to
the heterozoan carbonates in the study area (Figs. 6, 7 and 10),
and can be related to environmental conditions and climate.
Microfacies analysis indicates that the echinoderms are accom-
panied by different fossils related to a wide range of depo-
sitional environments from the inner-, mid- to outer-ramp facies
belts (Figs. 10 and 11). The consistent predominance of
echinoderm components suggests no considerable changes in
sea-water salinity (cf. Peryt et al., 2016). Primary factors in


https://gq.pgi.gov.pl/article/view/25549/pdf_1318
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Fig. 8. High-resolution SEM images of glauconite grains

A - scanning electron photomicrograph representing the cauliflower morphology of the glauconite; B — surfaces of
the grain show rosette structure and/or morphology, which suggest a mixed-layer mineral habit of the glauconite
grain; C, D — well-developed lamellae of glauconite grains indicating authigenic origin; for location of samples see
Table 2 and Figure 10 (in the column of samples and weathering profile)

echinoderm taphonomy were palaeoenvironmental conditions
and disarticulation modes (e.qg., Brett et al., 1997; Hunter and
Underwood, 2009). The distribution and preservation potential
of echinoderms have been attributed to many factors including
nutrient availability, substrate type, and turbulence as well as
water depths of >50-70 m (Nebelsick, 1995, 1996; Smith et al.,
2006).

The disarticulated and somewhat abraded nature of the
echinoderm skeletons, together with planktonic foraminifers
and calcispheres, suggest that they were transported and rede-
posited in the depositional environment. Our results are in line
with the idea that echinoderms were both autochthonous and
allochthonous (e.g., Krajewski et al., 2020). A lack of complete
echinoderms suggests that all of them were transported to
some degree before deposition.

The association of calcispheres, echinoderms, planktonic
foraminifers, and opportunistic Tethyan organisms, suggests
warm- and normal salinity conditions, nutrient-enriched, and
CaCOg-rich surface waters of marginal seas (Hart, 1991;
Dias-Brito, 2000). These heterozoan carbonates, forming in
warm waters during the hot greenhouse Cenomanian, raise the
question of their spatial and temporal controls.

An enhanced rate of the sea-level rise accompanied by
large-scale igneous provinces across the globe, with high
global temperatures, led to an increase in weathering rate of
mafic volcanic rocks, which introduced colder, fresh and nutri-
ent-rich waters into the depositional environment, resulting in
eutrophic to mesotrophic conditions (Carson and Crowley,
1993; Charbonnier et al., 2018a; Percival et al., 2018; Banerjee
et al., 2019; Jafarzadeh et al., 2020; Baioumy et al., 2021).
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Fig. 9. Energy dispersive spectroscopy (EDS) results and scanning electron photomicrographs of some glauconite grains;
EDX analysis of four samples and twelve glauconite grains of the Chalajur Formation from the Chalajur section
show that O, Mg, Al, Si, Ca, Fe, and K are the major constituents

A — high K content of glauconite grain indicates a high degree of maturation; glauconite is compatible with Fe- and K-rich, and Al-rich
glauconite; A1—scanning electron photomicrograph of glauconite and its EDS, indicating a Fe-rich glauconite grain; B1 — scanning electron
photomicrograph of glauconite and its EDS, indicating a Fe-rich glauconite grain; B, B2— high K content, as well as the microtexture, indi-
cates an evolved and mature glauconite grain; C — EDS of a glauconite grain; for location of samples see Table 2 and Figure 10 (in the col-

umn of samples and weathering profile)

Mafic volcanic eruptions around the world were the main
mechanism plausibly responsible for high atmospheric carbon
dioxide levels then and a primary control on the global climate,
which led to high nutrient levels (e.g., Nichols, 2009). Abundant
mafic volcanic rocks and alkali basalts related to extensional
movements have been reported from the South Caspian Basin

as well as in and around the Indian Ocean during the Ceno-
manian (Bitschene et al., 1992; Barrier et al., 2018).

A combination of petrographic investigations (Figs. 7B and
8) and EDS analyses (Table 2 and Fig. 9) suggest an overall
nutrient-dependent environment in combination with relative
sea-level rise and warm-water control on the end-member
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Table 2

Representative EDS data for some glauconite grains from the Chalajur section

Samples Grains Elements [t %)
02 Mg Al Si Ca Fe K Ti
CH-2C 33.98 1.45 3.62 | 19.26 1.29 14.47 5.02
bz CH-2E 25.18 1.19 3.13 | 17.18 0.44 18.90 5.34
CH-3B 29.40 1.55 412 | 22.93 1.08 1890 | 6.15
JL-3 CH-3C 34.59 151 3.86 | 21.00 2.90 15.15 | 552
CH-3E 36.40 1.68 419 | 2224 | 0.99 16.32 6.44
CH-4A 30.72 2.44 5.64 | 23.94 1 13.29 3.54
CH-4B 32.44 1.17 3.29 | 17.08 1.60 14.30 6.94 1.02
4 CH-4C 28.67 1.65 3.78 | 17.03 3.42 9.90 3.15
CH-4D 21.89 1.43 400 | 19.72 2.28 11.42 4.90
CH-5A 32.34 1.04 3.82 | 23.28 2.3 17.81 6.15
JL-5 CH-5B 24.04 0.73 3.61 | 18.82 7.22 17.55 6.03
CH-5B 16.60 2.04 5.20 | 25.72 1.80 17.03 5.12 0.41

Results show two ranges of potassium content of glauconite grains, varying from 3.15 to 6.94 wt.%

heterozoan carbonates of the study area. Our conclusion is
supported by the nature of the biogenic assemblages as well as
by authigenic pyrite (Fig. 5A, B), glauconite and sparse phos-
phate grains in the Cenomanian Chalajur Formation.

Microfacies analysis suggests palaeoecological stress dur-
ing deposition inferred from stenohaline and eutrophic/eury-
haline species including echinoderms and calcispheres, indi-
cating nutrient-rich warm water (e.g., Hart, 1991; Carson and
Crowley, 1993; Dias-Brito, 2000; Bensong et al., 2008; West-
phal et al., 2010).

These conditions resulted in establishment eutrophic condi-
tions, which led to a decrease in carbonate production rate on
mid- to outer-ramp facies belts. Accordingly, nutrient-rich and
eutrophic conditions contributed to the generation of hetero-
zoan carbonates, despite the hot greenhouse conditions during
the Cenomanian.

GLAUCONITIZATION AND PRESERVATION

Two main hypotheses may be invoked to explain the forma-
tion and preservation of glauconite grains in the succession
studied:

— sourcing of glauconites from an older rock (reworked),
— a marine authigenic origin.

A reworking source is unlikely, given the lack of abraded
glauconite grains or evidence of their transport (Figs. 5-7).

The nature and frequency distribution of minerals in sedi-
mentary successions is mainly controlled by climate, tectonics,
depositional environment, and diagenesis (Nelson and Hume,
1987). Based on our petrographic and SEM studies, we pro-
pose an authigenic origin for glauconite grains (Figs. 8 and 9).
Petrographic investigations show that the glauconite infills skel-
etal grains (dominantly echinoderms and red algal particles,
Fig. 12), are mainly authigenic, and developed contemporane-
ously and/or very soon after deposition. Our studies show that

some of the echinoderm and red-algal skeletons as well as vol-
canic extraclasts were replaced by glauconite, while glauconite
grains retain the shape and morphology of the host grains (Figs.
7B and 12). This signifies an authigenic origin under low sedi-
mentation and slightly reducing conditions (Fig. 5A, B).

There is a direct relationship between the occurrence
and/or frequency of glauconite grains and siliciclastic influx
(Figs. 6C, E and 7B, C). Glauconite grains are scattered
throughout the Chalajur Formation. In some layers glauconite
grains are generally associated with a varying admixture of
quartz and mafic extraclasts (silt- to very-fine-grained sand
size, Figs. 6C, E and 7B, C). Therefore, the abundance of
glauconite grains may have resulted from a combination of en-
hanced weathering of nearby mafic volcanic landmasses,
which provided a sufficient Al, Fe, Si, Mg, and K cations supply
(Table 2), and the establishment of reducing conditions. The
state of oxidation, accompanied by enough Fe supply in the
depositional environment, led to high-Mg calcite components
such as echinoderms and red algae which turned into ferroan
calcite, while preserving the skeletal structure (Fig. 12; Rich-
ter, 1983).

Based on morphology, mineralogy, microfacies, and faunal
association together with depositional environment, the glauco-
nite grains are autochthonous. Glauconite grains typically form
in conditions of major eustatic sea-level rise, low sedimentation
rate, and global warming as well as sub-oxic conditions (Carson
and Crowley, 1993; Jafarzadeh et al., 2020; Baioumy et al.,
2021). Oxygen-deficiency and oxygen-depletion in the depo-
sitional environment facilitate the mobility and fixation of Fe into
the glauconite structure at the water-sediment interface
(Banerjee et al., 2019).

Cretaceous pelagic facies in SE Spain contain large num-
bers of glauconite grains that mimic the shape of the bioclasts
(Jimenez-Millan et al., 1998), and a high content of glauconite
grains has been reported from the Upper Cretaceous succes-
sion in the South Island of New Zealand (McConchie and Lewis,
1980). Field and published data (Jafarzadeh et al., 2020) sug-
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Fig. 10. General view and a correlation chart of the Cenomanian Chalajur Formation at the Chalajur, Petilingeh,
and Pol-e Zoghal sections

The correlation chart includes age, sample numbers, thickness, weathering profile, lithology, and sedimentary structures
(physical and biological), textures, depositional environments associated with main carbonate and non-carbonate grains,
together with underlying and overlying boundaries (see Figs. 1 and 2 for location)

gest that the Cenomanian succession of the study area is con-
tinuous laterally and possibly correlates with the Cenomanian
Aitamir Formation in the Kopeh Dagh Basin. In the north-central
Alborz, glauconitic limestone persist, while the Cenomanian
Aitamir Formation is a glauconitic sandstone and shale. The
mid-Upper Cenomanian glauconitic limestone of the south-east
Esfahan area in the Central Iranian Basin, with a total thickness
of ~4 m, has been interpreted as a condensed zone (Kennedy
et al., 1979; Hairapetian et al., 2018).

The terrestrial influx from intense chemical weathering of
mafic volcanic landmasses led to higher nutrient levels and a
supply of ions, especially Fe, unfavourable for carbonate pro-
duction but providing suitable conditions for authigenic glauco-
nites to form and grow.

Palaeoecological stress related to high-nutrient conditions
associated with a lower state of oxidation in the depositional en-
vironment led to low production of skeletal carbonates, allowing

time for authigenic minerals such as glauconite to grow. The as-
sociation of abundant echinoderms, planktonic foraminifers,
and calcispheres in the glauconitic well-bedded chert-bearing
limestone of the Chalajur Formation (Figs. 10 and 12) is charac-
teristic of a stressful environment with low sedimentation rate
related to relative sea-level rise, with fresh- and nutrient-en-
riched waters, a semi-confined microenvironment within the
substrate, and reduced oxygen levels (Odin and Matter, 1981;
Odin and Fullagar, 1988; Dias-Brito, 2000; Nichols, 2009; Oma-
fa et al., 2014).

The cauliflower structure (Fig. 8A), boxwork and rosette
structures (Fig. 8B), and well-developed lamellae of the evolved
glauconite grains (Fig. 8C, D), indicate an authigenic origin
(e.g., Oddin and Matter, 1981). EDS analysis revealed glauco-
nite grains with two ranges of potassium content (Table 2, Figs.
8 and 9B-B2), varying from 3.15 to 6.94 wt.%. Based on the
EDS analysis, there is a direct relationship between K,O and
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Fig. 11. The proposed depositional model of the Cenomanian Chalajur Formation in the study area

The depositional model is a carbonate ramp that comprises the inner-, mid- and outer-ramp facies belts
in which carbonate deposited on a basalt substrate

Fe,O; (Table 2 and Fig. 9). A high content of K (35 wt.%) of
glauconite grains (Fig. 9), indicates a high degree of matura-
tion. The green and brown colours of glauconite grains are
compatible with Fe- and K-rich glauconites, respectively (Table
2,Figs. 6C, E, 7B, C, F, 9 and 12). The high content of K, as well
as the micro-texture (Figs. 8, 9B-B2, 12A, D), is in line with an
evolved and mature glauconite. By contrast, light brown and
pale green colours (Fig. 12B, C) comprising a low content of K
(<5 wt.%; Table 2), indicates a low degree maturation of
glauconite grains.

Green glauconite grains are Fe- and K-rich and mature
(Figs. 6C, E, 7B, C, F, 9 and 12), while Al-rich glauconite grains
have brown colour (Table 2). The maturity depends on the resi-
dence time of grains near to the sediment-water interface
(Banerjee et al., 2012). A high maturity of glauconite grains is
compatible with a long residence time for glauconite grains at
the sediment-water interface under a low sedimentation rate
(Banerjee et al., 2016a, b).

CONCLUSIONS

Our detailed field and petrographic investigations on the
Cenomanian carbonates have resulted in the recognition of six
microfacies, related to the inner-, mid- and outer-ramp facies

belts of a carbonate ramp. Heterozoan carbonates were depos-
ited on a carbonate ramp under eutrophic conditions. A pre-
dominance of echinoderms associated with calcispheres,
planktonic foraminifers, a lack of calcareous green algae or
ooids, a low carbonate production rate together with a high con-
tent of glauconite grains, and a prevalent high-Mg calcite miner-
alogy, characterize temperate heterozoan carbonates.

Palaeoecological stress related to high-nutrient conditions,
associated with a lower state of oxidation in the depositional en-
vironment and a supply of required ions especially Fe, led to low
production of skeletal carbonates while providing suitable con-
ditions for authigenic glauconite grains to form and grow.

Our petrographic investigation shows a direct relationship
between the proportion of glauconite grains and periods of
sea-level rise inferred from siliciclastic influx into the depo-
sitional environment. Petrographic and SEM studies reveal that
glauconite-filling skeletal grains retain the shape and morphol-
ogy of the host grains which signifies an authigenic origin under
low sedimentation and slightly reducing conditions. The cauli-
flower, boxwork, and rosette structures associated with well-de-
veloped lamellae of evolved glauconite grains indicate an
authigenic origin. The EDS analysis revealed glauconite grains
with two ranges of potassium content. High contents of K (35
wt.%) as well as the micro-texture is in line with evolved and ma-
ture glauconite grains.
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Fig. 12. Photomicrographs of carbonate samples with glauconite grains that
are mainly authigenic in origin

A — glauconite infilling red algae; the glauconite retain the shape and morphology of the red algal grains, which
signifies an authigenic origin, XPL; B — some echinoderms and chambers of planktonic foraminifers have been
filled by glauconite and pyrite; co-occurrence of glauconite and pyrite suggests a low sedimentation rate and
slightly reducing conditions, XPL; C — chambers of benthic foraminifera and echinoderm skeleton infilled with
glauconite; D — green and brown colours of glauconite grains are compatible with Fe- and K-rich glauconite
grains, respectively; high content of K, as well as the micro-texture, is consistent with evolved and mature

glauconite

Our findings are compatible with an overall nutrient-rich
conditions and palaeoecological stress related to relative
sea-level rise and eutrophic conditions, which contributed to
generation of heterozoan carbonates despite the hot green-
house conditions during the Cenomanian in the north-central
Alborz Mountains.
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