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1. Introduction

ABSTRACT

In this research, the sedimentological characteristics of microbialites at the base of the Aghchagil
Formation were investigated to determine environmental conditions and reservoir properties. Facies
analysis and sequence stratigraphy were employed to reconstruct the environmental settings, and
the results were then compared with data obtained from X-ray nanotomography to analyze reservoir
characteristics. The findings indicate that the microbialites developed in environments ranging
from high-energy Subtidal to Supratidal settings. Under these conditions, the growth rate and
distribution of microbialites were controlled by relative sea-level changes and wave energy, with
two key processes—microbial trapping and binding—playing important roles in the aggradation of
these deposits. They mainly formed during the late transgressions and early regressions sequences,
which generally led to the formation of potential reservoirs. The X-ray nanotomography results also
confirmed the presence of beneficial and interconnected porosities with significant permeability in
the microbial microstructures, indicating that microbialites with thrombolitic mesofabrics possess

more favorable reservoir properties.

Microbialites, i.e., lithified benthic microbial mats, emerged between
approximately 3.7 and 3.4 billion years ago (Ga) and are remnants
of Earth’s oldest known complex ecosystems (Allwood et al., 2006;
Nutman et al., 2016, 2019). The biogeochemical reactions mediated
by microbial communities within mats have played a primary

role in the evolution of Earth’s surface, as noted by Des Marais

(2000), Arp et al. (2001), and Aloisi (2008). Lithifying microbial
mats have been a major biological carbonate factory during Earth’s
history and may have contributed to the unique sedimentary record
of microbialites, offering an exceptional opportunity to explore
the evolution of biological and environmental conditions through

time.
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The Aghchagil succession is recognized as a shallow-water
carbonate platform system that developed in the southern Caspian
Basin of the northeastern regions of Golestan Province during the
Upper Pliocene. This succession has been transgressively deposited
over the Kopet Dagh units (Figs. 2, 3). The base of the Aghchagil
succession exhibits abundant and morphologically diverse
microbialites, representing an excellent case study for fossils. Due
to their preservation and the excellent quality of outcrops in the
Darreh Azadegan area, microbialites of the base of the Aghchagil
Formation have been used as an analogue for predicting subsurface
microbialite carbonate reservoirs. Therefore, this research has been
carried out, considering the importance of the Aghchagil Formation
in hydrocarbon reservoirs and the necessity of conducting

supplementary studies.

2. Research methodology

In this research, the environmental characteristics of microbial
mats within the Aghchagil Formation were examined across eight
vertical sections from the Darreh Azadegan outcrop (Fig. 1).
Samples were collected from most of the microbial mats, and their
dimensions were measured in situ. Then, they were examined at
four different scales: (1) the macrofabric corresponded both to the
macroscopic geometry (hemispheroid, column, etc.) and to the
occurrence mode (stacked or linked) of the microbial buildups. (2)
The mesofabric was the internal organization of the microbialite
defined macroscopically. Two mesofabrics were recognized:
stromatolites showed a laminated structure, while thrombolites
showed a clotted structure. (3) The microfabric was the internal
structure of the microbialite, defined on thin sections. The
classification of microfabrics established in this work was based
on texture and composition, specifically whether the components
were precipitated in situ or trapped and bound. The cement, peloids,
micrite, organic matter particles, clastic grains, ooids, fecal pellets,
and bioclasts have been studied during this process. In this context,
samples were prepared as thin sections measuring 0.25 micrometers
in thickness and subsequently examined under a microscope
(Leica Polarizing Microscope, Zeiss Group) at the Khazar
exploration and production Company (KEPCO). (4) Microstructural
scale: At this scale, microscopic microstructures were examined
as the smallest organized components detectable using X-ray
nanotomography. Accordingly, one of the microbialite samples
underwent three-dimensional imaging viaa LOTUS-NDT micro-CT
scanner at the Behin Negareh Company. During this process, 444
images (each 1497x1542 pixels in 16-bit format) were obtained
over a 180-degree rotation. The parameters related to porosity and
permeability in this microbialite sample were evaluated using this
method, allowing for comparison with the sequence stratigraphy

findings. This comparison enabled examination of the reservoir

conditions of the microbialites in the studied area. Finally, to
investigate the reservoir characteristics of the Aghchagil Formation
microbialites, high-order sequence patterns were identified using
surface gamma-ray log data and integrated with facies studies. The
results were then compared with petrophysical findings obtained

from X-ray nanotomography.

3. Results and Discussions

By integrating the results obtained from the field observations (Fig. 5)
(macroscopic and mesoscopic fabrics) and microscopic analyses
(Figs. 6, 7), five facies were identified in the microbialite mats
of the Aghchagil Formation. These facies are associated with two
facies belts: the supratidal to upper intertidal and lower intertidal
to subtidal subenvironments. The lower intertidal to subtidal
subenvironment includes facies of thrombolite boundstone (Fig. 8),
thrombolite-stromatolite boundstone (Fig. 9), crinkly stromatolite
boundstone (Fig. 10), and the supratidal to upper intertidal
subenvironment comprises facies of stromatolite boundstone with
fenestral fabric (Fig. 11), thrombolite crust. The results are shown
in Table 1.

The structure and composition of sediments trapped within and
around microbialites indicate a shallow water and high-energy
environment characterized by continuous and intense sediment
transport. Wave energy stands out as a crucial hydrodynamic factor
in the region examined and has played a significant role in shaping
the growth and spread of microbialites in the Aghchagil Formation.
Under certain conditions, accumulations of growth structures and
columnar forms develop atop oolitic sandstone in shallow water.
Low relief ridges develop in low accommodation areas with
frequent, but shorter periods of burial by sands, while several
meter-high columns are characteristic of a higher water level
with rare, but longer periods of burial. The predominant vertical
accretion in high-energy microbialites was interpreted as preventing
the formation of long-term sand dunes (Andres and Pamela Reid,
2006). These characteristics align well with the model proposed
by Bourillot et al. (2020) regarding microbialites in high-energy
environments, ranging from the subtidal to the supratidal facies belt.
This facies belt is deposited as deepening-upward cycles. In the
shoreface subenvironment, thrombolite boundstone, thrombolite-
stromatolite boundstone, and crinkly stromatolite boundstone
are present, while in the foreshore subenvironment, stromatolite
boundstone with fenestral fabric and thrombolite crust have been
deposited.

The microbialite mat in the Darreh Azadegan section was
deposited within a high-order sequence on a carbonate platform,
as revealed by surface gamma ray analyses. These mats developed
over substrata exposed to strong wave action during the third to

fourth late transgressions and early regressions (Fig. 14); however,
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at the smaller depositional scale, they correspond to the early
transgression and late regression stage (Fig. 15). Ideal hydrocarbon
reservoirs are usually formed under such conditions. The findings
from X-ray nanotomography on a selected microbialite sample from
the research area support this topic. The assessment of porosity and
permeability in the two microbialite intervals indicates that this

sample possesses favorable reservoir characteristics (Figs. 12, 13).

4. Conclusion

A regional sedimentological and stratigraphic study of the
microbialite mats of the Aghchagil Formation demonstrated the
potential impact of sedimentary dynamics on the fabrics and
composition of fossil microbial buildups. These microbialites were
composed of disconnected, high-relief forms, preventing burial by
growing rapidly in wave-dominated ooid shoals, where sediment
motion was permanent and intense. Since microbial structures form
on hardground surfaces, their growth rate is controlled by changes

in the water level and is not affected by changes in accommodation

21

space related to the instability of the basin floor.

Analyzing the facies of the microbialites in the Aghchagil
succession also confirms that they developed in a high-energy
marine setting, situated between the supratidal and subtidal
zones. These accumulations, formed during upward-deepening
sedimentary cycles, have created suitable reservoir potentials.
The stacking pattern and the distribution of these microbialites
during high-order cycles depend on their depositional environment.
In many instances, these cycles are recognized as a prograding
depositional sequence originating from the subtidal environment,
characterized by thrombolitic mesofabrics and crinkle stromatolites,
which progress to the supratidal environment, featuring planar
stromatolites alongside fenestral fabric. ~This suggests the lateral
progradation of subtidal to lower intertidal belt facies over upper
intertidal to supratidal belt facies due to relative sea-level changes.
Under these conditions, the depositional cycles develop from late
transgression and early regression, providing primary reservoir

conditions.
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Figure 4. Macro and meso fabric of microbialite association in the Darreh Azadegan section. A) Panoramic image of basal Aghchagil
succession in the Darreh Azadegan section. B) Schematic illustration of the facies interpretation (Fig. A) where stromatolite
boundstone (Str) surrounds other microbial mat with an interwoven network. Crossbed stratification overlapped on the microbial mat.
C) Columnar macrofabric (Co) is associated chiefly with thrombolitic mesofabric, generally reaching a height of 1.5 m. D) Close-
up view of hemispheroids (H) and columnar (Co) fabrics in Darreh Azadegan microbial mat. The hammer is 40 cm in length. E) A
hemispheroid macrofabric with thrombolitic core (Thr) and stromatolite envelope (Str), usually containing ooid grainstone (Oog) in
its upper succession. F) stromatolite boundston (Str) with an interwoven network that has trappes locally lumachel (Lu) of the basin
(mostly bivalves and gastropods). The length of the lighter shown in the picture is 10 cm. G) Crinkly stromatolite composed of small-

scale dome-like forms. H) Evidence of microbialite crust in the study area; the length of the object in the image is 20 cm long.
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Figure 5. The types of microbial fabrics used in this research, (Bourillot et al., 2020).
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Figure 6. Selected microscopic images of microbialite facies from Darreh Azadegan section; abbreviations are as follows: LM: Laminated

Micrite, LP: Laminated Peloidal, M: Micritic, CP: Clotted Peloidal, P: Peloid, Oo: Ooid, Bi: Bivalve; The red arrow indicates sparry

cement, which is observed alternately with dark peloid packstone in a crinkly stromatolite. All microscopic images available in PPL have

been photographed and then transformed into a panoramic image using software techniques.
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Table 1. Interpretation and environmental characteristics in the microbialites of the Aghchagil Formation.
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In the mesofabric column, S = stromatolitic; T = thrombolitic; T-S = thrombolitic at the base, stromatolitic at the top; T/S = thrombolitic passing laterally to or alternating with

stromatolitic. Microfabrics: X = dominant microfabric; x = secondary microfabric; - = absent. Individual dimensions (Ind. Size; height _ width) are given for a single buildup.
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Figure 7. View of the thrombolite boundstone facies, A) Field photograph of the thrombolite boundstone in Darreh Azadegan outcrop. B)

62
4 mfn.

Macroscopic Sample of this facies showing a highly porous space, in which bivalve bioclasts are occasionally observed in the cells, The
length of the key is 6 cm. C) Microscopic view of clotted texture and cyanobacterial filaments in the thrombolite boundstone (PPL), D) View

of micrite with clotted texture under the polarized microscope (PPL).
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Figure 8. View of the thrombolite-stromatolite boundstone facies, A) View of the hemispheroid

shape with stromatolite envelope (St) and thrombolitic core (Thr) in Darreh Azadegan section. The

texts inscribed on the image confirm sampling and microscopic imaging points. B) The separating

boundary (white dotted line) represents a stromatolitic envelope (LC: laminated calcarenitic) over a

thrombolitic core (LP: Laminated Peloidal). The pink arrow indicates the positions of some fenestral

fabrics in the stromatolitic section. C) An image of calcarenite texture accompanied by fenestral

fabric from the stromatolitic section; Most porous areas are filled with calcite cement. D) The image

shows the laminated peloidal texture, which in some areas displays clotted fabric. All microscopic

images were captured under PPL.
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Figure 9. View of the crinkly stromatolite boundstone facies, A) An image of small-scale spherical

microbialite in the surface sample, (B) and (C)Two different views of small-scale columnar

microbialites in the Darreh Azadegan section, D) Alternation of dark laminated micritic with light

laminated calcarenitic in association with clotted fabric. Peloidal Allochems are observed in some parts.

E) The image of the crinkly microfabric is composed of alternating light (sparite cement) and dark

(peloid packstone) layers in dome-like shapes.
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Figure 10. View of the stromatolite boundstone facies, (A) and (B) Field photograph of the stromatolite

boundstone in the Darreh Azadegan section. C) Microscopic view of alternating sprite and micrite

laminations in the stromatolite boundstone facies. D) Microscopic view of the fenestral fabric. The

calcite cement has filled some pores in the fenestral fabric.
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Figure 11. 3D image of a thrombolite tube sample along with biological

microstructures, as shown in the image, the stages of development of

pores and multi-branched throats from a to i have been reconstructed by

Avizo software
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Figure 12. 2D image of a thrombolite interval along with biological

microstructures, as shown in the image, the stages of development of pores

and multi-branched throats from a to ¢ have been reconstructed by Avizo

software .
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Figure 13. Stratigraphy column of the Darreh Azadegan section. The location of microbial sequence in the study

area is marked with a green dashed line.
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Figure 14. An overview of the sedimentary cycle related to microbialites of the Aghchagil Formation in
the Darreh Azadegan section. This succession represents a third order cycle characterized by an erosional
unconformity surface at its base. Above this surface, the transgressive lag deposits have formed the
lowstand system tract, and microbial mats have contributed to developing a transgressive system tract,
which has also accompanied a change in the trend of surface gamma-ray values. Abbreviations are as
follows: SB: Sequence Boundry, LST: Lowstand System Tract, TST: Transgressive System Tract, MFS:
Maximum Floading Surface, MSL: Mean Sea Level, CGR: Corrected Gamma Ray.
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Figure 15. An overview of the sedimentary cycle related to microbialites of the Aghchagil Formation in the Darreh Azadegan section (cross-

section, No. 4). In this image, two high-order cycles are observed, differentiated based on facies characteristics and variations of gamma-ray

values. The first sequence is composed of thrombolite facies (Thr) and stromatolite laminae (St), which change with a trend of positive (blue

arrow) to negative (red arrow) gamma-ray values. The second sequence is composed of a thrombolytic layer (L.Thr) and planar stromatolite

(St), with cross-stratified layers (Cr) observed in its upper part. The trend of gamma-ray values is similar to that of the first sequence. The

hammer is 40 cm long.
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Figure 16. Schematic image of microbial facies in high-order sedimentary cycle: a) The sequence composed of
thrombolitic mass — stromatolitic laminae observed in cross-sections 3 and 4, b) The sequence composed of microbial
mats with clay intebeds was observed in cross-sections 5 and 6. ¢) The sequence composed of stromatolitic laminae
with clay intebeds was observed in cross-sections 1 and 6. d) The sequence composed of stromatolitic laminae with clay

interbeds, upon which diagonal trough cross-stratification is superimposed, has been observed in cross-sections 2 and 5.
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Figure 17. The depositional environment model of microbial mats in the studied area.
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