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Abstract: The current study uses an integrated lithofacies, optical microscopy, and scanning electron
microscopy (SEM) analysis to investigate the sedimentary processes, depositional architecture, and
reservoir rock potential of the Tredian Formation’s (Mid-Triassic) mixed siliciclastic and carbonate
succession in the Salt and Trans-Indus Ranges. The formation has been divided litho-stratigraphically
into two components: the lower Landa Member, which consists of fine-grained sandstone and shale,
and the upper Khatkiara Member, which consists of coarse-grained sandstone. Based on sedimentary
structures and lithology, four distinct types of lithofacies are identified. Two lithofacies representing
sandstones interbedded with shale (LF1) and thick-bedded sandstone (LF2) lithofacies suggestive
of fluvio-deltaic settings are among them. Another two lithofacies of thin-bedded sandstone (LF3)
and dolomite (LF4) suggest a tidal flat depositional environment, correspondingly. The petrographic
examination of the Tredian sandstones indicates a lithology ranging from sub-feldspathic arenite to
feldspathic arenite with moderate packing. The presence of primary calcite cement, silica cement, and
iron oxide/hydroxide cements were shown by the diagenetic investigation, which was supported by
SEM studies. In addition, secondary cements include ferroan-dolomite, chlorite, and illite, which is
linked with chemical alteration of unstable grains. The paragenetic sequence depicts the diagenetic
evolution of the Tredian sandstone from early to late diagenetic phases. The reservoir quality of the
LF1 and LF4 lithofacies has been destroyed by early-stage calcite cementation, but the lithofacies
LF2 and LF3 have a strong reservoir potential owing to the scarcity of calcite cement, dissolution of
unstable feldspar grains, and grain fracture.

Keywords: mixed siliciclastic and carbonate successions; reservoir heterogeneity; lithofacies;
diagenetic evolution; cementation; regression; stratigraphic correlations; calcite and silica cement
types; depositional environments
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However, post-burial diagenetic processes such as compaction, cementation, dissolution,
and authigenic mineralization may create or reduce the porosity of reservoir rocks [4,5].

The Upper Indus Basin (Kohat-Potwar) is one of the most prolific oil and gas-bearing
basins in north Pakistan (Figure 1) [6]. Since the first commercial oil discovery in 1915
from the Miocene Siwaliks sandstone, numerous wells have been drilled in the Kohat—
Potwar foreland basins, targeting multiple reservoirs. These reservoir rocks are composed
of mixed siliciclastic and carbonate sequences of the Eocene, Paleocene, Cretaceous, and
Jurassic ages [7-10]. However, underlying Triassic sequences were penetrated in only a few
wells. The Triassic rocks consist of the Mianwali Formation (limestone), Tredian Formation
(sandstone), and Kingriali Formation (dolomite), which are producing reservoirs in the
Kohat-Potwar region. The Mid-Triassic Tredian Formation has been drilled in Isakhel-01,
Chonai-01, and Makori-01 wells in the Upper Indus Basin and its thicknesses are 91 m, 52 m,
and 22 m, respectively [11,12]. The formation tops of the Tredian sandstone were marked
at a depth of 3400 m, 3795 m, and 4285 m in all these respective wells. Both Isakhel-01 and
Chonai-01 are abandoned exploratory wells due to mechanical failure, while Makori-01 is
the only well in the Kohat Basin in which Tredian Formation is the producing reservoir [11].
However, structural complexities involving multiple detachments and the presence or
absence of salt lithofacies limit the drilling to shallow reservoirs in the fold-thrust belts of
western Pakistan.

—————
KARAKORAM A
) 2 s
4 4
<5 : ~
]
I\
s
33 SN P Ol
i
s

N
2 * AFGHAN BLOCK

31

UNJAB "L,./"
ATFORM_..*

L
AFGHANISTAN

PUNJAB

30 .
PLATFORM - -

CHAGAI VOLCANIC ARC

KHARAN FOREARC BASIN

/
-'/.

7
/ RAJHISTAN
SHELF

MAKRAN (PANJGUR)

ACCRETIONARY PRISM {

KIRTHAR FOREDEEP

INDIAN SHIELD

TALHAR
TERRACE

Figure 1. Three studied sections with their measured stratigraphic log and lateral correlation of vari-
ous lithofacies of the Tredian Formation in the Salt and Trans-Indus Surghar Ranges. The measured
stratigraphic sections include Landa Pasha (1), Gulakhel (2), and Nammal Nala (3), respectively. The
stratigraphic thickness increases from east to west in the Landa Pasha section. Towards the west,
lithofacies LF1 thickness increases and lithofacies LF2 decreases.
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The Mid-Triassic Tredian Formation is well exposed in the western Salt Range and the
Surghar Range. This gives scientists a unique chance to study the surface analog for predict-
ing reservoir heterogeneity and facies variations [13,14]. Reservoir heterogeneity is caused
by differences in depositional facies, diagenesis, and structural features (such as fractures or
faults), and it happens on scales ranging from hundreds of meters to micrometers [14-16].
There are only a few studies conducted on the palynological and paleontological aspects of
the Tredian Formation to determine its age and depositional environment [17-20]. However,
details regarding vertical and lateral lithofacies variations and their diagenetic evolution
are still lacking, which is important to understand the reservoir character, fluid flow, and
recovery factor. The present study evaluated the reservoir quality of Tredian Formation
sandstone in the three representative stratigraphic sections in the Salt and Trans-Indus
Surghar Ranges (Figure 2).
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Figure 2. Tectono-stratigraphic framework of the western Himalayas in Pakistan. The north-south-
oriented strike-slip Chaman Fault separates the western margin of the Indian plate from the Eurasian
plate. The study area highlighted as red rectangle marks the foreland region as Salt and Trans-Indus
Surghar Ranges and known as Main Frontal Thrust (MFT) (modified after Treloar and Izatt [21]). The
numbers represent longitude and latitude, correspondingly. JF: Jhelum Fault, KF: Kalabagh Fault.
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More explicitly, the current study aims to: (1) carry out lithofacies interpretation along
with their vertical and lateral variations, (2) present a petrographic characterization of the
Tredian Formation sandstone, (3) determine the extent and significance of diagenetic pro-
cesses and its influence on reservoir quality using optical and scanning electron microscopy
(SEM), and (4) provide an integrated depositional model.

2. Geological Framework

The Indo—Asia collision created the ~2500-kilometer-long seismically active Himalayan
Mountain belt (55 Ma) [22]. The main frontal thrust (MFT) marks the southern boundary of
this collisional zone and is represented by the Salt and Trans-Indus Ranges [23-25] (Figure 1).
In comparison with the eastern and central Himalayas, MFT is a more than 100 km wide
zone in the western Himalayas in Pakistan with a low degree of cross-sectional taper, result-
ing in the opening of wide basins, i.e., the Kohat and Potwar Basins [26,27]. The Salt Range
has been subdivided into the eastern, central, and western sections, respectively [25,26].
The eastern termination of the Salt Range is the Jhelum Fault (left-lateral strike-slip),
whereas the western termination is marked by the Kalabagh Fault (right-lateral strike-
slip) [27] (Figure 1). The Salt Range Thrust (SRT) marks the leading edge of the Potwar
Plateau. The sinuous shape of the Trans-Indus Ranges (TIR) demarcates the deformational
front of the Kohat Basin in North Pakistan [25]. The TIR comprises the Surghar Range, the
Shinghar Range, the Marwat-Khisor Ranges, the Manzai Range, and the Sheikh Badin Hills.
The Surghar Range (SR) marks the eastern extremity of the Trans-Indus Ranges [28,29]
(Figure 1).

Both the Salt and Trans-Indus Surghar Ranges have Triassic rocks cropping out roughly
parallel to the Salt Range Thrust [30]. These successions are well exposed in different
gorges, among which the Landa Pasha (Surghar Range), Gulakhel (Surghar Range), and
Nammal Gorge sections (Western Salt Range) were focused during this work (Figure 2). The
sedimentary successions of the Salt and Trans-Indus Surghar Ranges reflect the depositional
environments of the Gondwana shelf. The depositional sites were probably located at
30° S [30,31]. The Tethyan Ocean was receiving siliciclastic sediments from the Indian
subcontinent [7]. Exposed rocks in the Western Salt Range extend from the Precambrian
(Salt Range Formation) to the Eocene (Sakessar Limestone). The Salt Range Thrust reveals
Precambrian to Recent rocks. The Salt Range Formation represents the Precambrian age and
is overlain by rocks of the Jhelum Group (Cambrian). The Permian-Eocene stratigraphic
successions are well exposed in the study sections [32]. Exposed rocks in the Surghar Range
show ages from the Late Permian (Wargal Formation) to Miocene (Chinji Formation). The
generalized stratigraphy of the Western Salt Range (Nammal Gorge) and the Trans-Indus
Surghar Range (Landa Pasha and Gulakhel sections) is shown in Figure 3.

The Triassic succession includes the Mianwali, Tredian, and Kingriali formations.
The Triassic rocks have a disconformable lower contact (Permo-Triassic; P-T boundary)
with rocks of the Zaluch Group, while upper contact with the Jurassic Datta Formation
is conformable (Figure 3). The P-T boundary represents the great Permian extinction that
occurred at about 252 Ma, during which 96% of marine species and 70% of terrestrial
vertebrates became extinct [32-35]. The principal lithology of the Tredian Formation is
sandstone with shale and some dolomite (Figure 2). It marks conformable contacts with
the underlying Mianwali Formation and the overlying Kingriali Dolomite [7] (Figure 3).
No fossils have been reported so far; however, some poorly preserved plant remains were
observed by Balme [36-38].
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Figure 3. A generalized stratigraphic column in the Nammal Nala, Landa Pasha, and Gulakhel
section in the Salt and Trans-Indus Surghar Ranges after Shah [7]. The rocks older than Permian
Wargal Formation are missing in all these sections.

3. Materials and Methods

A detailed geological field trip was carried out to the Nammal Nala section (32°40'3.41" N,
71°47'9.24" E) in the western Salt Range and the Landa Pasha (32°58'0.00” N, 71°12/0.00” E)
and Gulakhel sections in the Surghar Ranges, with the help of available geological maps [30], to
record all pertinent field data (Figure 2). All stratigraphic sections were logged and measured
with the help of a measuring tape. The measured thicknesses of the Tredian Formation
at the Nammal Nala section are 75 m, the Gulakhel section is 81 m, and the Landa Pasha
section is 91 m (Figure 2). A total of 46 samples were collected for petrographic analysis
from the Landa Pasha section which represents a complete stratigraphic section. A 2 m
sampling interval was chosen to cover all details of lithological variations. An outcrop-
based lithofacies description was made using field observations, which included sedimentary
structures, lithological variation, bedding, thickness, nature of contact, texture, color, fauna,
and bioturbation.

After fieldwork, 35 representative rock samples were processed for thin section prepa-
ration in the rock cutting laboratory at the Hydrocarbon Development Institute of Pakistan
(HDIP) for petrographic analysis. After cutting chips, casting resin and blue dye were used
to impregnate samples, which determine the visual porosity percentage of the analyzed
samples. Moreover, a chip was mounted on a slide made of thin glass with the help of
petro-epoxy for the preparation of thin sections [39,40]. Detailed petrographic analysis was
performed under the polarizing microscope available at the Petrography Laboratory of
the Department of Earth Sciences, COMSATS Institute of Information Technology, Abbot-
tabad campus, Pakistan. The SEM and EDX analyses of ten representative samples were



J. Mar. Sci. Eng. 2023, 11,1019

6 of 24

performed to distinguish between primary and authigenic minerals. This investigation also
helped in evaluating the effect of diagenesis on the Tredian sandstone reservoir potential.
The SEM analyses were performed at the Centralized Resource Laboratory (CRL), Depart-
ment of Physics, University of Peshawar, under the JEOL JSM-5910 Model SEM fitted with

an Energy Dispersive X-ray Micro-analyzer (EDAX).

4. Results

4.1. Lithofacies Description

Four lithofacies have been identified in the Tredian Formation exposed in the studied
sections by utilizing various sedimentological aspects. They are characterized as fluvio-
deltaic and tidal flat lithofacies. A summary of all of them is provided in Table 1.

Table 1. Details of the lithofacies of the Tredian Formation along with their observed sedimentary
structures, description, and interpretation in all the studied sections.

Lithofacies

Sub-Lithofacies/Facies

Description

Interpretation

Lithofacies-1 (LF-1)
Sandstone interbedded
with shale lithofacies

Cross-bedded, parallel
laminated, slumped,
rippled, bioturbated

sandstone facies

Medium-to-coarse grain, moderate-to-poor
sorting, medium-to-thick-bedded sandstone,
interbedded with carbonaceous black shales

black. Commonly found sedimentary
structures are cross bedding, parallel
lamination, slump structures, bioturbation,
symmetrical and asymmetrical ripples, flame
structures, and channelized beds

The sandstone is
deposited in distributary
channels/channel
margins of delta plain
settings whereas the
shale is deposited in
low-energy settings of
floodplain and
interdistributary bay
or marshes

Lithofacies-2 (LF-2)
Thick bedded sandstone
lithofacies

Planar cross-bedded,
trough cross-bedded,
rippled sandstone facies

Thick-bedded coarse-grain sandstone with
planar cross bedding, trough cross bedding,
ripple marks, basal erosional surface, and load
marks. Pebbly bases of the beds were
commonly observed. Well-developed channels
are also common. Inter-bedded shale is dark
greenish grey to black in color containing thin
lamination of sand

The deposition of
sandstone took place
during high fluvial
discharge in fluvial
channel environment
during active delta
progradation, whereas
the associated shale
shows the deposition
along the channel
margins or levees

Lithofacies-3 (LF-3)
Thin-bedded sandstone
lithofacies

Parallel-laminated and
ripple-laminated
sandstone facies

Thin-bedded, greenish grey,
medium-to-fine-grain sandstone. Commonly
observed sedimentary structures are parallel

and ripple lamination. Flaser and lenticular
bedding are also common

Deposited in sand
dominated delta front or
tidal flats where
fluctuation in sediment
supply is common

Lithofacies-4 (LF-4)
Dolomite lithofacies

Medium-bedded yellowish brown dolomite.
The dolomite is hard, compact, and brecciated
and has laterally pinching channels. The lower
part is sandy dolomite, whereas the upper part

is pure dolomite.

Deposited during
fluctuating depositional
condition in shoreface

4.1.1. Fluvio-Deltaic Lithofacies
1.  Sandstone Interbedded with shale lithofacies (LF1)

This lithofacies is present at the base and represents the Landa Member of the Tredian

Formation, which is 31 m thick in the Landa Pasha Section, 29 m thick in the Gulakhel
Section, and 15 m thick in the Nammal Section, respectively (Figure 2). It can be further sub-
divided into five sub-lithofacies based on diagnostic sedimentary characteristics (Table 1).
It is predominantly composed of medium- to coarse-grained, moderately to poorly sorted,
orange/yellow to maroon-colored, medium- to thickly bedded, hard, and compact sand-
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stone interbedded with dark grey to black carbonaceous shale (Figure 4). Scattered pebbles
can also be seen in some places. The ratio of sandstone to shale is 3:1. The pisolitic bed at the
base of this lithofacies marks the conformable contact between the Mianwali and Tredian
Formations. The most commonly observed sedimentary structures are parallel lamination,
cross-bedding, slumps, ripple marks, convoluted or contorted bedding, flame structures,
bioturbation, and iron concretions (Figure 4c—j). The large planar tabular cross-beds have a
thickness varying from 8 to 14 cm. Slumps are observed only in the Nammal Nala section
and were not encountered in the other two studied sections. Bioturbation is also very
common (Figure 4k). In places, well-developed channels are present and show lateral
pinching (Figure 41).

Figure 4. Field photographs showing various sedimentological features of Tredian Formation.
(a) Outcrop exposure of Tredian Formation in Nammal Section with upper and lower conformable
contacts. (b) Outcrop exposure of sandstone interbedded with shale lithofacies (LF-1). (c) Field
photograph of parallel laminated medium bedded sandstone lithofacies. (d) Field photograph
of cross-bedded sandstone lithofacies. (e) Field photograph showing the slumped facies of LF-1.
(f) Symmetrical ripples. (g) Field photograph showing asymmetric ripples. (h) Convoluted bedding
in the slumped facies of LF-1. (i) Contorted bedding. (j) Flame structures in LF-1. (k) Bioturbated
sandstone facies of LF-1. (1) Well-developed channels and their lateral pinching.
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2. Thick-Bedded Sandstone Lithofacies (LF2)

This lithofacies overlies the LF1 of the Tredian Formation and is predominantly com-
prised of light gray to whitish-colored, coarse-grain, thick-bedded sandstone, and carbona-
ceous shale (Figure 5a). The beds also have pebbly bases. The shale units are dark greenish
gray to black, carbonaceous, and contain thin laminae of sand. Black carbonaceous shale
marks the contact between LF1 and LF2 (Figure 5b). Lithofacies LF2 are approximately
31 m thick in the Landa Pasha and Gulakhel sections and 41 m thick in the Nammal Nala
section (Figure 2). The sandstone-to-carbonaceous shale ratio is 9:1. The most commonly
observed sedimentary structures are planar tabular cross-bedding, trough cross-bedding,
erosional basal surfaces, and load structures. Ripple marks are commonly seen at the top
of lithofacies, whereas trough and planar tabular cross bedding can be found throughout
(Figure 5c—e). Syn-depositional features such as load structures are present at the base of
this lithofacies. Well-developed channels are also present in lithofacies LF2 (Figure 5f).

Figure 5. Field photographs of various sedimentological features of Tredian Formation lithofacies.
(a) Channelized sandstone of LF2 (the red rectangle highlight the Jacob Staff for scale). (b) Black
carbonaceous shales mark the contact between LF1 and LF2. (c) Pebbly bases in LF2. (d,e) Planar
and trough cross-bedded sandstone facies LF-2. (f) Thick-bedded sandstone lithofacies LF2 with
channel pinching. (g) Thin-bedded sandstone with interbedded shale lithofacies (LE-3). (h) Rippled
sandstone facies with flaser and lenticular bedding in LF3. (i) Thick-bedded dolomitic lithofacies LF4
on top of LF3. (j) Sandy dolomite lithofacies with laterally pinching channels. (k) Top unit of pure
dolomitic lithofacies LF4.
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4.1.2. Tidal Flat Lithofacies
1. Thin-Bedded Sandstone Lithofacies (LF3)

This lithofacies overlies LF2 in the Landa Pasha section and the Gulakhel section,
whereas it is altogether missing in the Nammal Nala section (Figure 2). The measured
thickness of LF3 in the Gulakhel and Landa Pasha sections is 1 m and 6 m, respectively.
The ripple sandstone of LF2 grades upward into flaser bedded LF3 lithofacies. It comprises
medium-to-fine-grained, greenish gray to whitish or brownish, moderately to well-sorted,
and thin-bedded sandstone (Figure 5g). Sand lenses are 1 to 3 cm thick and show ripple
laminations (Figure 5h). Further towards the top, the flaser and lenticular bedding are
replaced by parallel lamination.

2. Dolomite Lithofacies (LF4)

This lithofacies overlies the thin-bedded sandstone lithofacies LF3 and contains sandy
dolomite (Figure 5i). Dolomite is yellowish-brown to pinkish in color. The total thickness
of this unit is 3 m in the Landa Pasha section, 5 m in the Gulakhel section, and 10 m in
the Nammal section, respectively (Figure 2). The dolomite is hard, compact, brecciated,
and has laterally pinching channels (Figure 5j). The lower part of the lithofacies is sandy
dolomite, while the upper part is pure dolomite (Figure 5k).

4.2. Petrographic Analysis

The petrographic analysis of sandstone samples collected from the Tredian Formation
revealed that it comprises fine-to-coarse framework grains and cement. Based on the
model composition of Pettijohn [41], the sandstone is classified as sub-feldspathic arenite to
feldspathic arenite. The predominant mineralogical constituents include quartz, feldspar,
accessory minerals, mica, and lithic fragments. Most of the grains are sub-rounded and
sub-angular to angular. The grains packing and sorting are moderate. Texturally, the
sandstone is sub-mature to mature, whereas compositional maturity varies from sub-
mature to immature. The most predominant constituent framework grain in the Tredian
Formation is quartz, which has an average abundance of 49.4% (Table 2).

Grains shape is mostly sub-spherical with angular to sub-rounded outlines. Some
well-rounded quartz grains are also present, which shows long distances of transport
(Figure 6a). A clay rim was observed in a few quartz grains (Figure 6b). The grain contact
can be pointed, long, concavo-convex, or suture-like (Figure 6b). Some fractured quartz
grains are also present, but they are empty and not filled with cement. Some clean grains
have quartz cement present as overgrowth (Figure 6a).

Medium-grained feldspar is the second most abundant mineral in the Tredian Forma-
tion, which exists in both plagioclase and K-feldspar forms with an average abundance of
14.3% (Table 2) (Figure 6c). Plagioclase, on the other hand, has the lowest concentration.
The grain shape is sub-spherical to prismoidal with sub-angular to sub-rounded outlines.
Some of the samples have feldspar grains that are partially or completely altered to clay
minerals (Figure 6d,e). Lithic fragments include some minor fossils and siltstone lithics.
The proportion of fossil fragments in the sandstone studied is less than 1% (Figure 6f).
Calcite cement mostly replaces fossil fragments, while the margins of some fragments are
altered by reacting with cementing fluids. Muscovite occurs in significant quantity in the
studied thin sections. Its average abundance is 5.3%; however, in a few thin sections, it
ranges up to 29.6%.

It mostly occurs as long individual flakes (Figure 6g). Biotite is present in trace
amounts in the samples. They show clay alteration in some places. Its average abundance
is 0.6%. The modal abundance of the accessory minerals in the Tredian sandstone is 0.85%
(a trace amount), including the grains of tourmaline, rutile, and zircon (Figure 6h,i).
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Table 2. Percentage modal proportions of framework elements in the Tredian Formation. Qt: Quartz

total; Qm: Quartz monocrystalline; Qp: Quartz polycrystalline; Al.Feld: Alkali Feldspar; PIG:

Plagioclase; Poros: Porosity; Musc: Muscovite; Biot: Biotite; Ceme: Cement. Accessory minerals

include zircon, rutile, etc.

Quartz Feldspar Accessort  Classification

SN S# ot Om Qp ALFeld PIG Lithoc Pores Musc Biot Ceme Ore Minerals W
1 T1 48 48 0 10 1 0 0 4 1 35 0 1 Sub-Arkose
2 T2 46 46 0 8 0.5 0 0 0.5 42 0 0 Sub-Arkose
3 T3 40 398 02 9 2.6 0 2 5.5 1 29.5 10 0.4 Sub-Arkose
4 T4 65 65 0 9 3 0 2.5 2.5 1 10 5 2 Sub-Arkose
5 T5 51 505 05 14 0.5 0.5 0 2 0 28 2.5 1.5 Sub-Arkose
6 T6 33 33 0 18 15 0 2 4 0 39 2 0.5 Arkose

7 T8 60 60 0 11 2 0.4 3 8 0.6 8 6 1 Sub-Arkose
8 T9 58 58 0 7 1.2 0 1 4 2 22 4 0.8 Sub-Arkose
9 T11 44 43 1 14.5 0.5 0 15 10.5 0.6 19 9 0.4 Arkose
10 T12 60 60 0 17 3 0 1.6 1 1 12 14 Arkose
11 T14 58 58 0 18 1 1 5 2 4 5 2 Sub-Arkose
12 T16 56 555 05 15 3 0 10 15 0 6 8 0.5 Sub-Arkose
13 T17 47 47 0 20 1.5 0.5 1 0.6 1.5 16 7 1 Arkose
14 T18 52 52 0 22 2.5 0 6 0.5 0.6 8 45 2 Arkose
15 T19 35 35 15 11 2 0 1 1 0.5 44 4 0.5 Arkose
16 T20 84 84 0 7 0.3 0 4 0 1 2 0.7 1 Sub-Arkose
17 121 16 16 0 0.8 0 0 0 0 66 9 0.2 Arkose
18 T22 14 14 0 9 1 0 6 0 0 64 6 0 Arkose
19 T24 60 60 0 19 1.5 0 4 45 0 9 1 1 Arkose
20 T25 38 36 2 14 2 0 0 3 1 36 5 1 Arkose
21 NT5 55 55 0 24 24 0 3 8.5 0.5 2 3.6 1 Arkose
22 NTe 66 652 08 12 0.5 0 2 12.5 6 1 0 Sub-Arkose
23 NT7 36 36 0 10 2 0 0 20 0 27 5 0 Sub-Arkose
24 NT9 32 31 1 13.5 1.9 0 0 134 1 29 7 2.2 Arkose
25 NT10 30 30 0 11 1.5 0 0 2.8 0.2 45 8 1.5 Arkose
26 NT12 78 78 0 7 1.8 0 13 0 0 0 0 0.2 Sub-Arkose
27 NT13 71 705 05 7 0.5 0 5 0 0 15 1 0.5 Sub-Arkose
28 NT14 80 80 0 5 1.2 0 8 0 0 5 0 0.8 Sub-Arkose
29 NT17 19 19 0 20 1 0 0 29.6 2 28 0 0.4 Arkose
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Figure 6. Petrographic analysis of framework grains. (a) Rounded quartz grains with quartz over-
growth in LF2. (b) Polycrystalline quartz with clay rim at grain boundaries and long grain contact
in LF1. (c) Plagioclase grain with twinning in LF1. (d) Feldspar grain with clay alteration at the
boundary and some replacement by cement in LF3. (e) Feldspar grain showing partial/complete
alteration to clay in LF2. (f) Bioclast with some clay present at the boundary in LF2. (g) Long
muscovite flake in LF1. (h) Accessory mineral zircon with clay rim at the boundary in LF1, and
(i) rutile grain embedded in calcite cement in LF1.

4.3. Diagenesis of the Tredian Sandstone
4.3.1. Compaction

Compaction is considered the main factor affecting the reservoir as well as other
physical properties of the Tredian Formation sandstone. The precipitation of early calcite
cement marks the end of further compaction. The following types of grain packing explain
the degree of compaction observed in Tredian Formation sandstone (Figure 7a—f). The
depositional settings of various interpreted lithofacies are also described.

(@) Loosely packed grains: Loose packing of grains was observed at the basal part
of the Tredian Formation, where precipitation of calcite cement ceased the further
compaction of grains. The floating grains are observed with point and long-line
contact, which also refers to the loose packing of grains (Figure 7a).

(b) Closely packed grains: This type of packing includes moderate-to-strong packing
of grains. Line/long contact of grains is observed, where the packing is moderate,
whereas concave-convex contact with pressure solutions refers to the strong packing
of grains (Figure 7b).

(c) Directionally oriented packed grains: Flake mineral grains such as micas were mainly
characterized by directional arrangement due to the pressure of overlying strata
(Figure 7c).

(d) Plastic grains deformed by extrusion: The plastic grains such as micas and chlorites
were observed to be bent or broken where the compaction was strong (Figure 7d).



J. Mar. Sci. Eng. 2023, 11,1019

12 of 24

(e) Rigid grains crushed by extrusion: Rigid grains such as feldspar and quartz are
broken, forming micro-fractures, when the compaction further increases with increase
in burial depth (Figure 7e).

(f) Chemically compacted fabric: Pressure-induced dissolution along the contacts of
quartz grains provided the silica cement, which filled the pore spaces and resulted in
the reduction of inter-granular porosity. This chemical compaction is observed mostly
at the upper part of the Tredian Formation (Figure 7f).

Figure 7. Photomicrographs of Tredian sandstone showing various degrees of compaction and
associated features. (a) Loosely packed grains with pointed and long contact. (b) Closely packed
grains with long and concavo-convex contact between the grains showing moderate-to-strong degree
of compaction, respectively. (c) Directionally oriented packed grains (red arrows) showing directional
arrangement due to the pressure of overlying strata. (d) Bent grains of chlorite showing plastic
grain deformation by extrusion. (e) Fractured grains in quartz and feldspar showing micro-fractures.
(f) Chemically compacted fabric with pressure-induced dissolution (red arrows) along the contacts of
quartz grains.

4.3.2. Cementation

After compaction, cementation is another important contributing factor that affects the
reservoir quality of Tredian Formation sandstone by reducing the porosity and permeability.
Precipitation of various types of cement (Figure 8a—d) reduced the pore spaces and the
connectivity of pore throats, hence affecting reservoir quality. Petrographic studies and SEM
analyses have revealed the occurrence of the following types of cement described below.

Calcite cement is the most dominant type of cement observed in Tredian Formation
sandstone and occurs in both well-developed poikilotopic (Figure 8a) and fine-grained mi-
critic forms (Figure 8b). The following two stages of calcite cementation are distinguishable
based on distribution and texture: (a) Early diagenetic calcite cement developed between
the floating framework grains in poikilotopic form at the basal part of the Tredian Forma-
tion (LF1); (b) Late diagenetic calcite cement was found in some samples from the Khatkiara
Member. The late-stage fine-grain calcite cement has precipitated in the inter-granular
pore spaces (LF2). Siliceous cementation in the form of quartz overgrowth was commonly
observed in the samples taken from the Khatkiara Member of the Tredian Formation (LF2).
The presence of quartz overgrowth indicates the availability of sufficient silica, a medium
for its transport, and a clean surface of grains for its precipitation (Figure 8c). The early
diagenetic calcite cementation in the Landa Member halted the silica precipitation in the
form of quartz overgrowth; hence, quartz overgrowth was not observed in the Landa
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Member of the Tredian Formation (Figure 8a). All the studied samples of the Tredian
sandstone contain a significant amount of ferruginous cement (Figure 8d). It decreases the
amount of secondary porosity by replacing the initial cement through dissolution. It is
present both as pore-filling and grain-occluding phases.

Sum Spectrum

Ferruginous cement

CRL UOF

Figure 8. Photomicrograph showing various diagenetic features of Tredian sandstone. (a) Poikilotopic
calcite cement (PC), interstitial dissolution (InD), and Intra-granular dissolution (IGD) in quartz grains.
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(b) Connectivity between the pores through curved flake throat and micritic calcite cement (MC).
(c) Strongly compacted grains with quartz overgrowth (QO). (d) Ferruginous cement (FC) as cement-
ing material. (e) SEM image showing ferroan dolomite (FD). (f) EDX spectra showing ferruginous
cement. (g) Pores connectivity through flake throat and clay coating around the grains. (h) SEM
image showing flaky/rosettes chlorite. (i) SEM image showing honeycomb /leafy chlorite. (j) SEM
image showing chloritization of smectite. (k) Small and thin platelets of mixed-layer illite-chlorite
occurring as void filling. (1) SEM image showing early diagenetic illite. (m) Fracture dissolution (FD)
and whole-grain dissolution (WGD). (n) Inter-granular dissolution (ITD) and connectivity of pores
through neck throat. (o) Fracture dissolution and inter-granular dissolution.

Other types of cement include Ferroan dolomite which occurs in most of the samples as
well-developed authigenic crystals, as identified petrographically and confirmed through
SEM/EDX analysis (Figure 8e,f). The dolomite rhombs are fine grain in size and occur
during the grain-replacing and pore-occluding phases. The ferroan dolomite in sandstone
represents reducing and alkaline pore water conditions [42]. Chlorite is another commonly
observed cement type that exists in both Rosettes (Figure 8h) and honeycomb (Figure 8i) as
morphological forms. Chlorite occurs both as a grain coating and as pore filling (Figure 8g).
Alteration of feldspars, direct precipitation of chlorite from pore fluids, and chloritization of
other clay minerals are the most likely sources of chlorite formation [34,43]. Chloritization
of smectite is observed through SEM analysis (Figure 8j). Chlorite with an irregular
morphology is sometimes mixed with illite and forms a mixed layer of illite and chlorite.
Small and thin platelets of illite-chlorite also occur as void filling (Figure 8k). Two types
of chlorites have been recognized in studied samples: (a) Early diagenetic chlorite: In
most of the samples, it lies perpendicular to the detrital grain surfaces suggesting their
formation during early diagenesis [34,44]; (b) Late-stage burial diagenetic chlorite: The
chlorite presents as pore-filling forms during burial diagenesis. Illite is present in the
studied samples with a hair-like fibrous and ribbon crystal habit (Figure 81). The typical
illite is lath-like and represents kaolinite as its precursor. In the studied sandstone samples,
illite occurs as pore-filling material. A markedly greater abundance of illite in the vicinity
of altered detrital grains of feldspar strongly suggests the formation of illite by feldspar
alteration. Illite is an exclusively burial diagenetic mineral, and its formation requires the
availability of potassium and a temperature exceeding 70 °C [45].

4.3.3. Dissolution

Dissolution is a main contributing factor in enhancing the reservoir character of
sandstone. Following are the different types of dissolution observed in the sandstone of
the Tredian Formation: (a) Intra-granular dissolution is observed inside the grains, which
have been dissolved by acidic fluids. The dissolved part of the grain either exists in the
shape of spots or honeycomb shape (Figure 8a,f); (b) Whole-grain dissolution was common
in some grains forming moldic pores (Figure 8f,m); (c) Dissolution along weak planes was
commonly observed along the cleavage planes, cracks, and fractures of feldspar grains
(Figure 8f); (d) Inter-granular dissolution is a kind of irregular dissolution that is observed
along the edges of some soluble grains, such as feldspar and lithic grains (Figure 8n,0); (e)
Interstitial dissolution is also observed, in which interstitial material, such as calcite cement,
has been dissolved, forming interstitial pores (Figure 8a).

5. Discussion
5.1. Lithofacies Depositional Environment
5.1.1. LF-1 Interpretation

The presence of features such as ripple marks, planar cross-bedding, parallel lamina-
tion, and bioturbation indicates deposition of this lithofacies in distributary channels and
inter-distributary bays, which are the principal components of a delta plain [46—-48]. The
presence of scattered pebbles also supports the deposition in delta plain settings [49]. The
cross bedding is the indication of deposition under unidirectional flow, which is mostly
associated with fluvial channels or distributary channels in a delta plain setting [50-52].
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Parallel laminated sandstones represent deposition in upper-flow regime conditions [53,54].
This lithofacies has a close association with the shoreline/shoreface setting; however, the
presence of slumps, which is uncommon in a shoreline environment, describes it as a
delta plain facies [55]. The presence of wave ripples indicates that this lithofacies was
also affected by shoreline/beach action; however, the presence of erosive bases, channel
morphology, channel lag, cross-bedding, planar lamination, bioturbation, and slump struc-
tures supports deposition in distributary channels/channels or channel margins of delta
plain settings, whereas the shale was deposited in low-energy settings of flood plains and
inter-distributary bay/marshes [56].

5.1.2. LF-2 Interpretation

The well-developed channels with erosive and pebbly bases, load structures, large
cross-bed sets (trough and planar), and coarse grain size in LF2 indicate deposition during
high-energy tractional flows [55,57]. The migration of three-dimensional large bedforms
results in trough cross bedding, which commonly occurs in the channel belt facies in upper
and middle delta plain areas [52,58,59]. Hence, channel morphology, sedimentary struc-
tures, and coarse grain size help interpret its deposition in a delta plain or fluvial channel
environment during active delta progradation. Deposition of the sandstone took place
during high fluvial discharge. The associated carbonaceous shale/clay shows deposition
along the channel levee/margin [60].

5.1.3. LF-3 Interpretation

This thin-bedded lithofacies has developed over the thick-bedded, channelized LF2 litho-
facies. The presence of abundant ripples shows deposition in a coastal environment [61-63].
The lithofacies have flaser and lenticular bedding, reflecting fluctuating depositional con-
ditions [64]. The rippled sands and mud drapes are associated with the current activity of
sand-dominated tidal flats, and as the abundance of mud decreases, the bedding changes
from lenticular to flaser type [65]. Moreover, flaser and lenticular bedding are common in tidal
flats and in the delta front environment, where fluctuation in sediment supply is common [66].
It may also be interpreted to represent deposition in a tidal setting, i.e., tidal flats and tidal
channels [67]. Its position above the fluvial lithofacies (LF2) and below the dolomitic lithofa-
cies (LF4) shows the onset of marine conditions. Hence, it is concluded that this lithofacies
was deposited in the tidal flat setting.

5.1.4. LF-4 Interpretation

The presence of dolomite marks the onset of marine conditions. Lithology grades
from pure fluvial sand through sandy dolomite to pure dolomite and further up into the
thick dolomite of the Kingriali Formation. This change in lithology marks the change
in environmental conditions, i.e., the dominant siliciclastic system of the Mid-Triassic
Tredian Formation was finally changed into the carbonate system of the Upper Triassic
Kingriali Dolomite [68,69]. However, there is no obvious clue of any tectonic activity for
this change of the system. The transgressive sequence of this lithofacies marks the delta
abandonment, as also documented in the Rhone and Niger deltas [51,70], as well as the
Mississippi Delta [71]. The process of transgression takes place due to delta switching
after the abandonment of the delta, with components of reworking of shoreface retreat
and submergence [72]. The presence of ripple marks and dolomite indicates fluctuating
depositional conditions and suggests shallow beach or near-shore depositional settings
due to reworked sands of retreating shorefaces [49,64].

5.2. Depositional Settings

The dominant characteristics like facies association, composition, and distribution
of the Tredian sandstone suggest its deposition in a fluvio-deltaic environment (fluvial-
dominated delta) (Figure 9). The siliciclastic platform was in regression during the Middle
Triassic. The Lower Landa Member of the Tredian Formation shows deposition of sandstone
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in distributary channels or inter-distributary bays with associated shales in a low-energy
setting, such as a floodplain or marshes (Figure 9). It is followed by the deposition of thick
channelized sandstone in the Khatkiara Member with a dominant fluvial character. The
thick sandstone of the Khatkiara Member is the result of high-density channel flow showing
a fining upward sequence. This period is marked by maximum regression, during which
the depositional environment changed from deltaic to fluvio-deltaic. Directional features,
i.e., cross-beds, indicate channel flow from the southeast. The presence of carbonaceous
clays indicates deposition in an overbank area (swamps and marshes). The top of the
channelized sandstone shows a transition from thick channelized deposits to thin tide-
dominated deposits, i.e., rhythmites (Figure 9). The top of the Khatkiara Member contains
a few dolomite beds indicating tidal environments, followed up by the thick dolomite
deposits of the Kingriali Formation. This shows that the deposition of Mid-Triassic rocks
took place at a time marked by a fall in regional base level and more clastic input. Finally,
during the Late Triassic, a major rise in the regional base level terminated the siliciclastic
system and started depositing carbonates in the overlying Kingriali Formation.
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Figure 9. Depositional model of Tredian Formation indicative of a fluvio-deltaic environment showing
the regional location with its dominant characteristics such as facies association, composition, and
distribution of the studied sandstones.

5.3. Paragenetic Sequence

The paragenetic sequence of the Tredian Formation was determined based on petro-
graphic and SEM observations. The paragenetic sequence inferred for the Tredian sandstone
is shown in Figure 10. The Tredian sandstone has survived intense and complex diagenetic
phases (early, late, and uplift). The earliest diagnostic events occurred soon after deposition,
and the latest ones are those occurring currently.
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Figure 10. Diagenetic model showing the relationship of various diagenetic stages and evolution of
porosity with time [73].

The sequence of inferred major diagenetic processes distinguished in the studied
sandstone is as follows:

Early mechanical compaction is the first diagnostic event, which is evident from the
tight grain packing of sandstone [74] (Figure 7b,f). Mechanical compaction typically occurs
from the early-to-late diagenetic stages [75]. However, the early precipitation of massive
poikilotopic calcite cement in the Landa Member prevented further compaction (Figure 8a).
The rarity of calcite cement made possible the continuation of compaction through later
diagenetic stages in the Khatkiara Member. Mechanical compaction is also evident from the
breaking down of grains (Figure 7m). After compaction and calcite cementation, dissolution
of unstable grains, such as feldspars or alteration of feldspar to clays, possibly due to the
influx of meteoric water, is an important event (Figure 8o) [76,77].

Nlitization and chloritization constitute the next diagenetic stage and are time- and
temperature-dependent [34]. Illite may have been formed by decomposing the feldspar
grains or by clay mineral transformation, i.e., smectite and kaolinite illitization. The absence
of quartz overgrowth from samples containing chlorite as grain coating indicates the latter
to be an earlier diagenetic product (Figure 8g). The relationship between illite and chlorite
is not clear. The occurrence of chlorite on quartz grains without overgrowth shows chlorite
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obstruction in the formation of overgrowth. Quartz overgrowth is late-stage diagenetic
cement and usually precipitates on clean surfaces (Figure 8c). The quartz overgrowth is im-
peded by the precipitation of dolomite. The possible sources of silica may include pressure
solution, dissolution of framework grains, feldspar replacement, or transported silica-rich
fluids. In addition to the early calcite cementation, another generation of pore-filling cal-
cite cement (formed during burial diagenesis) took place after the quartz and dolomite
cementation and led to corrosion of the dolomite cement. Following the precipitation of
iron oxide or hydroxide and the dissolution of grains and cements, grain fracturing was
the most recent diagenetic event. Grain fracturing postdates late-stage calcite cement as the
fractures are not filled and may be related to uplifting (Figure 80). During the process of
uplifting (telogenesis) [6], ferruginous cement precipitated and engulfed other diagenetic
products, especially calcite and dolomite cements. The patchy appearance and uneven
distribution of iron-oxide cements indicate surface weathering-related infiltration during
the telogenetic stage [78]. The secondary porosity has been created in the studied sandstone
due to the dissolution of grains as well as authigenic cements.

5.4. Reservoir Characterization

Reservoir characterization of sandstone refers to the amount of porosity and perme-
ability it retained after diagenetic processes and is a function of depositional and diagenetic
control [79,80]. Burial diagenesis most likely affects the reservoir quality of sandstone.
The diagenetic processes, which may either reduce porosity and permeability by physical
compaction and authigenic cementation or enhance porosity by the unstable grains and
cement dissolution, largely determine the reservoir quality of sandstone [81-83]. The real
benefit of secondary porosity for reservoirs is rare as the dissolved material may precipi-
tate as cement in the sandstone [84]. Thin sections stained with blue epoxy were used to
estimate the visual porosity of sandstone by point counting along with some SEM images.
Although the porosity of examined samples of sandstone is highly affected by compaction,
cementation, and authigenic clay mineral formation, it is dominated by inter- and intra-
granular pores, dissolution, and fractured pores (secondary porosity). The estimated visual
point-count porosity values for the sandstone vary between 0.5 and 16%, averaging 6%. The
processes of mechanical compaction and early calcite cementation in the Landa Member
have appreciably reduced the primary porosity of the Tredian sandstone (Figure 8a). Due
to the rarity of calcite cement, the Khatkiara Member of the Tredian sandstone continued to
experience mechanical compaction to greater depths and thus attained closer grain packing
(long to concavo-convex) (Figure 8b). The initial porosity reduction was due to mechanical
compaction that continued to take place in the samples containing little calcite cement. The
inter-granular volume (IGV) of sandstone is decreased by the processes of physical and
chemical compaction, as evidenced by the tight grain packing.

The role of chlorite precipitation, either in pore spaces or on grain surfaces, may
also contribute to either the reduction or preservation of porosity in the sandstone of the
Tredian Formation. The porosity is preserved in the sandstone samples, where quartz
overgrowth was prevented due to precipitation of chlorite on grain surfaces (Figure 8g).
Chlorite precipitation in the pore spaces reduces permeability, but the rosette form of
chlorite possesses inter-crystalline porosity (Figure 11).

The fibrous illite blocks the pore spaces and thus reduces the reservoir properties. Frac-
tures produced due to physical compaction also opened due to dissolution and contributed
significantly to the overall porosity of the sandstone [85]. An excessive number of unstable
grains have undergone dissolution during the diagenesis of sandstone (Figure 11c). Dis-
solution of feldspar grains, volcanic fragments, and cements created secondary porosity
during the early-to-late stages of diagenesis (Figure 11d). It is observed that the authigenic
(calcite) cements partly to completely fill the secondary pores produced as a result of
grain dissolution during early diagenesis. Additionally, the late-stage grain and cement
dissolution has created and preserved good visual secondary porosity, as observed in the
thin sections, and further confirmed through SEM images (Figure 11a—f).
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Figure 11. SEM images showing different types of porosity (Red arrow). (a) SEM image showing
inter-granular porosity between the framework grains in tight packing (arrow indicate porosity).
(b) SEM image showing porosity between the framework grains. (c) SEM image showing dissolution
porosity filled with chlorite. (d) SEM image showing secondary porosity generated as a result of
partial dissolution of carbonate grain. (e) SEM image showing secondary porosity between the
framework grains (Red arrow). (f) SEM image showing inter-crystalline porosity between the rosette
chlorite (Red arrow).

According to Khan et al. [86], the distribution of attributes such as the thickness of the
sandstone body and its sand percentage along with the internal architecture, heterogeneity,
sand body geometries, and their constituent facies may also influence the reservoir charac-
teristics. Thicker sandstone strata usually show high porosity values; however, prevailing
depositional environments and sediment influx determine the sand body thickness. Table 3
shows the reservoir quality of the Tredian Formation lithofacies.
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Table 3. Reservoir quality characteristics of different lithofacies of Tredian Formation.

Cementing Material

Lithofacies Type of Porosity Degree of Compaction and Authigenic Clays Reservoir Quality
No visual porosity Poikilotopic cement is
Lithofacies 1 (LF-1) . because all the Moder.ate to t1gh.t filled in pore spaces, Poor reservoir
intergranular pores are compaction of grains quartz overgrowth is
filled with cement not seen
Pores are filled with
late-stage ferruginous
Lithofacies 2 (LF-2) I.ntergr.anular an.d Moderatel.y cemen.t. Chl(?rlte is seen Good reservoir
dissolution porosity packed grains as grain coating. Illite is

also present in
pore spaces

Lithofacies 3 (LF-3)

Secondary fracture and
dissolution porosity is

Well-developed quartz
overgrowth. Clay rims Good reservoir
around few grains

Loose-moderate

observed packing of grains

Lithofacies 4 (LF-4)

Fractures or any other
dissolution cavities are Highly compacted Poor reservoir

Calcite and dolomite

cement is observed
not observed

6. Conclusions

The studied Tredian Formation has been sub-divided into sandstone interbedded with
shale lithofacies (LF1), thick-bedded sandstone lithofacies (LF2), thin-bedded sandstone
lithofacies (LF3), and dolomite lithofacies (LF4). The distinguished facies associations
were interpreted as fluvio-deltaic and tidal flat settings. The characteristic four lithofacies
show deposition in delta plain, fluvial channels, and tidal flat environments. The Tredian
Formation in the Salt and Trans-Indus Surghar Ranges was the result of overall regression
(progradation) during the Mid-Triassic. The falling sea level has supplied the required
abundant sandy input. The environment of deposition for the study of Tredian Formation
is a fluvial dominated delta. The characteristics depositional processes are both fluvial
and marine. The sandstone of the Tredian Formation has been classified as sub-feldspathic
arenite to feldspathic arenite based on petrography. Petrographic observations show that
the Tredian sandstone has experienced all phases of diagenesis, i.e., shallow to deep burial
followed by uplifting. These diagenetic changes have affected the reservoir properties of
the Tredian Formation. The major diagenetic signatures observed in the Tredian sandstone
are chemical and mechanical compaction, authigenic mineralization, cementation (calcite,
silica, dolomite, and ferruginous), replacement, grain fracturing and dissolution. Early
cementation has destroyed all the visible porosity in the lithofacies LF1 by enclosing all
the grains. This lithofacies entirely consist of the Landa Member. No further clues of
later dissolution were observed in samples from this lithofacies. Lithofacies LF2 and LF3,
part of the Khatkiara Member, display good visible porosity, which is also confirmed
by SEM analysis. The presence of a chlorite rim around some grains served to preserve
porosity by inhibiting quartz overgrowth; however, quartz cementation and overgrowth
are present in some samples. Moreover, the processes of dissolution and grain fracturing
(later in diagenesis) have created enough secondary porosity and made the sandstone
a suitable hydrocarbon reservoir. Lithofacies LF4 is dolomitic facies containing some
floating framework grains but it shows no visible porosity and suggests the start of marine
conditions after regression. Finally, ferruginous cementation during the last stage of
diagenesis has destroyed the reservoir properties of the Tredian sandstone in specific zones;
however, dissolution of framework grains, fractures, and cements (calcite, silica, dolomite,
and ferruginous) have created secondary porosity.
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