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Abstract
An integrated study based on petrography, SEM and XRD analysis has been carried out for petrofacies and diagenesis of 
the Lockhart Limestone in the Upper Indus Basin, Pakistan to decipher the paleo-environmental history during the mature 
development of the Ceno-Tethys Ocean. The Thanetian Lockhart Limestone has been divided into three petrofacies referred 
as: mudstone (CMF-I), mudstone to wackestone (CMF-II), and wackestone to packstone (CMF-III). These petrofacies depos-
ited in the transgressive environment of the Ceno-Tethys Ocean along the toe of the carbonate platform's slope, slope, and 
shelf areas, respectively. In the Thanetian Limestone, three diagenetic stages indicated by their respective types of cementing 
material i.e., CMF-I demonstrates eogenesis with the appearance of drusy cement, CMF-II shows both mesogenesis and 
telogenesis, revealed by the blocky and rim cement, while CMF-III displays mesogenesis with the presence of blocky cement. 
These various grades of diagenesis are ultimate directly proportional to the ascending hierarchy of cement generations. 
Syngenetic-originated cubic pyrite and diagenetically formed framboidal pyrite are confined to the first microfacies (CMF- 
I), depicting that its deposition took place under a relatively deeper anoxic environment as compared to other microfacies. 
Compaction, cementation and micritization are the diagenetic impacts responsible for the destruction of primary porosity. 
While, in contrast, secondary porosity has been generated by epidiagenetic impacts like stylolites, fracturing, dolomitiza-
tion and dissolution. Hence, these factors have enhanced the reservoir characteristics for Lockhart Limestone as a potential 
hydrocarbon reservoir rock.
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Introduction

The composition and texture of carbonates can reveal the 
depositional environment (Wilson 1975; Flugel 2010). The 
secondary porosity of micritic carbonates is much more reli-
able due to dissolution features created by shallow shelf per-
colating CO2-rich meteoric water, which can easily dissolve 
sparry calcite and other framework grains (Tian et al. 2017). 
Puguang gas field in the Sichuan Basin, Southern China and 
the Yates field of western Texas, USA are the best examples 
of a wealthy fertile reservoir, in which porosity is enhanced 
due to the development of secondary structures during diage-
netic alterations (Xiao et al. 2014). Carbonate rocks undergo 
percolating episodes of ore-bearing solutions in the fissures 
and caverns, consequences in the deposition of bituminous 
carbonate-type uranium deposits, which are hosted in Paleo-
gene carbonates Kyrgyzstan (Prothero and Schwab 2014).
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Hydrocarbon discovery from Lockhart Limestone along 
the Indus Basin of Pakistan develops recent interests in 
searching of the formation exposure in different parts of 
the country for the possible conventional or unconventional 
reservoir presence (Afzal et al. 2009) and to understand 
the facies variations along freshly mapped areas (Fig. 1). 
Tectonically sandwich strata near hinterland regions need 
to be studied in digenetic perspective and in comparison of 
deeper rocks, which are possibly facing high grade of cook-
ing resultantly creating similar conditions like some major 
gas producers in the world (Yu et al. 2018). Dissolution in 
subsurface limestone enhances porosity making it a perfect 
storage rock for hydrocarbon in half of the world’s reservoirs 
(Baques et al. 2020).

Previous workers carried out reconnaissance studies 
(Ahmed et al. 2018; Ahsan and Shah 2017; Awais et al. 
2019; Khan et al. 2018a, 2020; Naeem et al. 2014; Nawaz 
et al. 2015), on the Lockhart Limestone of other areas in 
the Upper Indus Basin. The unconformable lower contact 
of Lockhart Limestone was marked in the Hazara Kashmir 
Syntaxis along with a few intra-formational faults (Fig. 1; 
Bilal et al. 2022; Shah et al. 2020). It is a positive signature 
that unconformity has played an important role as a strati-
graphic trap in some parts of the world (Zhu et al. 2020), as 
well as faults also act as sealing for the hydrocarbon in the 
surrounding basins of Pakistan and China (Qureshi et al. 
2021). In this manuscript, we will try to understand the evo-
lution of diagenesis in Lockhart Limestone with the help of 
the petrographic and microfacies approach.

Worldwide carbonate rocks were dominated by fine-
grained micritic composition but not highly focused on by 
researchers as compared to easy observable clastic rocks 
(Cabral et al. 2019), resulting in a partial and incomplete 
understanding of the micritic limestones, especially when 
deposits lie right next to the clastic source, which in turn 
shoot up its complexity (Xia et al. 2019). In the study area, 
the hyper tectonic Sub-Himalayan conditions influence the 
Ceno-Tethys deposits of Lockhart Limestone, which were 
subjected to diagenetic changes and are not studied in detail 
previously (Fig. 1). Hence, the scheme objective of this 
paper is to perceive the limestone behavior in response to 
diagenetic transformations in the strata throughout its gen-
esis along the Ceno-Tethys Ocean followed by high tectonic 
pressure in later stage, as well as to find out the modern 
scales to evaluate such evolutionary alterations.

Geological background

Tectonic framework and location of the study area

North East trending Indus Basin (IB) lies in the Himala-
yan foreland zone and is the largest sedimentary basin of 

Pakistan (Fig. 1). It extends up to Kurram Thrust from the 
west, Kohistan Island Arc (KIA) from the north, stable 
Indian craton to the southeast and runs up to the Indus off-
shore towards the south (Ehsan et al. 2018). In the eastern 
part of Pakistan, the basin holds forth to the state of Azad 
Jammu and Kashmir (AJ&K) and is discredited from high-
graded metamorphics by Panjal Thrust (PT) (Bilal et al. 
2022). Lesser Himalayas is a prominent division demarcated 
by the Main Boundary Thrust (MBT) from the south and the 
Main Central Thrust (MCT) via the North (Bilal et al. 2022; 
Khan and Clyde 2013). The study area belongs to the base of 
the Lesser Himalayas (Fig. 1). On the grounds of the existing 
structural framework and paleo-genetic evolution history, 
this basin is divided into the Upper Indus Basin (UIB) also 
known as Kohat Potwar Basin (KPB), and the Lower Indus 
Basin (Khan and Clyde 2013). UIB is bounded by PT from 
east and north, Salt Range Thrust via west while Indus River 
and Kalabagh fault together mark its southern limit (Awais 
et al. 2019).

The study area falls in the center of Hazara Kashmir Syn-
taxis (HKS), which is a prominent syntaxial bend in the 
northeastern part of UIB responsible for the tremendously 
folded faulted and sandwich strata in the region (Bilal et al. 
2022; Qasim et al. 2020). Paleocene strata wrapped along 
with the limbs of this syntaxis like a half-thin seam of a ball 
(Fig. 1). Closure events of the Ceno-Tethys Ocean (Metcalfe 
2021) have modified the evolution of the study area along 
with intense events of Laurasia and Gondwana land colli-
sion. It is then followed by the uplifting of Tertiary aged 
Himalayan Orogeny, which finally, in turn, inverts the whole 
topography in the Cenozoic era (Shah 2009).

Stratigraphy

The stratigraphic sequence (Fig. 2) along the Lesser Hima-
layan meta-sedimentary region comprised of Precambrian to 
recent rocks of both marine and non-marine origin (Ahsan 
and Shah 2017). Ordovician to Carboniferous, alongside 
Permian to Paleocene as well as Oligocene time, displays 
prominent unconformities in the region.

Deposition in the Paleocene age, featured in the calcar-
eous dominating hard and thick-bedded nodular Lockhart 
Limestone with shale intercalations, depicting the lacus-
trine settling environment of the region at that time (Naeem 
et al. 2014). Shallow marine inner to outer neritic shelf 
hosts these fossiliferous carbonates. In the Attock area of 
the Potwar sub-basin, the reservoir bearing Lockhart Lime-
stone in the Meyal Oil field is reported dominantly as argil-
laceous (Awais et al. 2019). High visual porosity is observed 
in the hydrocarbon-producing formation along the Hazara 
belt (Hasany and Saleem 2012), however, excellent quality 
hydrocarbon saturation is marked in the Chanda deep-01 
well of the Kohat area, with relatively less porosity of 9.5% 
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(Nawaz et al. 2015). Moreover, from the Hazara to Kashmir 
areas porosity of the Lockhart Limestone is reduced consid-
erably from 25 to 11% (Ahsan and Shah 2017), respectively. 

This is because the Hazara is present on the limbs and the 
Kashmir area is present in the core of the Hazara- Kashmir 
Syntaxis.

Fig. 1  a Large-scale tectonostratigraphic map of Pakistan illustrating regional scale plate boundaries and Indus Basin. b Geological map depict-
ing the locations of the Indus Basin and Hazara Kashmir Syntaxis (modified from Shah 2009)
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In the study area of Yadgaar section (Fig. 2), the lower 
contact of the Lockhart Limestone is observed as uncon-
formable with Hangu Formation while the upper contact 
is marked erosionally unconformable with benthic forams 
rich Tethyan carbonates with shale microfacies, depicting 
intratidal lagoon/shore to open marine depositional circum-
stances in the basin (Khan et al. 2018b).

Materials and methods

Fieldwork

The fieldwork of two weeks includes formation identifica-
tion, recognition of top and bottom, identifying outcrop 
microfacies, collection of 50 fresh representative rock 
samples at an interval of 1.5 m, and section measurement 
with the survey pole method, has been carried out. Initial 

lab work embraced rock cutting to the polishing of sample 
surfaces and then mounting on a slide with the help of 
epoxy resin was done which is followed by oven heating. 
Finally, a 2 mm thin slice of the mounted sample was cut 
again. Then, the careful grinding procedure is applied until 
the desired thickness (30 μm) and clarity are attained.

Petrography

For the petrographic evaluation of the Lockhart Lime-
stone, we have selected the Yadgaar Section (Fig. 2) of 
Azad Jammu and Kashmir, and is studied under a polar-
ized microscope (LEICA-DM 750P) to achieve a clear 
scheme of textural distribution, fossils assemblage, dia-
genetic features, modal mineralogical contents and its 
resultant behavior developed by post-diagenetic processes.

Fig. 2  Stratigraphic succession of the study area in Azad Jammu and Kashmir. a The inset shows the lithology of Lockhart Limestone (Yadgaar 
area), in the Upper Indus basins, b Fossils abundance and range chart
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X‑ray diffraction analysis (XRD)

Samples of shales are selected from the base and were sent 
for XRD analysis in the Centralized Resource Laboratory 
(CRL) at the University of Peshawar (Peshawar, Pakistan). 
The minerals identification through XRD experimentation 
on shale samples was carried out with JDX-3532 (made by 
JEOL Japan) X-ray diffractometer (XRD) with following 
specifications; Voltage = 20–40kv, Current 2.5–3.0 mA, 
Anode (X-rays) = CuKa (Wavelength = 1.5418  Å) and 
2Theta-range = 0–600. Methods used to identify the miner-
als are of Goldsmith and Graf (1958) along with Goldsmith 
and Heard (1961). XRD analysis of Lockhart shales has 
been carried out to identify their mineralogical composi-
tion. Peak graphs (Fig. 8a–c) are identified with the MDI 
Jade 6 software.

Scanning electron microscopic study (SEM) 
for undersized fabric examination

The Lockhart Limestone samples are carefully studied under 
a Scanning electron microscope (SEM) of JEOL (Japan) at 
the Hi-Tech lab of the University of Azad Jammu and Kash-
mir, Muzaffarabad. First, these samples were polished and 
coated with thin aluminum foil (with the help of auto fine 
coater JEOL JFC-1600) to get the best image results. The 
aim of SEM is to obtain minerals information and correlate 
it with the XRD results to further confirm the mineralogical 
content of shales as well as the micro-diagenetic texture and 
cement type to evaluate the different stages of diagenesis 
in limestone (Fig. 10). Moreover, understanding the pore 
geometry and their abundance will reveal the reservoir prop-
erties of the Lockhart Limestone.

Results

Lithofacies of Lockhart Limestone

Lockhart Limestone of the Yadgaar Section in the UIB 
exhibits three lithofacies from base to top. In the base, 
light gray-colored calcareous pencil-like shales are pre-
sent. Above this, a patch of banded portion, comprised of 
limestone intercalation with shales, is marked. The Middle-
top portion of Lockhart Limestone contains light-colored 
medium bedded nodular limestone. Dispersed Carbonaceous 
Material (DCM) is marked throughout the formation. On 
the grounds of textural composition (Dunham 1962) and 
bioclasts type accounting for their abundance, microfacies of 
the Lockhart Limestone were identified and categorized. The 
attribute features of each facies will be discussed as follows:

Characteristics of microfacies in the Yadgaar section

Thin section study of the Lockhart Limestone encompasses 
analysis of grain sizes and sorting, which reveal fluctua-
tion from finer particle sizes of lime mud to coarse-grained 
prevalence. Grain size ranges from 0.01 to 0.04 mm in the 
formation with an average value of 0.02 mm. Fine-grained 
micrite dominates the first microfacies (CMF-I), while the 
abundance of larger sized grains increases gradually towards 
the third microfacies (CMF-III). Furthermore, the petro-
graphic studies reveal an abundance of dolomite crystals in 
some thin sections besides micrite with sometimes hematite, 
which acts as a filling material. The average ranges of mic-
rite are 71%, bioclasts 12%, sparite 9.5% and carbonaceous 
material 2.6% in the Lockhart Limestone. Minor occurrences 
of dolomite, calcite, hematite, pyrite, framboidal pyrite and 
rutile in few specific samples are also observed. Cementing 
material is very fine-textured among variable micrite and 
dolomite grains.

First carbonate microfacies (CMF-I) is gray-colored mud-
stone found at the base of Lockhart Limestone. Micritized 
and dolomitized microfossils observed in this microfacies 
including green algae (Beresellid (Fig.  4d), Donizellid 
(Fig. 3a), Spatangoid spine (Fig. 3h) and Uraloporella), Cor-
allite (Fig. 3e), Discocyclina (Fig. 4a), Elphidiella (Fig. 4g), 
Fussilinidea spp (Fig. 4f) and Lockhartia haimei (Davies 
1927; Fig. 4e), Lockhartia bermudezi (Cole 1942: Fig. 4h), 
Fish remains and fish fossils (replaced by chalcedony and 
carbonaceous matter) were observed (Fig.  4b). Rutile 
(Fig. 3c), micritized bioclast (which is partly dolomitized; 
Fig. 3f) and pyrite (Fig. 4c) are also identified.

Second carbonate microfacies (CMF-II) is a light-
colored, mudstone-wackestone-type slim rock body. A wide 
range of Paleocene benthic foraminifera’s like Assilina pla-
centula (Fig. 6d), Asterocyclina (Fig. 5h), Cuvillerinella 
spp (Fig. 5c), Gastropods with geopetal filling (Fig. 6b), 
(Dascyclad) Green algae (Fig. 5a), Hemicyclammina sigali 
(Fig. 6e), Lockhartia spp (Figs. 5e, 6a), Melathrokerion val-
serinesis (Fig. 6c), Mesortolina subconcava, Orbitosiphon 
(Fig. 6f), Miscellanea miscella (Fig. 5d), Ooids (Fig. 6g), 
Quinqueloculina (Fig. 5f, h), Ranikothalia nuttalli (Fig. 5g) 
and Ranikothalia sindenesis (Fig. 6d) were identified. Hema-
tite and highly micritized fossils, replaced by carbonaceous 
matter (Fig. 5c) can also be observed.

The third carbonate microfacies (CMF-III) is a light 
grey colored wackestone-packstone, wide facies body. 
Micritic lime-mud sedimentation along with medium dia-
genetic grade cementation is found in this microfacies. 
Highly fossiliferous biota comprised of Assilina laxispira 
(Fig. 9b), Assilina spinose (Fig. 7a), Coskinon (Fig. 7g), 
Discocyclina (Fig. 7f), Fusulinina bradyina (Fig. 7c), 
Gymnocodiaceae (Green algaes) (Fig. 7e), Lockhartia 
ramanae ten dam (Fig. 6e), Lockhartia daviesi ten dam 
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(Ten Dam 1953; Fig. 6h), Miscellanea miscella, Orbit-
olidea (Fig. 7h), and Quinqueloculina is identified.

XRD analysis of shales

The detailed assessment of calcareous shales, which are 
observed with interbedded limestone, is evaluated to 
understand the mineralogical composition through XRD 
analysis (Fig. 8d). Results acquired from softwares such 
as: Jade and Origin pro were used for calculations, graph 
and diagram preparations. It reveals that calcite is a domi-
nating carbonate mineral with the highest peaks (Fig. 9e). 
Quartz peaks were found as the second-highest, depicting 
its presence in a little amount and representing the silicate 
minerals. Secondary clay minerals like Kaolinite clay are 
present in a minor amount (Fig. 3a–c).

Scanning electron microscopic evaluations

Pencil-like shales are observed in the base of Lockhart Lime-
stone and are selected for the SEM study. The first shale 
sample from the base (Fig. 10a) displayed fine-grained mas-
sive calcareous nature along with a small number of flakes 
belonging to the Ca-smectite clay. Ca-smectite started to 
decrease towards the second and third samples (Fig. 10b, 
c). Kaolinite clay can also be observed in the first two shale 
samples (Fig. 10a, b).

From the base towards the top, after the shale samples, 
we have selected nine limestone samples, three samples 
from each microfacies (base, middle and top), for the 
SEM analysis (Fig. 10d–k). As moving towards the first 
limestone microfacies (CMF-I; Fig.  10d–f), a sudden 
drop in clay minerals with the appearance of minor dolo-
mite crystals, scattered in the calcite-dominated rock, is 
noted. In the middle of this microfacies clays completely 
vanished with a minor increase in dolomite crystals, is 
observed (Fig. 10e). Calcite abundance not only start to 

Fig. 3  Photomicrographs acquired from Lockhart Limestone (CMF-
1) under plane-polarized light

Fig. 4  Photomicrographs captured from mudstone and wackestone 
microfacies of Lockhart Limestone under plane-polarized light
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increase but also the size of crystals becoming larger, 
with much more clear and overgrown crystals in the top 
portion of the first microfacies (Fig. 10f). Drusy and rim 
cement dominated in the lower to middle portion while 
rim cement appeared frequently at the top of this first 
microfacies.

Blocky cement is spotted in the base and top portion of 
the relatively coarse-grained second microfacies (CMF-
II; Fig. 10g, i) along with the restricted occurrence of the 
rim cement in the center and granular cement at the base 
of this microfacies (Fig. 10g, h). A minor presence of 
dolomite is also noted near the top of the second microfa-
cies (Fig. 10i).

The third microfacies (CMF-III) illustrated much 
coarser calcite crystals with the dominance of rim cement 
throughout the microfacies. However, drusy and blocky 
cement are also spotted in the lower portion along with a 
minor clay matrix and fibrous column of calcite at the top 
portion of the third microfacies (Fig. 10j, k).

Physical reservoir properties

A comprehensive study through image threshold enhance-
ment technique in ImageJ software revealed pore spaces and 
their type in Lockhart Limestone (Fig. 5).

Porosity

The average porosity of CMF-I is 7% (Fig. 9a, b), while 
CMF-II illustrated some highest values of 16% in the second 
microfacies (Fig. 9c, d). The average value of porosity in 
the third microfacies (CMF-III) is 10% (Fig. 9e). CMF-II 
depicted the highest average value among all three micro-
facies, while the mean porosity value of the formation is 
calculated as 11%.

Fig. 5  Photomicrographs taken wackestone microfacies of Lockhart 
Limestone (CMF-2) under plane-polarized light

Fig. 6  Photomicrographs captured from wackestone and wackestone-
packstone microfacies of Lockhart Limestone under plane-polarized 
light
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Pore space portrayal permeability

As moving above from the base of the first microfacies 
(CMF-I), vuggy type porosity is dominantly observed, 
while, shelter (Fig. 9a), channel and fenestral types were 
also observed. Fenestral-type porosity is dominant in the 
middle of this microfacies (Fig. 9b).

As moving toward the CMF-II, an increase in porosity 
percentage has been revealed. This microfacies displays a 
dominant presence of channel and fracture (Fig. 9c) type 
porosities, commonly observed immediately around the 
medium to large-sized fossils (Fig. 9d) with few vuggy types 
at other places, respectively. CMF-III depicted fracture and 
moldic-type porosities often present immediately around the 
medium to large-sized fossils in the base. Vuggy type char-
acterizes middle to top of the formation (Fig. 9e).

Discussion

The genesis of formational physical characteristics is sub-
dued by the depositional environment and diagenesis (Li 
et al. 2021; Yang et al. 2018), which are observed and evalu-
ated in the Lockhart Limestone. Depositional environment 
controls the initial petrological characteristics of micro-
facies, leading to the influence of the diagenetic process 
(Wang et al. 2020) resulting in porosity fluctuations (Bell 
et al. 2018).

The potential reservoir deposits of Lockhart Limestone 
dominantly fall in the Bio-micrite under Folk’s classifica-
tion (Folk 1965). However, variations were marked when 
this limestone was classified under Dunham’s classification 
(Dunham 1962). It reveals mudstone, mudstone–wackestone 
and wackestone–packstone types. The carbonate platform 
microfacies in the study area were recognized by their speci-
fied occupancy in the toe of slope, slope and shelf areas. 
First carbonate microfacies (CMF-I) is a mudstone type nar-
row facies tract, representing its depositional site in mini-
mal oxygenated deep and steeper slope site with water depth 
ranges from 200 to 300 m (Fig. 11). Sedimentation in this 
microfacies represents fine-grained micritic carbonate which 
is dolomitized and prone to high diagenetic alterations lately. 
This microfacies is equivalent to the FZ3 Toe of slope apron 
microfacies of Flugel (2010).

Second carbonate microfacies (CMF-II) is unlade along 
the nearly vertical slope of the platform margin with uneven 
grain sizes. This microfacies is equivalent to the FZ4 slope 
microfacies of Flugel (2010). The third carbonate microfa-
cies (CMF-III) is deposited in a few meters’ depths in shelf 
area with poor connectivity alongside the open ocean, result-
ing in fluctuated temperature and salinity range inside the 
euphotic zone. This microfacies is equivalent to the FZ8 
Platform interior-restricted marine microfacies of Flugel 
(2010).

Sedimentary habitat and rock attribute

Estimation of rock components is carried out through pet-
rographic studies. The micrite constitutes an average of 
71% of the Lockhart Limestone, which clearly indicates the 
rock’s nature as fine-grained micrite. However, the absence 
of sharp intragranular contact and pitted microspar crystals 
indicates the post-depositional deformation prone to rock 
formation (Munnecke and Samtleben 1996). Petrographic 
studies revealed low magnesium calcite (Fig. 3a, g) domi-
nates in the thin sections which directed about the nature of 
the ocean as calcite sea. Fitted texture in the low magnesium 
calcite rock body (in CMF-I) indicates low depositional 
porosity and permeability as well as deposition in calm 
marine, meteoric water conditions (Hashim and Kaczmarek 

Fig. 7  Photomicrographs acquired from wacke–packstone microfa-
cies of Lockhart Limestone (CMF-3) under plane-polarized light
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2019). Dissolution of salt through meteoric water may cre-
ate initial porosity in Lockhart Limestone. Low magnesium 
calcite may be formed fundamentally without bearing any 
effect of recrystallization (Huang et al. 2019).

The average foraminiferal fossils type content is 12%, 
depicting shallow marine shelf deposition on a carbonate 
platform. Dispersed carbonaceous material (DCM) has 
been observed throughout the Lockhart Limestone with 
an average of 7%. DCM indicates a reducing environment 
and a near source of vegetation as well as the presence of 
diagenesis (Azizi et al. 2014). The carbonaceous matter is 
highly volatile to migration and their presence along bio-
clasts (Fig. 3a) and stylolite (Fig. 3d) are observed in the 
Lockhart Limestone of the studied area. This is probably of 
secondary redeposited nature in the 108–164ºC temperature 
range (Patnaik et al. 2016).

Lockhart Limestone also comprised of dolomite patches 
found unevenly distributed throughout the formation 
(Fig. 3b). The presence of dolomitization in minor amounts 
is associated with the formation’s fluid hydrology, caused 
by mixing of shelf water with magnesium-rich ocean water 
(Newport 2015). Petrographic studies revealed the occur-
rence of calcite veins in the Lockhart Limestone (Fig. 3g). 
Calcite vein formed when calcium-rich solution percolates 
through a tectonic related fracture, indicating the pressure 
and diagenetic effect on the formation (Cabral et al. 2019). 
Rutile in the Lockhart Limestone (Fig. 3c) represents detrital 
occurrence, derived from intra-basinal igneous or metamor-
phic rock.

Fig. 8  Images a–c display the illustration of XRD peak graph results from the three shale samples from the base of Lockhart Limestone: d image 
displays XRD samples plotted on a triangular diagram of Carbonate, Quartz and Clay
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Pyrite and framboidal pyrite

In the Lockhart Limestone besides carbonaceous material, 
cubic pyrite and framboidal pyrite (Fig. 4c) are also present. 
The presence of pyrite indicates decaying organic matter 
representing syngenetic reducing conditions along with 
early diagenesis (Dill et al. 2007). It occurs in the ocean 
where the water starts to transgress in the area and react 
with pyrite resulting in the formation of hematite. In the 
deep biosphere, the formation of sulfides (FeS and  H2S) is 
triggered by sulfate-reducing bacteria (SRB) leading to the 
formation of pyrite  (FeS2) in between 4 and 28 °C. Basic 
elements for FeS and  H2S were derived from Hydrothermal 
solutions and carbonaceous matter, respectively (Thiel et al. 
2019). Relatively deeper microfacies of Lockhart Limestone 
in the Ceno-Tethys Ocean display the presence of pyrite in 
the Yadgaar section. Duverger et al. (2020) postulate that if 
the deposits were further prone to diagenesis for a long time, 
it may lead to the evolution of cubic pyrite into framboidal 
pyrite.

The framboidal pyrite (Fig. 10l) indicates anoxic and 
supersaturated mono-sulfide conditions and the occurrence 
of carbonaceous matter of simple alkane grade of hydrocar-
bon (Merinero et al. 2019). Rickard (2019) suggested that 
the framboidal pyrite abundance depicted anoxic to redox 

paleo-conditions in that portion of the rock. In the lower part 
of Lockhart Limestone, the first microfacies (CMF-I) shows 
the presence of framboidal pyrite. It is then observed in a 
minute amount in the lower second microfacies (CMF-II) 
which suddenly vanished in the middle-top portion of the 
formation. The formation of framboidal pyrite is directly 
associated with the hydrothermal fluids which percolate dur-
ing diagenesis (Hayes et al. 2015). The evolution of fram-
boidal pyrite in Lockhart Limestone may happen from the 
underlying Hangu Formation’s (hosting laterite ore; Qasim 
et al. (2020) diagenetic fluids. They arise with dissolved 
pyrite and percolate through Lockhart Limestone during 
diagenesis, which facilitates hydrothermal alteration. This 
process leads to the formation of framboidal pyrite in the 
lower portion of the section. The original structure of fram-
boidal pyrite may be affected due to various diagenetic 
outcomes like dissolution and recrystallization (Rajabpour 
et al. 2017). Framboidal pyrite smaller than 13 μm diameter 
belongs to syngenetic origin with the exogenic environ-
ment (Wilkin and Arthur 2001), while greater than 18 μm 
depicted diagenetic origin with the dysoxic environment 
(Wei et al. 2015). Lockhart Limestone displays framboidal 
pyrite with a size range between 150 and 200 μm.

Fig. 9  Photomicrographs captured from thin section samples of 
Lockhart Limestone (under plane-polarized light except for f, which 
is an SEM image). a, b snapshot from CMF-I illustrates different 
types of porosities including Fenestral, Shelter, Intraparticle, Vuggy, 
Channel and Growth framework: c, d image reflects Fracture and 
Vuggy type of porosities with microfossil in CMF-II; e photomi-

crograph depicts Moldic, Fracture and Vuggy types of porosities in 
CMF-III; (f) SEM image illustrated cubic pyrite grains in CMF-I. 
Abbreviations are shown in Figs are: Cp Cubic pyrite and porosities 
types are Fe fenestral, Sh shelter, Ia intraparticle, Vg vuggy, Fe fenes-
tral, Gf growth framework, Ch channel, Fr fracture, Md moldic-type 
porosities
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Diagenetic influence on reservoir standards

Limestone reservoirs have great significance in the 
world’s petroleum system. Porosity, permeability, frac-
tures and diagenetic alteration plays key role in affecting 
the reservoir standards, globally (Li et al. 2021). During 

the tectonic uplifting and frequent weathering condi-
tions, carbonate rocks are often prone to epidiagenesis 
processes which in turn proved to be very progressive 
toward the improvements in reservoir characteristics (Bai-
yegunhi et al. 2017). Lockhart Limestone may display 
epidiagenetic developments where primary depositional 
porosity is prone to reduction and later on leads to the 

Fig. 10  SEM image of shales and limestone samples from Lockhart 
Limestone. Yellow arrows indicate calcite crystals, red arrows show 
ca-smectite clay matrix, red arrows with green outlines indicate 
kaolinite clay, indigo blue arrows depicted dolomite crystals, brown 
arrows show drusy cement, white arrows show blocky cement, sky 

blue arrows show rim cement of Prothero and Schwab (2014). How-
ever, green arrows show a fibrous column of calcite, light pink arrows 
showed mosaic (drusy) dolomite cement, silver arrows show granular 
cement, black arrows show radiaxial fibrous cement and the dark pur-
ple arrows show dog tooth calcite crystal of Flugel (2010)
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development of secondary porosity in response to frac-
turing, dolomitization, etc. The physical reservoir nature 
was affected when a formation’s diagenetic fluids move 
in pore spaces after undergoing burial due to the rise in 
temperature and pressure (Fan et al. 2016). Dolomitiza-
tion, compaction, replacement, micritization, dissolution 
and cementation were observed as diagenetic factors 

which reduce the initial porosity and create the secondary 
porosity in the Lockhart Limestone. Clear signs related 
to partly micritization of bioclasts indicate diagenesis in 
the rock (Fig. 3a; 4a).

Fig. 11  a Three-dimensional model of a carbonate continental shelf sedimentary setting, representing the sedimentary conditions of the Upper 
Indus Basin; b Sectional model of inner, middle and outer carbonate shelf and representative deposits



Carbonates and Evaporites (2022) 37:78 

1 3

Page 13 of 19 78

Relationship between dolomitization and reservoir

Lockhart Limestone possesses patches of dolomite and a 
minor amount of smectite in the formation. The selective 
patches of dolomite were thought to be produced by a local 
abundance of Mg/Ca ratio from non-evaporitic fluids at 
the low temperature accompanied by sulfate reduction by 
bacterial activities (Kaczmarek and Sibley 2011). Moreo-
ver, carbonaceous matter from a nearby source satisfies the 
supply of required carbon through the dissolution process 
for dolomitization.  Mg2+ is mainly released during the 
conversion of smectite into illite at 50–60 °C (Chatalov 
2018; Milliken 2003).

However, a strong explanation for this selective dolomiti-
zation contradicts the older theory, because the intensity of 
dolomitization gradually increases from the base towards the 
middle of the section, which suddenly vanished at the mid-
dle to top portion. It may depict oceanic transgression (Dill 
et al. 2007). It also indicates the low diagenetic compaction 
in the lower portion of the Lockhart Limestone but in the 
late time at the upper portion, high compaction seizes the 
mobility of the fluids which are responsible for the dolo-
mitization processes (Figs. 4h; 5f; 6g). This is because of 
increasing post-collision folding faulting processes in the 
region between India and Eurasia followed by Himalayan 
orogenic development with the presence of the study area in 
the core of HKS, near to the hinterland region.

The petrographic character indicates that the mixture of 
fluids drives carrying  Mg2+ ions in a coastal area, result-
ing in the distribution of small to medium-sized dolomite 
strata. Post-sedimentary event during late diagenesis pro-
duces these dolomite patches in the Lockhart Limestone. 
However, under deep burial and late diagenesis, early pore 
spaces are squeezed out and the influx of fluids carrying 
 Mg2+ ions is reduced considerably. This may cause slow-
ing down the dolomitization process hence we found only a 
small dolomitized portion in the microfacies (Haldar 2014). 
That is why dolomite crystal sizes were not fully developed 
due to the cut-off of the fluids supplies for a long time, in 
Lockhart Limestone. However, a transformation from micro-
crystalline towards macrocrystalline texture has been noted 
in dolomitized portions of the Yadgaar section (Fig. 3b, f).

Effect of dissolution and compaction on reservoir

Dissolution occurred in Lockhart Limestone by acidic and 
high-temperature fluids, which may increase void spectrum 
as well as cause cracking of the grains in carbonate strata 
re-creating much higher secondary porosity (Fig. 9d). Most 
of the drusy calcite cement is transformed into granular 
cement. Prothero and Schwab (2014) pointed similar type 
of action as neomorphism under burial.

In contrast to sandstone, carbonate strata can prone to 
diagenesis at a very shallow depth of < 1 km in which clay 
content, mineralogy, grain size and packing play an impor-
tant role in the physical compaction of the rock in depth. In 
Lockhart Limestone, initial porosity is reduced up to 30% 
due to mineralogical suitability (Chemical compaction), 
while < 1% reduction can be observed through mechanical 
compaction and cementation. Therefore, under pressure, 
rearrangement of the particle framework took place which 
considerably affect the porosity by close packing in the 
Lockhart Limestone (Baques et al. 2020).

A porosity value of 11% in the Yadgaar section may be 
the result of high-stress level, developed in the core of the 
Hazara Kashmir Syntaxial bend (HKS). This indicates that 
the intensity of tectonic folding has a direct relationship with 
diagenesis as well as reservoir characteristics. On behalf of 
the direct relationship between porosity and permeability 
and the presence of channels and fracture type porosities 
(Fig. 9d, e), we may validate the existence of fair perme-
ability in the Lockhart Limestone.

SEM analysis of shales, cement and effect 
of cementation on reservoir

Lockhart Limestone is comprised of pencil-like shales at 
the base. Davies et al. (2020) suggested that under low-
temperature tectonic compression, the growth of pencil-
shaped shales developed perpendicular to maximum stress 
and parallel to the minimum stress side. Minerals attempt to 
escape under the tectonic stress and with the help of pressure 
solutioning help to build cleavage resulting in a pencil-like 
shape.

Kaolinite and Ca-smectite as clay minerals are identified 
in the shales (Figs. 8a–c; 11a–c). Ca-smectite is formed by 
the dissolution and weathering of mica and feldspar under 
an epidiagenetic environment (Ekinci et al. 2018), however, 
clay minerals may be locally replaced by calcite crystals, 
lately (Baiyegunhi et al. 2017). Kaolinite in the shales pre-
sent in the base of Lockhart Limestone may come from the 
underlying Hangu Formation. Hangu Formation comprised 
bauxite deposits in the Yadgaar Section (Bilal et al. 2022). 
These deposits consist of gibbsite which has been altered 
partly into kaolinite which may have been transported to 
the nearby shales of Lockhart Limestone (Baig and Munir 
2007). This can further have supported by the high pres-
ence of Kaolinite in the sample found in the base and its 
concentration is reduced while moving upward in the sec-
tion (Fig. 10a, b). Drusy and rim cement were observed in 
shales with minor blocky cement along with a negligible 
amount of dogtooth calcite crystal (Fig. 10a–c). Dogtooth 
calcite crystal depicted local de-dolomitization when cal-
cium ions abundance is restored and magnesium ions level 
drops (Chen et al. 2006). Drusy and drusy dolomite types 
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of cement are spotted in the Lockhart Limestone (Fig. 10). 
Drusy cement indicates high percolation of hot brine diage-
netic fluids originated from compressional tectonics which 
in turn alter the drusy calcite into drusy dolomite cement 
(Mansurbeg et al. 2021).

Eogenetic is the first substage of post-depositional diagen-
esis which is encompassed by the low porosity, evaporates or 
minerals precipitation along with channel and vuggy poros-
ity (Vacher and Mylroie 2002). The first microfacies (CMF-
I) from Lockhart Limestone depicted the lowest porosity 
along with the presence of minerals that may prone to the 
Eogenetic stage. Drusy to blocky cement depicted first to 
the second generation of cementing material present in this 
petrofacies.

The mesogenetic stage is the second sub-step of post-
depositional diagenesis indicated by the presence of mosaic 
coarsely crystalline calcite crystals along with relatively 
high porosity. Telogenetic stages also depicted common 
fractures among the carbonate rock formations along with 
the fracture, channel and vuggy type porosities (Mylroie and 
Mylroie 2013). Both the second and third stages are clearly 
traced in the second microfacies (CMF-II) by the presence 
of large calcite crystals (Fig. 10h) along with high porosity 
values as well as with the occurrence of fractures (Fig. 9d), 
channels and vuggy (Fig. 9c) type porosities. Moreover, both 
rim and drusy cement (Fig. 10h, i) dominated in the petrofa-
cies (CMF-II) indicating third-second generation cement-
ing material. The third microfacies (CMF-III) demonstrates 
large angular calcite crystals along with the rim and blocky 
cement (Fig. 10j, k) may indicate the telogenetic stage in 
the microfacies.

Relationship of replacement and micritization 
with reservoir

Replacement and micritization effects dominate the bioclast 
and micrite material in the Lockhart Limestone of the Yad-
gaar Section. Micritized bioclasts sometimes were found 
to be further replaced by carbonaceous material (Fig. 3a). 
Geologists worked on in situ field experimentations that 
involves single crystal or grains to understand the kinetics 
of carbonate rocks (Putnis 2018). These experiments indi-
cate that the event of mineral replacement results in poros-
ity generation occurred during the inequilibrium mineral 
dissolution and precipitation stage (Minde et al. 2020). 
Dolomitization episodes on a small scale can be observed 
in the Lockhart Limestone with reshuffling caused in the 
initial porosity reduction in one hand, and creating inter-
granular porosity between euhedral dolomite crystals at the 
other hand (Fig. 3b). Moreover, the replacement process in 
dolomitization includes the transformation of crystals from 
anhedral to euhedral shape (Fig. 10). Mehmood et al. (2018) 

examined a similar process that was responsible for the crea-
tion of the intragranular porosity.

Due to the microbial activity, when the primary skeletal 
framework of carbonate alters into the finer cryptocrystal-
line texture (< 4 µm), then the process is called micritiza-
tion. Bioclasts within the Lockhart Limestone were found 
half-fully micritized. They exhibit micritization intensity 
increases from the base towards the top (Figs. 3a; 4a). This 
may occur because of the less abundance of microbes in 
the anoxic environment which increases towards the top 
oxygenated environment. Even in some cases, bioclast was 
first micritized and then replaced by carbonaceous material 
(Fig. 3a). Micritic rock holds a much more valuable pore 
structure, illustrating initial porosity > 20%. However, it may 
prone to considerable reduction after diagenetic alterations. 
Lockhart Limestone exhibits 11% porosity in the Yadgaar 
section.

Control of microfacies on reservoir

Relationship between grains structure, particle 
composition and reservoir

Carbonate rocks of Lockhart Limestone mainly constitute 
fine-grained micrite with a reasonable amount of bioclasts 
and carbonaceous matter along with the little presence of 
sparite, calcite and hematite. The diameter of the pore throat 
and crystal shape has influenced the intercrystalline micro-
porosity (Regnet et al. 2015) which in our case is narrow and 
well-packed. Mudstone microfacies in the base have rela-
tively more packing due to finer particle size as compared to 
the other two microfacies. This is why CMF-I bears minimal 
porosity values amongst all three microfacies (Fig. 9a, b). In 
contrast, CMF-II in the middle has maximum-sized angu-
lar grains with larger pore throat sizes (Fig. 10g, h), along 
with some dolomite and bears the maximum porosity values 
among the microfacies, still after the diagenesis (Fig. 9c, d).

Relationship between stylolite and reservoir

Stylolites are the solution seams found parallel to the bed-
ding plane. In Lockhart Limestone stylolites are often filled 
with carbonaceous matter (Fig. 3d). Distribution of stylolite 
differs in the Lockhart Limestone with much abundance in 
base and top portions of microfacies. However, a relatively 
low concentration in the middle portion has been noted. 
Under burial conditions and tectonic stresses, the pressure 
solutions that arise from the underlying Hangu Formation, 
were responsible to create wide stylolites. When compac-
tion act on them, they may shrink and cause a reduction in 
the porosity of Lockhart Limestone. Movement of 0.1 mm 
can be observed in stylolite when they developed in bioclast 
(Fig. 10d). Moreover, stylolites may responsible to lower 
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the porosity by forming macroscopic diagenetic lamination. 
It may create barriers against calcifying fluids (Humphrey 
et al. 2019).

Effect of microfacies on pore evolution of reservoir

Lockhart Limestone of the Yadgaar Section is exposed to 
high temperature and pressure which brings about early 
metamorphism. It triggers diagenetic processes in the rocks 
which facilitates microscopic level changes. Secondary 
structures were the outcome of diagenesis. Compaction and 
cementation are found responsible footprints of porosity-
reducing agents, while recrystallization and tectonic rapture 
implement positive effects on reservoir properties (Chen 
et al. 2016). Secondary structures, compaction, cementation 
and recrystallization are commonly observed in Lockhart 
Limestone.

Shallow marine carbonate platform microfacies indicate 
a high initial porosity range. Low amount of cement pre-
cipitation under early diagenesis caused an initial effect on 
reservoir properties. However, a rare amount of chalcedony 
(Fig. 4b) and chert grains indicates low temperature and dia-
genetic replacement. It also indicates sensitive changes in 
the physical and chemical properties of reservoir rock in the 
middle-late diagenesis (Li et al. 2021). Lockhart Limestone 
faces low cementation but high compaction and diagenetic 
conditions (Fig. 10).

CMF-I mudstone microfacies of Lockhart Limestone pre-
sent at the base of the formation represent algal-dominant 
fine-grained lime mud. High grades of micritization alter 
the fossils completely (Fig. 4d, e). The presence of carbona-
ceous matter (Fig. 3a) and pyrite cubes (Fig. 4c) indicates an 
early stage of diagenesis in reducing conditions. In Lockhart 
Limestone, they probably came from solutions that carry 
soluble iron from the underlying sedimentary rock near the 
depositional site. However, pyritization can also occur from 
the decay of organic matter as well as by bacterial activ-
ity which can transform the sulfate ions (from pore water) 
into sulfide, which may result in the crystal growth of iron 
sulfide (Arnaud et al. 2020). Partly dolomitized and partly 
micritized (outer micritized and inner dolomitized) bioclasts 
can be observed in this microfacies (Fig. 3f). Therefore, all 
these indications help us to deduct about freshwater-asso-
ciated diagenetic environment leading to the reduction in 
porosity (Regnet et al. 2015).

CMF-II mudstone–wackestone and CMF-III wacke-
stone–packstone microfacies of Lockhart Limestone were 
relatively coarse-grained strata, fossils rich and ranging from 
Dascycladacean algae to some large microfossils like Ooids 
(Fig. 6g), Gastropods (Fig. 6b), Lockhartia spp (Fig. 6a, h), 
Assilina spp (Fig. 6d), Miscellanea juliettae (Hayward et al. 
2021; Fig. 5b) Miscellanea miscella (Fig. 5d) and Milliolids 
(Fig. 5f, h). Dolomitization can also be observed in some 

parts. Calcite veins were also seen overlapping each other 
indicating two phases of hydraulic fracturing which later 
on filled with calcite. Second-generation blocky cement can 
also be observed (Fig. 10). It indicates the second phase of 
diagenesis (Flugel 2010). By calculating the average effec-
tive porosity of Lockhart Limestone as 11%, we can assume 
that the initial porosity of the formation is around 25% and 
the reduction from the initial porosity is possibly minimized 
up to 56%.

Depositional environment in response 
to the development of Ceno‑Tethys Ocean

The movement of the Indian plate towards the north was the 
episodic combination of slow and rapid events that caused 
the uprising in the Ceno-Tethys Ocean margins (Pusok and 
stegman 2020). Deposition of Thanetian-aged Lockhart 
Limestone in the Indus Basin took place during the trans-
gression of the Ceno-Tethys Ocean in the realm. Detailed 
study of petrofacies, devised on the textural base as well 
as variegated benthonic foraminifera revealed each of their 
depositional site along with the carbonate platform. Microfa-
cies from Lockhart Limestone were categorized as CMF-I, 
CMF-II and CMF-III belonging to the toe of slope, slope 
and shelf areas, respectively. These microfacies are found 
equivalent to the FZ3, FZ4 and FZ8 microfacies of Flugel 
(2010).

CMF-I mudstone microfacies is composed of very fine-
grained micritic limestone with a wide range of Paleocene 
foraminifers (listed in 4. a.1.). Benthic foraminifera and 
Ostracod indicate relatively deep and cold marine condi-
tions (Stalder et al. 2015). Insitu Beresellid algae depicted 
low energy, normal marine and interior platform settings, 
forming low porosity micrite microfacies (Choh and Kirk-
land 2008). Spatangoid spine algae are surrounded by inho-
mogeneous allomicritic matrix material formed under the 
circumstances of an episodic storm on a carbonate platform. 
During the transgression of the Ceno-Tethys Ocean in Pale-
ocene time, the deposition of Lockhart Limestone took place 
in the carbonate platform and the water level starts rising and 
the basal mudstone microfacies was deposited (Fig. 11). Its 
sedimentation occurred in a calm and low oxygenated water 
along with the wide range of fossils, depicting normal saline 
conditions under the water depth of 200–300 m. This micro-
facies resemble to the FZ3 toe of the slope apron microfacies 
of Flugel (2010). By integrating petrographic and SEM data, 
we may deduct precise depositional environment for the first 
microfacies along with the pyrite (Fig. 4c) and framboidal 
pyrite (Fig. 10l) grains. The anoxic environment is deduced 
in a relatively larger depth of carbonate platform which 
hosts the formation of pyrite when sulfate-reducing bacte-
ria (SRB) convert the sulfide minerals into pyrite. Mudstone 
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microfacies deposited with the pyrite in the toe of the slope 
region along the Ceno-Tethys Ocean (Fig. 11).

As the transgression of marine water continued with the 
deposition of wackestone strata depicting relatively coarse-
grained second microfacies (CMF-II) of Lockhart Lime-
stone. A wide range of Paleocene fossils (listed in 4. a.1.) 
were found in this microfacies. In the micrite matrix, the 
appearance of the pyrite, hematite (Fig. 9d) and dolomite 
crystals have also been observed. The presence of calcare-
ous fossils indicates a nearby photic zone from where they 
settled in the deeper ocean after their death (Fleisher and 
Lane 1999). Size variation of grains along with a high abun-
dance of fossils indicates the depositional environment of 
this microfacies took place in the slope of the carbonate 
platform (Fig. 8). This microfacies resembles the FZ4 slope 
lithofacies of Flugel (2010).

The top portion of Lockhart Limestone (CMF-III) repre-
sents the light grey colored wackestone–packstone micro-
facies with some large-sized benthic foraminiferas (listed 
in 4.a.1.). Lockhart Limestone is marked as the Thanetian 
Paleocene age due to the appearance of zonal fossils like 
Lockhartia haimei, Lockhartia daviesi ten dam and Mis-
cellanea miscella (Sameeni et al. 2013; Ten Dam 1953). 
Medium–large-sized fossils depicted variegated salinity and 
temperature, as well as high oxygenated water. Moreover, 
fluctuating grain sizes from medium-large size, indicate the 
presence of depositional settings in the tidal and euphotic 
zone (Fig. 8). This type of environment is generally found 
in the restricted marine platforms e.g., lagoon present at the 
backside of reefs or atolls with shallow depth up to only a 
few meters (Sun et al. 2019). The microfacies resemble the 
FZ8 interior platform rock facies of Flugel (2010). After the 
closing of the Ceno-Tethys Ocean, the tectonic stresses built 
in response to Himalayan Orogeny may cause a diagenetic 
impact on those deposits. On the basis of the above indica-
tions (discussed in 5.b.3), we conclude that three genera-
tions of cementing material are the product of three stages 
of diagenesis, respectively, i.e. Eogenetic stage results in 
drusy, mesogenetic phase generate blocky and telogenetic 
level produce rim cement. Thus, it is proposed that stages 
of diagenesis are directly proportional to the cement type in 
Lockhart Limestone.

Conclusion

The following conclusions are drawn on the basis of field, 
petrographic, SEM and XRD analysis:

Based on the petrographic study, the Lockhart Limestone 
is divided into three petrofacies namely mudstone, mudstone 
to wackestone and wackestone to Packstone. These facies are 
deposited in the Ceno-Tethys Ocean at the toe of the slope, 

slope and shelf areas of a carbonate platform, respectively. 
These facies are highly micritized, fossiliferous and calcare-
ous in Yadgaar Section.

XRD and SEM analyses indicate that the shales of the 
Lockhart Limestone are highly calcareous and their deposi-
tion occurred along a relatively deeper part of the Ceno-
Tethys Ocean.

The Lockhart Limestone contains pyrite and carbona-
ceous material which are syngenetically formed from the 
bacterial action and decay of organic matter. Initial porosity 
is considerably reduced after diagenetic effects like compac-
tion, cementation and micritization. However, various fac-
tors like stylolite veins, fracturing, dolomitization and dis-
solution caused in the regeneration of the secondary porosity 
indicate the responsible process of epidiagenesis, which 
makes the rock characteristics fit to be a potential reservoir.

The Eogenetic substage of diagenesis is marked in 
CMF-I, mesogenetic and telogenetic in CMF-II while the 
telogenetic substage of diagenesis is spotted in CMF-III of 
Lockhart Limestone. Moreover, the three generations of 
cementing materials may also form under the circumstances 
of these three post-diagenetic sub-stages, respectively.

Deposition of the basal microfacies (CMF-I) took place in 
deoxygenated and relatively deep carbonate platform where 
sulfides are converted into pyrite by the action of sulfate-
reducing bacteria (SRB). Lockhart Limestone is then prone 
to a long-time diagenetic condition that converts pyrite into 
framboidal pyrite. The restricted presence of both pyrites to 
the basal microfacies proved not only a diagenetic effect on 
the Thanetian strata but also inferred that CMF-I is depos-
ited in the deepest portion of the Ceno-Tethys Ocean as com-
pared to the second and third microfacies.

On the basis of typical abundant species like Miscella-
nea miscella, Lockhartia daviesi ten dam and Lockhartia 
haimei, the age of Lockhart Limestone is assigned as Thane-
tian Paleocene.
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